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1 Introduction

1.1 Background

To begin with, I will describe briefly the properties of the elements that feature in the 
different studies included in this thesis.

1.1.1 Vanadium

In 1831 Nils Gabriel Sefström discovered vanadium in bar iron made of a rock from 
Småland, a province in Sweden. The name is given after Vanadis, a nickname for 
Freya, the goddess of love and fertility, and the most beautiful goddess in Norse 
mythology. Vanadium is a transition element (electron configuration [Ar] 4s2 3 d3) of 
moderate abundance in the earth’s crust and has a versatile chemistry. It is found 
mainly in oxide minerals, where the oxidation state can be +3, +4, or +5, but also 
together with sulphur in sulphide ores. Minerals that are important sources of 
vanadium are vanadinite, PbsCVO^Cl, and camotite, K^UOaMVO^G H2O. 
Vanadium can also be found in fossil oils as porphyrin complexes of the vanadyl ion, 
V 02+. Thus, when fossil oils are burnt, vanadium is released and enriched in the 
environment. 1 Vanadium can be used as a component of steel, and is increasingly 
being recognised as an element of biochemical importance. Moreover, vanadium 
compounds have found extensive use as catalysts. In oxidised aqueous solutions 
vanadium is present with its highest oxidation number, +5 .2a’3a

1.1.2 Molybdenum

Different unknown substances which, like lead and lead glance produced a black 
mark on a surface, were collected under the Latin name “molybdaena” (Greek, 
fi.oXi)ßÖo£, lead) until the beginning of the 18th century. In 1754 Bengt Qvist from 
Sweden was able to distinguish between the rather similar substances graphite and 
molybdenum glance and in 1778 Carl Wilhelm Scheele (also a Swede) prepared an 
oxide, M0 O3, from molybdenum glance. Molybdenum is also a transition element 
(electron configuration [Kr] 5s1 4d5) and is relatively uncommon in the earth’s crust.
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In association with copper ores it is possible to find molybdenite, M0 S2, which is the 
most important source of molybdenum. The major uses of molybdenum are in alloys, 
as electrodes, and in catalyst processes where it is capable of removing sulphur 
compounds from oil. Molybdenum is also an essential trace element. It is a 
constituent of several enzymes in which the possibility of cycling between its 
different oxidation states (+4 and +6) is important. In oxidised aqueous solutions, 
molybdenum is present as MoVI.2b’3b

1.1.3 Phosphorus

Phosphorus in native form was prepared in 1669 by the German chemist Henning 
Brand. When looking for the “philosopher’s stone” he heated up the residue obtained 
after evaporation of urine and condensed the gases. The substance obtained was 
luminous in the dark and was therefore given the name phosphorus (Greek, (ptOCT- 
cpopoÇ, light carrier). It was not until Antoine Laurent Lavoisier (1789) demonstrated 
his combustion theory with the oxidation of phosphorus that it was recognised as an 
element. Phosphorus is a non-metal with electron configuration [Ne] 3s2 3p3. In the 
earth’s crust, phosphorus is a relatively abundant element which is crucial in the 
environment. Phosphorus occurs in nature exclusively in oxidation state +5 as 
phosphate, P O 4 3'.  The predominant aqueous species at neutral pH are HîPO/ and 
HPCL2'. Many different phosphate minerals are known, e.g. apatite,
Cas(P0 4 )3(0 H,F). Enormous amounts of phosphate minerals are extracted, mainly 
for use as fertilisers.20’30

1.2 Heteropolyanions

Since the present thesis is focused on so-called heteropolyanions, some fundamental 
aspects of such compounds will be mentioned. A polyoxometalate is a negatively- 
charged cluster of metal oxides. Polyoxometalates have found many important 
applications and the number of scientists working in this field of chemistry has 
increased rapidly during the last 30 years. More and more complex systems, 
containing a variety of components, have been successfully studied as a result of the 
rapid development of powerful experimental techniques. A comprehensive
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monograph by Professor Michael T. Pope, published in 1983, constitutes a “bible” 
for researchers in this field.4 Professor Pope has later written a valuable review 
article,5 and a new edition of his book is in preparation. Another more recently 
published book “Polyoxometalates: From Platonic Solids to Antiretroviral Activity”, 
covers different aspects and contains contributions from a workshop held in 
Bielefeld, Germany, in 1992.6

When only one kind of metal is present in a polyoxometalate, the compound is called 
an isopolyanion (e.g. the decavanadate ion [V10O28]6"). If another element, such as 
phosphorus, arsenic, or silicon is included as well, a heteropolyanion is formed (e.g. 

the dodecamolybdophosphate ion [M 0 1 2 P O 4 0 ]3') .  Phosphorus in [M012PO40]3' is 
called heteroatom, and is essential for the polyanion structure although it may not 
necessarily be located at the centre of the anion. The molybdenum atoms are called 
addenda atoms and can be substituted by different atoms with similar ionic radii. 
Mixed-addenda species can thus be formed both for isopoly- and heteropolyanions.

The easiest way to describe the structure of heteropolyanions is in terms of metal- 
centred MOn polyhedra that are linked together by sharing comers, edges and, rarely, 
faces.

The IUPAC nomenclature of heteropolyanions gives complicated and long names,7 
which are very seldom used. Abbreviations for the chemical names are used instead, 
with a numbering of the positions of different atoms.81 often write the formulas for 
heteropolyoxometalates with the addenda atoms first, followed by the heteroatom. 
This is convenient since the components in my equilibrium studies are ordered in the 
same way. As an example, I write [M 0 1 0 V 2 P O 4 0 ]5'  instead of [ P M o io V 204o]5'  which 
is more frequently found in the literature.

1.2.1 Keggin anions, [M12XO4 0 ] y'

When ammonium molybdate is added to phosphoric acid a yellow precipitate forms, 
which was first described by Jöns Jacob Berzelius in 1826. The composition of this 
yellow precipitate, now known as ammonium 12-molybdophosphate,
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(NH4)3Moi2PC>4o, was determined later, and many theories concerning classification 

and structures of heteropoly-acids and -salts were developed.9 A new period in 

heteropoly ion chemistry began in 1933, when J.F. Keggin solved the structure of 

H3W i2PO40ÔH2O by powder X-ray diffraction.10 In heteropolyanion chemistry this 

structure, which was named after J.F Keggin, appears frequently and the majority of 

polyanions with tetrahedrally-coordinated heteroatoms have the Keggin structure or 

structures based on it.

Fig. 1: The structure of a Keggin heteropolyanion illustrated with a polyhedra model.

In the Keggin ion, the central tetrahedron XO4 (X = heteroatom) is surrounded by 

twelve MOé octahedra (M = addenda atom). These twelve octahedra are arranged in 

four groups o f three edge shared octahedra, M3O13. The four groups are all linked 

together by sharing com ers with each other and with the central XO4 unit. The most 

frequent stmcture, usually called the a-structure, has an overall Td symmetry, Fig. 1. 

By rotating each M3O13 group by 60° in turn, the ß- (C?v), y- (C2v), 8- ( Q v), and e- 

structures (Td) are obtained.4“' 11 The ß, y, Ô, and e structures are increasingly 

disfavoured by increased columbic repulsion between the M  atom s.12 The M  atoms 

in different M3O13 groups come closer together when one o f the groups rotates 

through 60°, and a m ore acute M -O-M  angle occurs in the ß-structure than in the a -  

structure. ß-structures with fully oxidised addenda atoms have for instance been 

reported for [W12SÌO40]4' (crystal stmcture determined),13 [W nM oSi0 4o]4’ (crystal 

stmcture determ ined),14 and for [H2W12O40]6' (proposed by NM R m easurem ents).15 

Three y-stmctures are known to be stable complexes, [ W io V 2P 04o]5‘ in aqueous 

solution (crystal stm cture is also determined),16 [W10V2SÌO40]6’ in nonaqueous 

solution,17 and [W12SÌO40]4" in m ixed aqueous-organic solvents.18 No 5-structure, in 

either solution or solid state, has been reported. The e-structure has been reported for 

[Ali3C>4(0H)24(H20)i2]7+ in the solid state19 and as a stable complex in aqueous
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solution.20 Note, however, that this is a cation species and the metal involved is only 
+3 charged. A transient anionic species with the e-structure has been proposed for 

vanadium in aqueous solution, [HnVisCUo]3' 21 and e-like structures for two solid 
phases, [H3Mn3Vi204o]5' 22 and [(C5Me5Rhm)8MoVi2MoVIO40]2+,23 have been 
reported.

Substitution of the addenda atoms, M, by atoms with lower valence, or reduction of 
M, decreases the repulsions and ß-structures can be formed. The substitution implies 
that many positional isomers of the structure can occur. If two addenda atoms are 
substituted, five a-isomers and fourteen ß-isomers occur, and if three atoms are 
substituted as many as 13 a-, and 43 ß-isomers can be formed.

Sometimes derivatives of Keggin structures may be formed by the removal of one or 
more MOö octahedra, and these are called lacunaiy Keggins. The first lacunary 
Keggin structure was reported in 1966.24 Five lacunary Keggin species have for 
instance been found in the aqueous molybdophosphate system by a combination of 
EMF and NMR measurements,25’26 namely two isomers of [ H ^ N ^ P O ^ 6'**',27 two 
of [Hi«MohP0 39](6'j;)',28’ 29 and one [Hi+xMoioP0 37](8'x)' species. References are to 
crystal structure determinations. Many lacunary species containing e.g. tungsten and 
silicon,30 boron,31 or phosphorus32 are reported in the literature.

The partial reduction of the addenda atoms in heteropolyanions yields the intensely 
coloured so-called “heteropoly blues”. Redox properties for Keggin anions, with 
phosphorus as a heteroatom and molybdenum, tungsten, and vanadium as addenda 
atoms, have been frequently reported in the literature.33,34,35,36,37,38,39,40,41,42,43

1.3 Methods of studying heteropolyanions in solution

Since heteropolyanion systems are often very complicated and contain many 
different kinds of species, many sophisticated techniques are needed for complete 
characterisation. Owing to the high charge of the clusters, the spéciation is sensitive 
to changes in the ionic strength in an aqueous solution. The methods used in papers
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I-IV to establish spéciation are briefly described below. More detailed accounts are 
provided in the Experimental section.

Electromotive force (EMF) techniques for studying poly anions in solution were 
developed by Professor Lars-Gunnar Sillén and cowokers at the Royal Institute of 
Technology (KTH), Stockholm in the late 1950’s. In 1965 Professor Nils Ingri 
brought this knowledge to the new university in Umeå. Since then, these techniques 
have been refined and are now automated and controlled by computers.

Nuclear magnetic resonance (NMR) has been, and still is, a rapidly expanding 
technique which has provided valuable assistance in increasing our knowledge of 
polyanions. With present-day superconducting magnets, systems that were 
impossible to characterise by EMF measurements alone can be studied successfully 
with a combined EMF-NMR technique.

Structures in the solid phase can be determined by X-ray diffraction on crystals 
prepared from evaporated solutions. When such structures are known, it is possible 
to determine whether they remain intact in aqueous solutions by NMR.

The first experiment with electron spin resonance (ESR) was performed in Russia in 
1945. Initially ESR- and NMR-studies were equally common in the literature, but in 
the early 1960’s, ESR was surpassed by NMR and today the latter predominate 
(-5/95 %). For aqueous reduced heteropoly anions containing vanadium, ESR is very 
useful since vanadium(IV) has a significant ESR feature even at room temperature.

1.4 Applications

Many applications of heteropolyanions have been explored. These applications often 
focus on their high ionic weights and charges, solubilities in polar and nonpolar 
solvents, acid and redox properties, and high thermal stabilities. Moreover, these 
anions can easily be modified by removal or substitution of atoms.
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The earliest applications were in analytical chemistry, where precipitation or 
reduction of [M 0 1 2 X O 4 0 ]11’ forms the basis of gravimetric or colorimetric analytical 
methods for P, Si, Ge, or As.44,45 Simultaneous determination of the same element 
by differential-pulse anodic stripping voltammetry and chromatographic separation 
(HPLC) has also been reported.46,47

Another important application of heteropolyanions has been as ion-exchange 
materials, and for many years insoluble salts of heteropolyanions have been 
commercially available.48

The first antiviral activity of polyoxometalates was noted twenty-five years ago.49 A 
large proportion of the polytungstates has potent antitumor properties and antiviral 
activity for different diseases such as rabies, influenza and AIDS.62 A major problem 
in this context is to select polyoxometalates which exhibit, simultaneously, 
respectable levels of activity and low toxicity.

Heteropolyanions have received widespread attention due to their unique redox 
properties in catalysis. They can be used as heterogeneous catalysts in industrial 
processes such as the oxidation of methacrolein66 or as homogeneous catalysts in the 
oxidation and reduction reactions of cyclohexene.60

1.5 Aim of the present work

The aim of the present work was to study the five component system H+ - M0 O42' - 
HV0 4 2’ - HPO42' - e \ since it can be used as a catalyst in the oxidation of olefins to 
carbonyls, including ethylene to acetaldehyde, and higher olefins to ketones. 
Catalytica Inc., USA, has developed a new technology for this oxidation with 
molybdovanadophosphates as homogeneous catalysts.66 Conventional acetaldehyde 
manufacture using the original Wacker catalyst system yields several percent of 
chlorinated organic by-products. Proper destruction of these hygienically and 
environmentally objectionable by-products is costly. In some situations they are 
disposed without destruction. Instead of palladium and copper chloride as catalysts 
in the acidic reactions, Catalytica has patented a solution containing palladium and
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molybdovanadophosphate in Keggin ratios (Mo+V)/P = 12/ 1, where anions with the 

formula [H2Moi2-x-yVVj:VIvyP04o](3+;t+2>''z)' are predominant species. In the oxidation 
of ethylene to acetaldehyde, palladium(II) is reduced to palladium(O). The 
molybdovanadophosphate, containing vanadium(V), can reoxidise palladium(O) to 
palladium(II) while itself undergoing a reduction to vanadium(IV). The reoxidation 

of molybdovanadophosphate is easily accomplished with oxygen. The advantages of 

using this vanadium-containing polyoxoanion instead of dissolved vanadium 
pentoxide, V2O5, are twofold. Firstly, molybdovanadophosphate anions can support 

decimolar to molar concentrations of vanadium(V) in solution, compared with V2O5, 

which is in the millimolar to centimolar range in acid solutions. Secondly, the 
molybdovanadophosphate provides for very rapid oxidation of vanadium(IV) by 

oxygen. The simple hydrolytic vanadium(IV) species at this acidity, V0 2+, is 
oxidised by oxygen relatively sluggishly. In contrast, vanadium(IV) in molybdo

vanadophosphate solutions can be oxidised as rapidly as oxygen can diffuse into the 
solution.

A complete study of the molybdovanadophosphate system can only be achieved 

when all the oxidised and reduced subsystems are known for the same experimental 

conditions, in this case 0.6 M Na(Cl) medium and 25 °C. The oxidised subsystems 

are the three binary systems H+ - M0O42',50,51 H* - HV0 42',52,53,54 and H+ - H P042" 
(paper I), the three ternary systems H+ - M0O42" - HVO42",55,51 IF" - M0O42' - 
HPO42",25,26 and IF  - HVO42' - HP0 42’ (paper I) and the quaternary system,
H+ - M0O42' - HV0 42‘ - HPC>42‘ (papers II and HI). The quaternary system has to 

some extent also been studied at 90 °C, since this higher temperature is used in the 

oxidation of olefins to carbonyls described above.

In paper I, the vanadophosphate system was studied in which a trans-bicapped a- 

Keggin anion, [HXPV was formed with two V0 3+ units added to the a-
Keggin framework. Solutions with Keggin ratio, (Mo+V)/P = 12/ 1, where anions 

with the formula [HzMoi2-x->-Vvj:V1[V>P04o](3+x+2-v‘z)" are predominant species, were 

studied in papers Ü-IV.



To establish the full spéciation of the five component system (paper IV), the redox 
equilibria in all the subsystem must be known. However, within the concentration 
ranges studied it was found that the only reduced species, other than the five 
component species, was the vanadyl cation, V02+. The formation constant for V 02+ 
had already been determined,53 but was re-determined with a more advanced 
equipment in paper IV.

A further aim of this work was to establish practical procedures for working with 
these air-sensitive solutions. New and better equipment for adding electrons to the 
solutions has been constructed and tested.

2 Experimental

The principal methods used in the present studies (papers I-IV) were potentiometric 
[H+] and {e } titration techniques, 31P and 51V nuclear magnetic resonance (NMR) 
spectrometry, and Vw electron spin resonance (ESR) spectroscopy. Some 
complementary measurements were made with Fourier transformed infrared 
spectroscopy (FTIR), X-ray diffraction, and cyclic voltammetry (CV).

2.1 Ionic medium

The potentiometric and NMR studies were performed in a 0.6 M Na(Cl) medium. 
Since anion equilibria were studied, the cation in the ionic medium used was kept 
constant, 0.600 M Na+, and the Cl' concentration was varied to provide the balance 
of counteranions not provided by the molybdate, vanadate, and phosphate species. 
The medium is therefore referred to as 0.6 M Na(Cl). The purpose of the background 
medium was to maintain the activity coefficients of the species as constant as 
possible.56
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2.2 EMF measurements

All titrations were conducted at 25.0 ±0.1 °C using an automated potentiometric 
titration technique developed at our department to obtain accurate formation 
constants.57 The technique has been refined and is now computer-controlled. Free H+ 
concentrations were determined by measuring the EMF of the following cell,

- Ag, AgCl I 0.6 M NaCl || test solution | measuring electrode +

using an Ingold type 210-NS glass electrode as measuring electrode, an Ag/AgCl 
reference electrode prepared according to Brown,58 and a Wilhelm type bridge.59 
Often two electrodes have been used to ensure that correct data have been obtained.

In paper I, also the highest pKa value for the phosphoric acid was determined. In 
solutions with pH>10, a hydrogen electrode had to be used because a glass electrode 
is not reliable in such alkaline solutions.

The redox potential was measured using a small foil of platinum metal and the same 
reference electrode as mentioned above.

The free H+ concentration and the electron activity were calculated from the 
measured EMF values, E (in mV), using equations 1 and 2,

E = Eoa +59.1571og[H+] - 76[H+] + 42[OH ] (1)
E = Eob -59.1571og{e'} - 76[H+] + 42[OH'] (2)

where the two last terms are the liquid junction potentials for 0.6 M Na(Cl) medium 
and the Wilhelm-type bridge used.60 The constant Eoa was determined before and 
after each titration using a separate solution of known [H+]. In separate experiments, 
Eob was determined to be -250 mV in solutions with known {e }. Several 
experiments were performed and the variation in Eob was found to be negligible. The 
value of Eob=-250 mV was thus used for all titrations. The electrons were added 
coulometrically at (800-250) mV vs. NHE using an automated potentiostat developed
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in this department. A fluoropolymer-encased magnetic bar was used to stir the 
solution in the titration vessel. The solution was protected from atmospheric carbon 
dioxide and contamination by oxygen from the air by a stream of argon gas 
(hydrogen when the hydrogen electrode was used). The argon was passed through 
aqueous 10 % H2SO4 to remove any alkaline impurities, aqueous 10 % NaOH to 
remove any acid impurities, and finally 0.6 M NaCl medium, before entering the 
titration vessel. When working with air-sensitive solutions, the argon was also 
passed through an easily oxidised solution in order to remove oxygen from the gas. 
The titration arrangement is shown in Fig. 2.

Fig. 2: The titration equipment for adding electrons.

Reduction constants are often denoted by E° instead of log£red and the relation 
between them is given by eq. 3,

E°= —  - logÄTred (3)

where g = (RTlnlO)/F and ne is the number of electrons in the redox reaction. At 
25 °C, g = 59.157 mV.

The long time needed to reach equilibrium in the vanadophosphate system (paper I), 
prohibited the use of the pH titration technique for determining the formation 
constants of stable [H^PVuO^]*9’̂ ' species. Instead, many individual so-called
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“point solutions” were prepared and pH values were measured using a combination 
electrode, ORION Research 81-03 ROSS or INGOLD U402-M6-S7/100. The 
electrode was calibrated using solutions of known [H+] in the 0.6 M Na(Cl) medium. 
In papers II and ID many “point solutions” have been mixed for NMR measurements 
and the pH values in these solutions have also been measured with combination 
electrodes.

2.3 NMR measurements

Some of the complicated systems studied in this thesis would have been impossible 
to characterise without access to quantitative NMR data. Parts of the NMR data in 
paper I were obtained using a Bruker WM250 spectrometer, and all other data for 
papers I-IV using a Bruker AM500 instrument. The probe temperature was 
thermostatted at (25 ± 0.5) °C or (90 + 1.0) °C. The field frequency stabilisation was 
locked to deuterium by inserting the 8-mm sample tubes into 10-mm tubes 
containing D2O. The samples were spinning in all experiments. The spin-lattice 
relaxation times (Ti) were evaluated using the inversion recovery method. For the 
determination of the relative abundances of species from their resonance intensities, 
spectra were recorded quantitatively with the relaxation delay set to at least 5-Ti, and 
the free induction decay (FID) was multiplied by an exponential line-broadening 
function (LB = 1), using the Bruker software to improve the signal/noise ratio. When 
recording chemical shifts for determining pKa values, the relaxation delay was 
decreased to about I T] to speed up the data collection. A Gaussian-Lorentzian 
double apodization was applied to the FID (also by using the Bruker software) to 
enhance resolution to obtain more accurate chemical shifts of overlapping 
resonances.

2.3.1 31 P and51V

Both 31P and 51V are good NMR nuclei since both have high natural abundances, 100 
and 99.76 %, respectively, and high sensitivity. The nuclear spin for 31P is 1/2 and 
for 51V 7/2. Vanadium should therefore give rise to (7/2)-2 +1 = 8 resonances, but 
since the coupling constants are smaller than the line width, only one resonance is
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seen. VOCI3 and 85 % H3PO4 were used as external chemical shift standards, and 
positive chemical shifts (Ô) correspond to higher frequency. The longest spin-lattice 
relaxation times (Ti) were found for different Keggin species and were determined to 
be -30 s for 31P and just a few ms for51V. Because of the long relaxation times for 
resonances in Keggin species, the phosphorus concentration has sometimes been as 
high as 300 mM, which improves the signal/noise ratio in the spectra and facilitates 
the determination of chemical shifts with fewer number of scans.

In Fig. 3 a spectrum of the decavanadate unit V10O28 is shown as an example o f51V 
NMR. Most spectra recorded in the system studied were more complicated, with 
many species giving rise to several overlapping resonances. As seen in the figure, the 
decavanadate unit gives rise to three resonances labelled F, F’, and F” . The ratios 
between the integrals of the resonances of F/(F’+F” ) = 1/4 and F7F” =1/1, give a 
F/F’/F” ratio of 1/2/2.

Fig. 3: 51V NMR spectrum of the decavanadate unit VioO^- The structure of the 

V10O28 unit is shown at the upper left part of the figure and the resonances arise 
from the three structurally different vanadium atoms in the unit.

The 51V chemical shifts are not measurably dependent on the total concentration of 
Keggin ions, but the 31P chemical shifts are. Presumably, this is a bulk susceptibility 
effect. The 31P chemical shift dependence on total Keggin ion concentration is
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illustrated for the resonance arising from the only a-species of [MonVPCUo]4' 
present, in Fig. 4. The polyhedral structure of the species is also shown in the figure.

-15

300 D*]/mM

Fig. 4: 31P chemical shift dependence on total Keggin ion concentration, as P, for 

the resonance, arising from the a-species of [MonVPO«]4" in solutions with Mo =

1 IP, V = P, and pH = 0-3.3 in 0.6 M Na(Cl) at 25 °C. This species is not protonated 

in this pH range. Therefore, the shift value was constant and independent of pH at 

constant concentration.

The 31P chemical shifts of other Keggin species show parallel linear behaviour. A 
solution of 10 mM [Keggin ions] was chosen as the reference state, and shifts 
recorded at other Keggin ion concentrations were corrected to this reference state. 
The [M011VPO40]4' species, which does not protonate, has been used as internal 
standard when present (low pH data). When the [MonVPO^l^resonance disappears, 

the resonances arising from the isomers of [Mok^PCWJ5’ are present and could be 
used as internal standards. The [M010V2PO40]5' isomers are deprotonated in solutions 
with pH>3 and therefore have constant shift values in such solutions.

When studying reduced solutions in paper IV, the absolute intensity (AI) mode was 
used and spectra recorded with exactly the same experimental parameters as for a 
spectrum of a fully oxidised solution with known concentrations of vanadium(V) and 
phosphorus.
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2.4 ESR measurements

All ESR measurements were carried out with a Bruker ESP 300E X-band 
spectrometer. The technique is valuable since a spectrum can be obtained in just a 
few minutes and very small samples are needed (115 pL sealed capillary tubes were 
used).

51V species have nuclear spin I = 7/2 and natural abundance of 99.76 %, and give 
rise to an 8 -line ESR pattem shown in Fig. 5 at room temperature. The predominance 
of a single isotope makes it easier to interpret the ESR spectrum than if multiple 
isotopes were present. The single isotope for vanadium is unique among para
magnetic metal ions. The 8 -line pattem is thus a signature for vanadium species. The 
electron spin relaxation time, Ti, is relatively long even at room temperature, which 
results in sharp ESR lines. In most vanadyl, V02+, complexes the unpaired electron 
is located in a d-orbital which is oriented between the coordination axes. The 
electron nuclear couplings to coordinated ligands are therefore usually small and do 
not cause extensive broadening of the ESR signals.61

4000  CG]2600 3000 3200 3400 3600 3800

Fig. 5: ESR spectrum of the vanadyl cation, V0 2+, in aqueous solution. The 
integrated intensities of the 8-line are equal but peak heights are unequal due to 

variations in the line widths.
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2.5 FTIR measurements

FTIR (Fourier Transform Infrared Spectroscopy) measurements were performed on a 
Perkin-Elmer 1760X instrument equipped with a DTGS detector at room 
temperature. The solid samples (KBr pellets) were recorded as diffuse reflectance 
(DR) spectra at a resolution of 4 cm'1.

2.6 X-ray measurements

Single crystal intensity data were collected on a RIGAKU AFC6 R automated four- 
circle diffractometer at Chalmers Institute of Technology, Gothenburg, with graphite 
monochromatic Mo Ka radiation (k = 0.71069 Å) at 298 K.

2.7 CV measurements

Cyclic voltammograms were obtained with a Princeton Model 276 Interface 
Potentiostat/Galvanostat. A platinum disc with 0  = 3.0 mm was used as working 
electrode and the reference was an Ag/AgCl electrode, with potential 386 mV vs. 
NHE. The potential scan rate was varied between (5-1000) mV/s and the potential 
range was (800-100) mV vs. Ag/AgCl.

3 Data treatment

3.1 Mass balances

The formation constants of the polyanions are reported for H+, H2VO4', and H2PO4' 

as components in paper I, and H+, M0O42', HVO42', HPO42', and e' in papers II-IV, 
according to equations 4 and 5.

p FT + q H2VO4 + r H2P04' <->

[(H+)p(H2V0 4')9(H2P04 ')rr <?'r (4)
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p ì t  + q Mo0 42' + r HVO42' + s HP042' + te'<->

[ (H T jp C M o O ^ ^ H V O ^ ^ H P O ^ X e ^ r^ ^  (5)

The resulting polyanions are, for brevity, sometimes designated by (p,q,r,s,t). 
Potentiometrie data can only establish the compositions and charges of the species 
formed, as water may be gained or lost relative to the components. However, when 
complementary structural information is available, e.g. from NMR data, a formula 

can be given, ß  is the overall formation constant and is reported as ßp,q.r,s,t-

The law of mass action and the conditions for the total concentration give equations

Kw (1.875- IO’14 M2) is the ionic product of water in 0.6 M Na(Cl) medium.60 i f  is the 
total concentration of [H+] over the zero level of H2O and chosen components. B, C, 
and D are the total concentrations of molybdenum, vanadium, and phosphoms, 
respectively, while h, b, c, and d are the corresponding free concentrations of the 
chosen components. The electron, e‘, is in principle treated in the same way as the

6- 10.

H = h - K WK‘ + Y L p ß p ^ tf  + YLpßptfc  + I Zpß^f fd 5 + 'EELPßp,q,rhpbqcr +
m p ß p j J f b P f  + 'LZLpßPir,shpcrcf + 'L’LY.pßprJf c e‘ + 'LIZLpßp,q,r,shpbqcrds +

IZL'L’Lpßm r,s,ttfbqcr<fet (6)

B = b + YLqßp,qWbq + TELqßp,q,d fb qcr + ZYLqßp,q,M b qdt + 'LYL’Lqßp,q,r,shpbqcr( f  +

ZZZZL q ß p ^ y b W e ' (7)

IZL'Lrßp,qr,shFbqcrds + 'LYn:'Lrßp,qj,sß b qc(fe t (8)

D = d  +  H s ß p j f f  + Z Z Z sß ^ /iW  +I Z L s ß p,r,sffcr(F +  IS Z Z sßp^^J fbV tf +
T S S L L sß M ^ J fb V M (9)

E = e + TL'Ltßprßde1 + 'LZEI.I,tßM,rxti/bqcrdse (10)
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other components. The activity of the electron, {e'j, cannot, however, be directly 
transformed to a concentration, since no “free” electrons exist in aqueous solutions. 
In the mass balance expression the total amount of electrons (equivalents) added 
over a certain zero level is known. The zero level is chosen to be H+, MoVI, Vv, and 
Pv (the highest oxidation states of H, Mo, V, and P present in the aqueous solution). 
Thus the total electron “concentration”, E, is known. Moreover, since the {e } in the 
system studied is very low (pe>7), the “free” concentration of electrons (e) in eq. 10 
is negligible compared with the sum of the other two terms. Therefore, the mass 
balance equation for electrons as expressed in eq. 10 is valid. Note that only the 
contributions from the reduced species that appear in paper IV have been included.

3.2 Evaluation of the equilibrium model

The principal task is to find a set of equilibrium species with corresponding 
formation constants which give the best fit to the experimental data collected.

3.2.1 EMF data

The free concentration of protons ([H+]), h, and the electron activity ({e'}), e, are 
measured and the analytical concentrations of H, B, C, D, and equivalents of 
electrons added per litre, E, are known. With different (p,q,r,s,t) combinations and 
ßp.q,r,s,t values, equations 6-10 are used to calculate b, c, and d. Values of H  and E are 
calculated from the experimental data, Hcaic and Ecaic, and these are then compared 
with the analytical values of H  and E. Different (p,q,r,s,t) combinations are 

systematically inserted and corresponding formation constants, ß p,q,r,s.h calculated 
until a model giving the lowest sum of squared errors is obtained.

3.2.2 NMR data

In the present studies, 31P and 5IV integral and chemical shift data are included in the 
calculations of formation constants. In papers I and II all these data are used. In paper 
in, 3,P and 51V integral data and shift data of 31P are used, and in paper IV only 51V 
integral data are employed. To obtain reliable integral and chemical shift data,
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precautions must be taken in both the acquisition of the FID and in the treatment of 
the same. A somewhat smaller pulse width than 90° has been used so that all 
vanadium/phosphorus atoms are equally effected. This is important, especially for 
51V, since a large sweep width has to be used and a 90° pulse has less effect at the 
borders of the sweep width. For 31P, where the relaxation times are long, a shorter 
pulse decreases the relaxation time and more scans can be collected during a shorter 
period. A careful phasing of resonances and baseline corrections have to be 
performed to obtain quantitative data of high quality.

The main advantage of quantitative NMR data is that the concentrations of the 
equilibrium species are obtained. NMR spectrometry is thus a direct method, in 
contrast to potentiometry, and is therefore very powerful.

Oxidised species could be observed by NMR, but as soon as one vanadium in a 
species is reduced the NMR signal disappears. In paper IV, the amounts of both 
oxidised vanadium species and partly- or doubly-reduced vanadium species were 
calculated, the former from the absolute integrals and the latter by subtracting this 
value from the total vanadium present.

3.2.3 ESR data

ESR spectra have been used in paper IV as “fingerprints” for ESR active species 
containing vanadium(IV). ESR data, however, have not been included in the 
calculations, since they are only semi-quantitative.

3.3 Computer programs

3.3.1 NMR programs

In the evaluation of 31P and 51V integrals different programs have been used. For 
relatively uncomplicated spectra, the Bruker software was found to give acceptable 
integral values. In spectra where resonances severely overlap, however, more 
sophisticated programs had to be used. Initially, the NMRi62 program was used, and
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later two Windows programs distributed by Bruker, UXNMR/P version 1.1, and 
WIN-NMR version 950901.0 were employed.

3.3.2 The LAKE program

In all calculations for determining formation constants, ß p,q,r,s.u a program called 
LAKE63 has been used which is able to simultaneously treat EMF and NMR (both 
integral and chemical shift) data. This interactive least squares program is very 
versatile and many different kinds of data can be treated simultaneously. Besides 
EMF and NMR data, it can treat surface complexation and spectrophotometric data. 
It also contains procedures for handling temperature, pressure, and medium 

dependence. Compositions (p,q,r,s,t) and corresponding formation constants, ß p,q,r,s.t, 

are varied and the error squares sum U = E(W,AA, )2 is minimised. The complex, or 
set of complexes, giving the lowest U-value was considered to be the model which 
“best” explains the experimental data. A, can be either the total concentrations of 
components, free species concentrations, NMR integrals, chemical shifts or a 
combination of these. W, is a weighting factor that must be set to give the different 
types of data their proper contributions to the results.

3.3.3 The SOLGASWATER program

The formation constants by themselves give little information about the equilibrium 
conditions. Therefore, it is necessary to have access to a modelling program. One 
way of presenting the strengths of formed complexes is to calculate the distribution 
and predominance diagram using the program SOLGASWATER.64 Two kinds of 
distribution diagrams have been used. Ordinary distribution diagrams result when F, 
is defined as the ratio between the concentration of a single species, i, and the total 
concentration of vanadium or phosphorus. When too many species are present, such 
diagrams are not very illustrative. Alternatively, the distribution can been shown in 
cumulative (a,) diagrams, where the species are cumulatively added to each other, 
and the fraction of a single species is given by the difference in the a* scale.
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3.3.4 Crystal structure refinement programs

The programs used for calculations on crystals were TEXSAN65 for the absorption 
correction, SHELXS8 6 66 for the calculation of Patterson vectors, and SHELXL9367 

for refinements. The Lorenz polarisation correction, empirical absorption based on 
y-scans, and extinction correction were applied.

4 Results and discussions

4.1 The IT  - H2PO4  system

The phosphate system (with HPO42' as component) had previously been studied at 25 
°C, but in another medium, 3.0 M Na(ClC>4).25 In paper I, this system (with H2PO4" 

as component) is re-investigated in 0.6 M Na(Cl) medium. Both EMF and 31P NMR 
chemical shift data were included in the calculation of the formation constants. By 
simultaneous treatment of combined data, all constants and chemical shifts for the 
individual H3PO4, H2PO4', HPO42', and PO43' species could be determined with high 
precision, see Table 1.

Table 1: Formation constants, pKà values, and 31P NMR chemical shifts of the H+ -
H2PO4' species in 0 .6  M Na(Cl) at 25 °C.

(p>q) log/J (±3o) pXa value 8p (±3o) formula

-2,1 -17.650(5) 5.73(6) P043'

-1,1 -6.418(3) 11.232 3.22(2) HPO42'

0,1 6.418 0.70(2) H2PO4'

1,1 1.772(2) 1.772 0.48(3) H3PO4

For the determination of the highest p£a value, 11.232, a hydrogen electrode had to 
be used since glass electrodes do not give reliable values in such alkaline solutions.
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On the NMR time scale, proton exchange reactions are too rapid to allow the 
detection of individual species and hence only one resonance was observed in the 3IP 
NMR spectra. The calculated chemical shift curve (solid line) showed a good fit with 
the experimental points, as seen in Fig. 6 .

6 T

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

Fig. 6 :3IP chemical shifts as a function of pH. The symbols represent experimental 
NMR points and the curve has been calculated using the constants in Table 1.

To my knowledge all three pKa values for the phosphate system have not earlier been 
determined with such high precision. This was facilitated by the combination of 
EMF and NMR data and by the use of a hydrogen electrode in the alkaline region.

4.2 The H+ - H2V 04' - H2P 04 system

In paper I, the ternary H* - H2VO4' - H2PCV system has been studied in which 
tetradecavanadophosphate [HXPV uC ^l^ 'species are formed (from now on 
abbreviated PV14). The crystal structure of the polyanion was determined by Sasaki 
and co-workers68 to be the trans-bicapped Keggin structure shown in Fig. 7. Two 
capping V0 3+ units are added to the a-Keggin framework, decreasing the otherwise 
very high negative charge of the hypothetical Keggin polyanion, [PV12O40]15". Sasaki 
and co-workers also demonstrated by 31P and 51V NMR that the structure remains
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intact in solution, which Harrison and Howarth69 further confirmed by 170  NMR.
The PV|4  polyanion contains three structurally different vanadium atoms, V(l), V(2), 
and V(3) (Fig. 7), and should therefore give rise to three 51V NMR resonances with 
intensity ratio 4:8:2. Since the polyanion contains only one phosphorus atom, a 
single 31P NMR resonance appears.

Fig. 7: Idealised polyhedral representation of the trans-bicapped a-Keggin structure 

of PV14. The arrows on oxygen vertices show three of the four symmetrically 

arranged protonation sites located for a H4PV14 polyanion. The distorted trigonal 

bipyramid of the lower cap is shown exploded from the structure for clarity.

Zubieta and co-workers70 have reported the crystal structure of a salt of P V 1 4  in 
which the four proton sites in the polyanion were identified. They are symmetrically 
arranged in a set (S 4  axis) of four of the eight edge-shared oxygens, V(l) - Oe - V(2), 
and are marked with arrows in Fig. 7.

In view of literature precedents, the equilibrium analysis of the H+ - H 2 V O 4 ' -  H 2 P O 4 ' 

system was expected to be straightforward. However, the study proved substantially 
more troublesome than expected. The equilibration time was found to be very long 
(about four to five months) at 25 °C when starting from solutions of the components. 
Therefore, the potentiometric titration was not a realistic method for determining the 
formation constants of thermodynamically stable P V 1 4  species. Instead, many 
individual “point solutions”, corresponding to points in a hypothetical pH titration, 
were mixed and allowed to equilibrate. The pH values were measured with a 
combination glass electrode. 31P and 51V NMR spectra were regularly recorded on 
the point solutions to examine when equilibria were reached. In an attempt to speed
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up the equilibration, some point solutions were heated to -64 °C for 6  hours, but 
without success. The PV14 complexes already formed decomposed.

Fig. 8 shows a representative set of 51V NMR spectra from equilibrated solutions in 
the pH range where PVi4 species exist. The deconvolution and integration of 
resonances in the 51V spectra were complicated by severe overlap of some 
resonances.

pH=3.32

V(2)

V(1)

V(2)

pH=2.63 V(1)V(3)

V(2)pH=1.62

V(1)
V(3)

400 480 -520 -560 ■600 -640________________ ypptn_________________
Fig. 8 : 51V NMR spectra of equilibrated solutions having 8 mM phosphorus and 24 
mM vanadium, in the pH range where PVi4 species exist at equilibrium. The PVi4 

resonances are labelled V(l), V(2), and V(3), as assigned in Fig. 7. The resonances 
labelled F, F \ and F” are from the decavanadate (see Fig. 3), [HfVioCbs]^', and G 
from the pervanadyl, VC>2+.52

The equilibrium spéciation, shown in Table 2, could be established only by 
simultaneous evaluation of pH data with the 31P and 51V NMR chemical shift and 
integral data.
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Table 2: Formation constants, pATa values, and 3IP NMR chemical shifts of the

tetradecavanadophosphate equilibrium species.

(P,q,r) logß (±3c) pÆa value Öp (±3o) formula

11,14,1 96.41(9) 1.57 1.40(6) [ H 5 P V 14O42]4'

10,14,1 94.84(7) 4.1 0.31(2) [ H 4P V I4042]5'

9,14,1 90.7(6) -0.2(7) [H 3 P V 1 4 O 4 2 ]6'

A distribution diagram of vanadium containing species in this system is shown in 
Fig. 9. The predominant PVu species is [H4PV14O42]5', which can accept and lose 
one proton. Only a very small amount of the [H3PV14O42]6' species was needed to 
explain the experimental data. Consequently, the uncertainties in the formation 
constant and chemical shift value are greater for this species than for the other 
species.

2 V,
EPV,

,HSPV,

Fig. 9: Equilibrium distribution of vanadium species in solutions with 8 mM 
phosphorus and 24 mM vanadium. The circles represent NMR integral data for PV14 

species in equilibrated “point solutions”.

Catalytica prepared a batch of the PV14 sodium salt, NasfFUPV 14O42], which contains 
the most stable PV14 species. This salt, which contained 28 water molecules of 
crystallisation, underwent some kind of crystalline change. A quantity was stored on 
a shelf in our laboratory (25 °C), and after two and a half years it was found to be
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insoluble in water. On closer inspection, the material was seen to contain islands of 
yellowish material in the brown-red bulk. Another sample from the same batch, 
which had been stored in darkness at Catalytica (ambient temperature), was found to 
be homogeneous in colour and soluble, although not completely. Comparison of the 
powder X-ray diffraction patterns of these two samples revealed that our sample was 
morphologically distinct and much less crystalline. 31P MAS (magic angle spinning, 
recorded at Catalytica) of the solid samples showed that they contained similar, but 
not the same phosphorus environments. Catalytica prepared a second batch 
containing less water of crystallisation, Na4.75[H4.25PVi4 0 42] NaC1 1 2 H2 0 , and this 
compound did not undergo the same kind of crystalline change. Even today, when it 
has been stored for more than six years, it is completely soluble.

Dissolution of the PV]4 sodium salt, Na4.75[H4.25PVi40 42]NaC112H20, P = 10 mM, 

gives a solution with pH -  2.7, which showed no decomposition of PV]4 for months. 
In highly concentrated solutions it took several years to reach equilibrium and then 
the PVi4  species had partly decomposed to binary vanadate and phosphate species. 
Using the 1 0  mM solution, a rapid titration with H3PO4, H2PO4", or PO43', revealed 
that no significant simultaneous decomposition occurred. It was therefore possible to 
determine metastable species in the series [HcPVhO^]^'**' outside the pH range 
1.3<pH<4.0 in which PV14 species (x = 3-5) exist at equilibrium. 31P and51V NMR 
spectra of freshly prepared “point” solutions of the salt were recorded to observe 
PV 14 species over a wider pH range, 0<pH< 8 , than was possible in the titrations 
(1.5<pH<6.5). Below pH = 0 and above pH = 8.5, the decomposition to pervanadyl, 
V02+, and a mixture of meta- and orthovanadates, respectively, was too rapid to 
record NMR spectra of PV14 species. Calculations on rapid titration and chemical 
shift data, revealed six [HJPVhC^]*9'^' species, see Table 3.
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Table 3: p/va values and 31P and51V NMR chemical shift values of PV14 species 

determined from rapid pH titrations and chemical shift data from freshly prepared 
“point” solutions.

(P,q,r)
p £ a

(±30)
8 p

(±3c)
8 v(i)

(±30)
Sv(2)

(±30)
Sv(3)

(±30) formula
12,14,1 1.22(5) 1 .2 (2 ) -598.2(5) -592.4(6) -537.3(7) [h 6p v 14o 42]3-
11,14,1 1.82(2) 1 .0 (1) -598.2(9) -585(1) -532(1) [HsPVmO«]4-
10,14,1 3.89(2) 0.34(4) -599.1(5) -581.2(6) -530.6(8) [H 4P V 14042]5-

9,14,1 5.37(2) -0.03(5) -590.3(6) -572.5(7) -522(1) [ H 3P V 14042f

8,14,1 6.88(4) -0.28(5) -583.9(4) -566.5(4) -515.8(6) [h 2p v I4o 42]7-
7,14,1 -0.58(3) -580.6(4) -558.5(5) -506.2(6) [ H P V 14042f

In NMR spectra recorded at very low pH (<1.3) a transient species appeared having 
three observable 51V resonances of near equal intensity (by deconvolution), see Fig. 
10. A corresponding additional, transient resonance appeared in the 31P NMR 
spectrum at -3.6 ppm. The 51V and 3IP resonances observed are consistent with a 
monocapped Keggin PV13 species, formed by dissociation of one “capping V 03+” 
(V02+ after dissociation) from a [H JPV ^O ^9'^', and probably having the formula 

[H^PVi30 4i]<12'j:)'. The PV13 species, of ideal C2v symmetry, would have five 
potentially resolvable51V NMR resonances in the intensity ratios 2:2:4:4:1, related 
to the V(n) in the parent PV14 (Fig. 7) as follows: V(1'):V(1"):V(2,):V(2"):V(3'), 
respectively. The "capped" V(2') set and the "uncapped" V(2") set are now in 
substantially different structural environments and their resonances appear resolved. 
The equatorial V(l') and V(l") sets, although no longer equivalent by symmetry, are 
still in very similar environments and their resonances appear unresolved as the third 
observable resonance of equal intensity. The least intense resonance of V(3'), the 
remaining "capping V03+", is presumed to be overlapped by either the "capping" 
V(3) resonance of the always more abundant PV14 or the adjacent resonance of the 
even more abundant V 02+, and so is not detected.

No transient species could be detected when PV]4 species were decomposed in 
alkaline solutions.
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Fig. 10:51V NMR spectrum of the sodium tetradecavanadophosphate salt dissolved 

at pH = 0.2. V(l), V(2), and V(3) are PV14 resonances, and G is the pervanadyl 
cation, the final acidic decomposition product. The asterisks show the resonances of 

a transient species, assigned as PV13.

In acidic solutions (pH<1.5) containing high concentrations of both phosphoric acid, 
H3PO4 , and the pervanadyl cation, V0 2 +, in an attempt to stabilise the PV14 complex, 
their respective 31P and 51V NMR resonances were shifted and substantially 
broadened compared to the normal values, irrespectively of whether PV14 was 
present or not. Importantly, the 31P and 51V NMR resonances of the PV14 species 
were completely normal. The shifted and broadened NMR resonances of H3PO4 and 
V 02+ in acidic solutions containing both, indicate exchange broadening via a rapid 
equilibrium association/dissociation of these species, as represented by eq. 1 1 .

X I T  +  V 02+ +  H 2P 04'  <-» ( H +M V 02+) ( H 2P 04 ) ( 11)

If X = 0, a neutral complex, V0 2(H2PC>4) (aq), is formed.

An FTIR spectrum of the solid phase Na4.75[H4.25PVi4C>42]N aC H 2 H20  was 
recorded and is shown in Fig. 11. Within the range 400-1200 cm'1, the spectrum 
showed the bands: 1056, 998, 946, 869, and 798-713 cm'1, which can be assigned to 
P - O ,  V = O c a P, V = O t, V - O c - V ,  and V - O e- V  stretching vibrations, according to the
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literature (Ocap= terminal oxygen on pentacoordinated “capping” vanadium, Ot= 
terminal oxygen on hexacoordinated vanadium) .71 Since the stretching bands in Fig. 
11 were in accordance with those in the literature,71 the PV14 structure for 
Catalytica’s solid phase was confirmed.

1200 1100 1000 900 600800 700 500 400

WAWE NUMBER (cm1)

Fig. 11: FTIR spectrum for the solid phase Na4.75[H4.25PVi4042] NaCM2H20. The 

band marked 1 is due to the P-0 stretching, 2 from V=Ocap, 3 from V=Ot, 4 from V- 
Oc-V, and 5 from V-Oe-V.

4.3 The H+ - M0 O4 2' - HVO4 2  - HPO4 2' system

The studies of the H+ - M 0 O 4 2' -  H V O 4 2'  -  H P O 4 2'  system have been reported in two 
papers, (papers II and El). Paper II includes assignments of NMR resonances to the 
specific isomers of [M 0 1 0 V 2 P O 4 0 ]5'  and determinations of their pK& values at 25 °C 
and 90 °C. In paper IH, a rough assignment of the NMR resonances arising from the 
[M 0 9 V 3 P O 4 0 ]6'  isomers was made and the overall equilibrium model determined.

The studies have been focused on Keggin ratio solutions (Mo+V)/P =12/1, where 
anions with the formula [HzMoi2-xVxP0 4 o](3+I'z)' (x = 1-3) are predominant species. 
The parent [M012PO40]3" a-Keggin structure with a tetracoordinated phosphorus in
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the centre and twelve surrounding hexacoordinated molybdenum atoms had 
previously been studied together with other molybdophosphate species formed in 0 .6  

M Na(Cl) . 26 A substitution of one molybdenum(VI) for a vanadium(V) increases the 
minus charge on the anion and gives species with the formula [M011VPO40]4", which 
for simplicity is abbreviated MonVP. When two molybdenum atoms are substituted 
for vanadium atoms, five positional a-isomers are formed with the unprotonated 
formula [M010V2PO40]5' (abbr. M010V2P). Table 4 shows polyhedral structures of 
both M011VP and M010V2P a-isomers. Besides these a-isomers, 3 positional ß- 
isomers òf MonVP and 14 of M010V2P can, theoretically, be formed.

Table 4: Polyhedral structures of a-MonVP and the five positional a-isomers of 
M010V2P with their designation, statistical abundance and symmetry. The VO, 
octahedra are shaded.

polyhedral structure designation
(enantiomer)

statistical
abundance

symmetry

m

MonVP
a -1 1 0 0 % Cs

M010V2P 
a -1,4 18.2 % Cs

f t

M010V2P 
a - 1 ,2 18.2 % Cs

f t

M010V2P 
a -1,5 (a-1,8) 18.2 % c2

f t

M010V2P 
a - 1 ,6  (a-1 ,7) 36.4 % Ci

i §

Moi0V2P 
a - 1 ,11 9.1 % C2v

If the substitution increases to three, there are 13 positional a-isomers and as many 
as 43 ß-isomers of [M09V3PO40]6" (abbr. M09V3P). Table 5 shows polyhedral 
structures for the 13 a-isomers.
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Table 5: Polyhedral structures of the thirteen positional a-isomers of M09V3P with their 

designation, statistical abundance and symmetry. The VOö octahedra are shaded.

polyhedral
structure

designation
(enantiomerer)

statistical
abundance

symmetry

a-1,4,9 1.82 % Cjv

a-1,2,3 1.82 % Cjv

a-1,2,4 
(a-1,3,9)

10.9 % Cj

a-1,2,6 
(a-1,3,7)

10.9 % c,

a-1,4,8 
(a-1,5,9)

10.9 % Cl

a-1,4,6 5.46 % Cs

a-1,2,8 
(a-1,3,5)

10.9 % Cj

a-1,4,7 
(a-1,6,9)

10.9 % Cl

1 S 1
a-1,2,10 5.46 % Cs

a-1,2,11
(a-1,3,11)

10.9 % Cl

a-1,5,8 5.46 % Cs

a-1,5,7 
(a-1,6,8)

10.9 % Cl

a-1,6,12
(a-1,7,10)

3.61 % Cs
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The study of the molybdovanadophosphate system has, as mentioned earlier, been 
reported in two papers. In this thesis the results from the two papers are summarised 
and divided into two parts, the first explaining the equilibrium model (4.3.1) and the 
other the assignments of NMR resonances (4.3.2).

4.3.1 Equilibrium model

The study has been focused on solutions with Keggin ratios, (Mo+V)/P = 12, where 
anions with the formula [HjMon-xVjPCUo]^4*'0" predominate. In the search for an 
equilibrium model, an enormous amount of data has been collected from both 
potentiometric titrations and NMR spectra. Fig. 12 illustrates the Mo/V and pH 
ranges in which experimental data have been collected. NMR spectra have been 
recorded for more than 2 0 0  solutions, but most of them not used in the calculations 
are not shown in the figure. To be able to follow the chemical shifts for each of the 
numerous resonances as a function of pH, many solutions had to be recorded since 
many of the resonances cross each other (see Fig. 16). Data used for the calculations 
are from the area inside the dashed lines in Fig. 12. To ensure that data from 

[HzMo8V4P0 4 o](7'z)' complexes or even more vanadium rich species were not 
included in the calculations, the lowest Mo/V ratio allowed in the determination of 
formation constants was 3.8.
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Ma/V

Fig. 12: Experimental data collected at different Mo/V ratios both from EMF
titrations (continuous lines) and from 31P and 51V NMR point solutions (□). 
Observe the break in the Mo/V scale. Data used for calculations are taken from the 
area inside the dashed lines. NMR points marked X are included in the distribution 
diagram in Fig. 13.

The search for equilibrium constants was initiated at a ratio (Mo+V)/P = (110+8)/10 
= 11.8, a non Keggin ratio. In such solutions there is an excess of P compared with 
(Mo+V) and some molybdophosphate species are also present. Since the formation 
constants of molybdophosphate species were known in the same medium,26 the 
formation constant for MonVP could be determined in acidic solutions (pH<2), 
where this species is the only molybdovanadophosphate species present. By 
gradually decreasing the Mo/V ratio, it was possible to first determine the constant 
for MoioV2P and then that for M09V3P. The results from two final calculations on 
the formations constants, where all data have been included, are shown in Table 6 .
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Table 6 : Results from two different calculations of formation constants for 
MonVP, M010V2P, and M09V3P. In Calc. No. 1, EMF data and NMR integral data 
for all molybdovanadophosphate species are included and in Calc. No. 2 , the 
chemical shift data for the M09V3P species are included as well. Chemical shift 
data for M010V2P species are included in both calculations.

NMR (p,q,r,s) formula log/? (±3a) pKa
symbol notation Calc. No. 1 Calc. No. 2 No. 1 No. 2

A 2 2 ,1 1 ,1,1 [MoiiVPO40]4' 141.4 (2) 141.5 (2)

O
2 1 ,1 0 ,2 ,1 [Mo10V2P04o]5' 146.9 (3) 146.9 (3)
2 2 ,1 0 ,2 ,1 [HM010V2PO40]4' 147.1 (3) 147.2 (3) 0 .2 0.3

20,9,3,1 [M09V3PO40]6' 147.2 (3) 147.1 (3)

O 21,9,3,1 [HM09V3PO40]5- 149.9 (2) 150.2 (3) 2.7 3.1

22,9,3,1 [H2MO9V3PO40]4' 151.9(3) 151.7 (3) 2 .0 1.5

23,9,3,1 [H3M09V3PO40]3' 152.2 (3) 0.5

Combined EMF-NMR integral data could be well explained by one M onV P, two 
M010V2P, and three M09V3P species (Calc. No. 1). When chemical shift data for 
M09V3P were included, a model with four species for M09V3P was favoured (Calc. 
No. 2). The degrees with which the experimental NMR integral data fitted the two 
different models are shown in Fig. 13 at a Mo/V = 3.8 ratio. Both models gave an 
acceptable fit to the experimental data. Thus, it was not possible to exclude either of 
the models. The model obtained in Calc. No. 2 is favoured, since chemical shift data 
of good quality for the M09V3P isomers are included. The most acidic M09V3P 

species is charged 4- in a 2 pKa model (Calc. No. 1), the same as the most acidic 
M010V2P species and the M onV P  species. This is the reason why the three species 
model (Calc. No.l) was extensively tested, despite the chemical shift discrepancy.
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Fig. 13: Distribution diagram of phosphorus containing species. The symbols 
represent experimental NMR points. Full-drawn curves were calculated using the 
formation constants obtained in Calc. No. 2 and dashed curves from Calc. No. 1.

Individual formation constants and corresponding pKa values for the isomers found 
for M010V2P (both a- and ß-isomers) have also been determined. In the calculations 
of the “average” formation constants (Calc. No. 1 and 2), shift data from only one of 
the resonances were included. The resonance arising from a -l,2 -MoioV2P 
(vanadium atoms share comers) was chosen as a surrogate for the average M010V2P 
compositions as its pKa (0.26) is midway between the two most extreme pKz values 
(0.04 for a -1.6 + a -1,11 and 0.48 for a -1,4)

To illustrate how sensitive the spéciation is to the Mo/V ratio in Keggin ratio 
solutions, a set of four distribution diagrams is presented in Fig. 14. In all diagrams 
(Mo+V) = 120 mM and P = 10 mM. In Fig. 14A, no vanadate is present, and the 
parent molybdophosphate species, M012P, is formed only in very acidic solutions 
(pH<2). There are as many as sixteen other Mo^Pv species, but for simplicity only the 
sum is shown in the figure. In a Mo/V = 1 1 solution, Fig. 14B, MonVP and M010V2P 
species are formed as well as a variety of MoJPy species. Obviously, MonVP is a 
more acidic complex than the MoioV2P species. MonVP completely disappears at 
pH>4 and the sum of M010V2P species is less than 10 % when pH<2 . In a Mo/V = 5
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solution (M010V2P composition), Fig. 14C, M010V2P species predominate over 
almost the entire pH range, except for pH<0.5, where MonVP is the dominate 
species. It has not been possible to construct the same type of diagram for a M09V3P 
ratio, because some amounts of M08V4P will be formed as well, and no formation 
constants have been determined for these species. In Fig. 14D, a distribution diagram 
at Mo/V = 3.8, corresponding to 50 % M o io V 2P  and 50 % M09V3P, is shown. This is 
the lowest ratio allowed in the determination of formation constants to avoid data 
from M0 8V4P species.
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Fig. 14: Distribution diagrams of different Mo/V ratios, but (Mo+V) =120 mM 

and P = 10 mM in all diagrams. Full-drawn curves show the sum of complexes 

and the dashed curves show the protonation of a species. A: Mo = 120 mM; V = 0 
mM; P = 10 mM. B: Mo = 110 mM; V = 10 mM; P = 10 mM. C: Mo = 100 mM; 

V = 20 mM; P = 10 mM. D: Mo = 95 mM; V = 25 mM; P = 10 mM. Species less 

than 2 % are omitted. B5 = Mo,0V2P5- ; HB4- = HMoi0V2P4' ; C6‘ = Mo9V3P6' ; 

H C5' = HM09V3P5' ; H2C4- = HbMosVsP4- ; 23* = IH (1P0 4<3'n>'.

The diagram shows that the lower the charge of a complex is, the more acidic the 
complex formed. Thus, when molybdenum is gradually substituted for vanadium 
more alkaline complexes are formed. The difference in charge can be compensated 
with a proton on the more substituted complex. Comparing two equally charged
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complexes with different amounts of substitution, e.g. [M010V2PO40]5" and 
[HM09V3PO40]5', shows that the deprotonated species is more predominant than the 
protonated one (c.f. B5' and HC5' in Fig. 14D).

4.3.2 Assignment of NMR resonances

51V NMR will give rise to one resonance for the a-MonVP complex, six for the five 

a-Moi0V2P isomers, and as many as thirty for the thirteen CX-M09V3P isomers. 31P 
NMR gives the same number of resonances as the number of a-isomers. Many 
resonances overlap each other and, therefore, it has not been possible to resolve all of 
them.

A complete assignment of 31P and 51V resonances at both 25 and 90 °C has been 
achieved in paper II for the MonVP and MoioV2P species and a rough assignment 
for the M09V3P species in paper IE. At higher temperatures, the vanadium 
resonances become more narrow since 51V is a quadrupolar nucleus and is in a bond- 
environment that is tumbling rapidly (Fig. 15). Phosphorus resonances become 
broader, due to a coupling between vanadium and phosphorus.72 Therefore, the 
phosphorus spectra at high temperature were of little help in characterising the 
M09V3P system. No significant differences in the abundances of the isomers between 
25 and 90 °C for M010V2P were found. The same was also expected to be true for the 
M09V3P isomers and assignments were therefore made on the better resolved 
vanadium spectra obtained at 90 °C.
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Fig. 15:5,V spectra showing the change in the line widths when the temperature is 
increased from 25 °C to 90 °C. (Mo+V)/P = (400+80)/40, pH = 0.79 (25 °C), and 
pH = 0.85 (90 °C).

All the assignments presented in papers II and HI are based on the following 
presumptions. Vanadium resonances are more affected by the positions of the 
vanadium atoms than the phosphorus resonances. The assignments are based on 
comparisons of relative intensities of the resonances to the statistically predicted 
relative abundances of the a-isomers and on the responses of the chemical shifts to 

protonation of the a-[MoioV2P0 4 o]5‘ isomers. Since there are fewer isomers of 
M010V2P than of M09V3P, the assignments were made on M010V2P and then applied 
to MO9V3P.

Keggin polyoxometalates are protonated at bridging oxygens, and the most basic 
oxygen should be the edge-shared oxygen (Oe) in the M3O13 groups.73 The basicity 
among oxygens in molybdovanadophosphates decreases in the following order: V- 
Oe-V, V-Oe-Mo, Mo-Oe-Mo. The M010V2P isomer, where the two vanadium 
octahedra share edges (a-1,4), and the M09V3P isomer, where all three vanadium 
octahedra share edges (a-1,4,9), are expected to be the most basic species (i.e. those 
having the highest pKà value). It has not been possible to determine the individual 
pKa values for all of the M09V3P isomers. However, all pKa values for the M010V2P 
isomers could be determined and are reported in paper H. The51V NMR assignments
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for the M010V2P isomers are summarised as follows. The a-1,4 isomer, where 
vanadium octahedra share edges, has the highest pKa value and its chemical shift was 
most sensitive to the protonation. The protonation occurs at the most basic bridging 
oxygen, V-Oe-V, adjacent to both vanadiums simultaneously. In contrast, mono
protonation of the other a-isomers, at V-Oe-Mo sites, occurs adjacent to only one 
vanadium at a time. The isomers, a -1,2 and a -1,5 have the same pKz value (0.26) 
and should have the same protonation site. Protonation should occur on the V-Oe-Mo 
closest to the two vanadium atoms, since the negative charge polarity of the anion is 
higher at this site. As expected, the line width for the a -1,2 isomer, where vanadium 
octahedra share comers, are broader than for the a-1,4 isomer. The explanation is 

that the V-Oc-V (Oc: comer-shared oxygen) angle is -150° for a -1,2 and the V-Oe-V 
7t interactions are greater than in a-1,4, where the V-Oe-V angle is -IOO0.8 In the 
remaining three a-isomers the vanadium octahedra are well separated. The line 
widths are similar and so are the chemical shift values.

Many of the numerous 51V resonances originating from the M09V3P isomers show 
severe overlapping. The only resonances that could be unambiguously assigned were 
the two resonances arising from the a- and ß-isomers, where all three vanadium 
octahedra share edges. These species should have their unprotonated chemical shift 
values far downfield from the other M09V3P isomers. All the remaining resonances 
were divided into different chemical shift regions, each region containing resonances 
arising from vanadium atoms having similar positions in the isomers. Table 7 lists 
the a-MoioV2P and a-Mo9V3P isomers with their type of vanadium environments 
and compares the statistically predicted relative abundances with their relative 
integral values. The difference is similar for both MoioV2P and M09V3P. The 
abundance of pairs of edge-sharing vanadium octahedra is substantially less than 
predicted by the statistics. The abundance of pairs of comer-sharing vanadium 
octahedra is substantially greater than predicted by the statistics. No doubt, the 
assignments of the 51V resonances into different regions are strongly supported by 
the integral values of the regions.
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Table 7: The statistical abundance (%) of the a-isomers and the experimental 5IV  

integral values (%) for MoioV2P and M0 9 V3P. The difference is the ratio between 

the integral values and the statistical abundance (%). The structures of oc-MoioV2P  

isomers are shown Table 4, and the M0 9 V3P regions, 1-5, are shown in Fig. 10,
paper m .

M010V2P isomers statistical
abundance

integral
51V

difference
%

a -1,4 (pair of edge-sharing V) 18.2% 13.3 % 73%
a -1,2 (pair of comer-shared V) 18.2 % 23.3 % 128 %

a -1,5 + a-1,6 + a-1,11 (V spread) 63.7 % 63.3 % 99%

M09V3P isomers statistical
abundance

integral
51V

difference
%

Region 1 (edge sharing V3O13 units) 1 .8 % 0.7% 39%
Region 2 (pairs of edge-sharing V) 25.4 % 20.5 % 81 %

Region 3 (V edge-sharing to another V 
and comer-sharing to a third V)

7.3% 4.9% 67%

Region 4 (V share comers) 27.2 % 37.0 % 136%

Region 5 (V spread) 38.1 % 37.0 % 97%

Valuable information was also obtained from 31P NMR data. For the deprotonated 
M010V2P species, the closer the vanadium atoms, the lower are the chemical shift 
values (paper II). From this point of view, the resonances arising from both M010V2P 
and M09V3P have been assigned to different isomers together with the integral 
values. One isomer should have the same pJSTa value, whether it is calculated from the 
51V or the 31P chemical shift curve. By calculating the pATa values for the different 31P 
M010V2P resonances, and comparing them with the pKa values obtained from the 51V 
shift curves, a complete assignment for M010V2P isomers was achieved in paper ü. 
The more the vanadium atoms are separated in the Keggin structure, decreasing the 
charge polarity, the lower the field of the chemical shift. The isomer with the most 
condensed vanadium atoms (a-1,4) has the lowest shift value and the isomers with 
the vanadium atoms most evenly distributed (a-1,6 + a -1,11) have the highest. Fig. 
16 shows the 31P chemical shift curves for MonVP, M010V2P, and M09V3P. Note 
that only the most intense phosphorus resonances for M09V3P are plotted in the 
figure, since these were the easiest to “follow” as a function of pH.
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Fig. 16:31P chemical shift shifts of some major M0 9 V3P isomers as a function of
pH. Dashed-dotted line shows the shift for MonVP (a), and dashed curves the 
shifts for M0 1 0 V2P (b-f) isomers, a = MonVP ; b = a-1 ,4  ; c = a-1 ,2  + a -1 ,5  ; d = 
a-1 ,6  + a-1,11 ; e^f= ß-4,10 and ß-4,11.

For (X-M010V2P isomers in the figure, the resonances appear together at lower shifts 
and are completely separated from the ß resonances. Resonances arising from 
M0 9V3P at higher shift values have therefore been assigned to the ß-isomers. 
Probably, there is no distinct chemical shift border between the resonances with 
M09V3P composition, as for M010V2P species. Some of the most intense 31P 
resonances of M09V3P are assigned to a specific isomer in paper ED.
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4.3.3 Structure and symmetry

FTIR spectra of the solid phases Na3+̂ Moi2-̂ VxP0 4o nH2 0  with x = 0, 1, and 2 were 
recorded and are shown in Fig. 17. Within the range 400-1200 cm'1, all spectra 

showed bands characteristic of the a-Keggin anion: 1064,960, 865,780 cm'1, which 
can be assigned to P-O, Mo=0, Mo-Oc-Mo, and Mo-Oe-Mo stretching vibrations, 
respectively.74 The un-split triply degenerate P-0 stretching at 1064 cm' 1 for 
Na3MonP0 4 o nH2 0  (Fig. 17A) shows that the tetracoordinated phosphorus in the 
centre of the polyanion is in a very high symmetrical environment, which indicates 
that the polyanion has the a-structure, i.e. Td symmetry. A substitution of one 
molybdenum for a vanadium lowers the symmetry, which is shown by the shoulders 
appearing on each side of the main P-0 stretching band (Fig. 17B). When x = 2 the 
symmetry is even more distorted and the P-O stretching splits into three distinct 
bands (Fig. 17C). The presence of these bands shows that the symmetry around the 
phosphate in the centre is C2v or lower. To the best of my knowledge, this obvious 
splitting of the P-O stretching has not been reported earlier for molybdovanado- 
phosphates. Some researchers have recorded FTIR spectra from protonated 
compounds,75’ 76 as opposed to the sodium salts used in this work, and this may be 
the reason why they did not observe this splitting. When we recorded spectra from 
proton containing compounds, e.g. Na3H2MoioV2P0 4onH2 0  and 

H5MoioV2P0 4 o nH20, the splitting of the P-0 stretching disappeared.
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Fig. 17: FTIR spectra for three solid phases. A: NasMo^PCWrtffeO, B:
Na4MoiiVPO40 ^H2O, C: Na5Mo10V2P 0 4o- ̂  H20 . The band marked 1 is due to the 
P-O stretching, 2  from Mo=0, 3 from Mo-Oc-Mo, and 4 from Mo-Oe-Mo.

To conclude, all spectra of the solid phases of Na3+JCMoi2.*VJPO40 (x<2) show that 
the polyanions have a-Keggin structure. All these compounds were crystallised from 
aqueous solutions. Therefore, it seems reasonable to assume that the predominating 
species in aqueous solution also have the a-Keggin structure.

4.4 The H+ ■ M0 O4 2' - HVO4 2' - HP042 - e system

In paper IV, the electron, e', has been added as the fifth component to the molybdo- 
vanadophosphate system. The study has been focused on solutions with the Keggin 
ratio (Mo+V)/P = 12/1 in the pH range 1.4-4.5, where anions having the formula 
[HzMoi2-x-yVvArVIvyP04o](3+x+2y'z}~ are predominant species. Added numbers of 
electrons per vanadium(V) (e7 Vv) have been kept less than one to exclude reduction 
of molybdenum(VI). A complete study of this system can be performed only when 
all the reduced and oxidised subsystems are known. However, within the concen
tration ranges of this study, it was found that the vanadyl cation, V 02+, was the only 
reduced subsystem species present.
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The formation constant for V 02+ had already been determined,53 but was re
determined in this investigation with more sophisticated equipment and better 
techniques for working with air-sensitive solutions. The equilibrium constant 
(log^red) for the reaction 2  H+ + VC>2+ + e' <-» V02+ + H2O was determined to be 
17.15 ± 0.01 (E° = 1014.5 ± 0.6 mV). When writing the reaction with the com
ponents used for the five component study, 5 H+ + HVO42* + e' <H> V 02+ + 3 H20, 

logß5jo, 1,0,1 = 32.03 ± 0.01. 51V NMR spectra, recorded on acidic solutions (pH<2) 
containing only VC>2+ as oxidised species, showed that the integral decreased 
proportionally to the electrons added, which means that each VC>2+ accepts one 
electron. As soon as one or more vanadium(V) atoms are reduced in a species it 
becomes 51V NMR silent. The reduced vanadium species could be observed by 
vanadium ESR spectra instead, Fig. 5. The 8 -line pattem shown in the figure is 
typical for the vanadyl ion, V 02+. The increase in intensity for V02+ in ESR is 
consistent with the decrease of V0 2 + in the 51V NMR spectra. This indicates that the 
only species present in solutions at pH<2 are the pervanadyl, VC>2+, and vanadyl, 
V 02+, cations. The ESR measurements were performed only to establish the present 
species, and no ESR data were included in the calculations.

In the determination of the formation constants of reduced molybdovanadophosphate 
species, both EMF and 51V NMR integral data were included in the calculations.
ESR data were used to check the proposed model and to obtain fingerprints of the 
reduced species. Calculations were performed stepwise by gradually decreasing the 
Mo/V ratio, expanding the pH range, and systematically testing different com
positions of reduced species. Six reduced molybdovanadophosphate species were 
identified and their formation constants determined, see Table 8 . The MonV^P 
species and the mixed valence species, MoioV^V^P, were both found to be non- and 
monoprotonated. A doubly-reduced Keggin species, MoioV^P, and a non-Keggin 
species, presumably a lacunary [ILtMoioV^PC^]5', were found as well.
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Table 8: The equilibrium model obtained from calculations on data in the pH range 

1.4<pH<4.8 and at Mo/V>5.

(p,q,r,s,t) formula log/? ± 3a p*a

2 2 ,1 1 ,1 ,1,1 [MonV^PCUof 154.14 .03

23,11,1,1,1 [HMonVIVP0 4 o]4' 155.15 .14 1 .01

2 1 ,1 0 ,2 ,1,1 [M doV^PCUo]6' 155.85 .03

2 2 ,1 0 ,2 ,1,1 [ H M o io W '^ o ] 5' 159.54 .04 3.69

23,10,2,1,2 [HaMo.oV^PCUo]5' 171.27 .06

2 0 ,1 0 ,1 ,1,1 [HUMoioV^POj!)]5' 142.08 .06

A comparison of the proposed model with both NMR and ESR spectra was made in 
paper IV, and the fit was good. By working in an absolute intensity mode on the 
NMR integrals, it was possible to determine the total concentrations of oxidised 
species, and these values were compared with distribution diagrams. ESR spectra in 
this study should be virtually the same as for the corresponding tungstovanado- 
phosphate system, reported by Pope et.al?1 Pope showed the ESR features typical 
for doubly-reduced species and for a species with mixed valence of the two 
vanadium atoms. Protonation of a species does not change the ESR feature. A 
solution containing predominantly the MoioV'V^P species (this information is from 
a distribution diagram) showed the same ESR feature as the corresponding tungsto- 
vanadophosphate. The ESR feature from the doubly-reduced species was also in 
accordance with that reported. The ESR feature for MonV^P species was also found 
and confirmed in several solutions.

Distribution diagrams in Fig. 18 show the distribution of vanadium (A) and 
phosphorus (B) in a solution at ze = 0.5 and the ratio (Mo+V)/P = ( 102+18)/10. The 
definition of the degree of reduction, denoted ze, is equivalents of electrons added 
per mole of vanadium(V). Thus, Ze = 0.5 in the figure below, implies that 50 % of the 
vanadium, initially of valence (V), is reduced to vanadium(IV).
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Fig. 18: Distribution diagrams of A) vanadium and B) phosphorus at Ze = 0.5 and
the ratio (Mo+V)/P = (102+18)/10. Oxidised and reduced species are separated 
with a bold line. Dashed lines show the protonation of a complex. Symbols 
represent51V integral data. A4- = MonVP4- ; B5 = MoI0V2P5' ; HB* = HMoioV̂ P4- 
; SC = SM09V3P ; M = V02+ ; D5 = MonV^P5' ; HD4' = HMonVIVP4' ; E6' = 
M o ,0V vV ivP6' ; HE5' = HMo,0VvVIVP5' ; F5' = H zM ojoV ^ P 5' ; G5' = 
H4M o ,0V ivP5' ; N = V02+ ; SP = ZH„P04(3'n)' ; SK = IMoJPv.

In solutions with pH>2.5 the predominant reduced vanadium and phosphorus 
containing species are two MoioV'V^P species as shown in Fig. 18. When pH is 
lower, pH<2.5, there is considerable decomposition of the protonated species to 
MonV^P and the mononuclear V 02+ species (Fig. 18A). As long as the only 
reduced vanadium species in acidic solutions (0<pH<0.5) is V02+, phosphorus is 
present in oxidised species (Fig. 18B). In the pH range 0<pH<2, there are equal 
amounts of oxidised and reduced vanadium species (Fig. 18A) as expected when 
Ze=0.5, but when the mixed valence state species MoioV^V^P starts to form, the 
fraction of vanadium present in reduced species becomes higher than 50 %. Since the 
NMR signal disappears as soon as one vanadium in a complex is reduced, it has not 
been possible to obtain the fraction of mixed valence species from NMR. In acidic 
solutions, pH<1.5, a small fraction of molybdophosphate species is present together 
with phosphoric acid (Fig. 18B). As long as the ze value was lower than one, only 
vanadium(V) containing species were reduced in the solution. By using a 
potentiostat, the redox level could be adjusted and equilibrium time shortened. The 
diagrams also show that only small amounts of the doubly-reduced species
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[HiMooV^PCUo]5' and the lacunary species [FUMoioV^PCUo]5' are present in 
solutions with Ze = 0.5. The lacunary species is not present in the most acidic 
solutions which contain the highest fraction of reduced vanadium as V 02+. 
Apparently, as the solutions become more acidic, the equilibrium reorganisation of 
the lacunary species into fully constituted Keggin anions becomes more favoured and 

[HMohVivP0 4 o]4' anions are formed instead.

4.4.1 Crystal structure

Crystallisation experiments have been performed on reduced solutions, since it is not 
known whether any one of the positional isomers of MoioV2P is stabilised in its 
reduced form as a- or ß-species. We were hoping that one isomer or species would 
crystallise before the others. The reduced molybdovanadophosphate solutions with 
(Mo+V)/P = (102+18)/1 at pH~3 and ze = 0.5, and at pH~4.5 and ze = 1.0 were 
subjected to crystallisation. Among cations tested, caesium gave a suitable crystal 
from the solution with pH~4.5 and ze = 1.0, and the crystal structure was determined 
by a single crystal X-ray diffraction method.

From an elemental analysis and the results of the structure determination, the 
formula of the compound isolated was determined to be CsôHMoi0 V^oPO^-2H20 . 
The structure determination showed the polyanion to have an a-Keggin structure.
The molybdenum and vanadium atoms are located almost randomly among addenda 
atom positions although no disordering could be observed in the overall structure.
The specific positions of vanadium and the location of protonation could thus not be 
determined. The detailed result will be published separately.78

The structure of the polyanion obtained from a solution, where all vanadium(V) 
atoms were reduced to vanadium(IV), was shown to have an a-Keggin structure. 
Whether or not, the reduced species have a- or ß-structures in solution could not be 
established since 51V NMR is silent as soon as one vanadium(V) atom is reduced.
The fact that the a-structure was found in the reduced single crystal indicates that the 
a-structure is predominant in a reduced solution.
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4.4.2 Redox potentials obtained by CV

Cyclic voltammetry is a commonly used method for the determination of redox 
potentials for heteropolyanions and the number of electrons in the reaction. An acidic 
solution of H4M011VPO40 (0.3 M), prepared by Catalytica Inc. (paper H), was diluted 
to 10 mM in a 0.6 M Na(Cl) medium (pH adjusted to 1.3 with sodium hydroxide) 
and then used for CV experiments. This pH value was chosen because almost all the 
vanadium (90 %) is bound in MonVP species. The E° value determined from the 
measurements was 791 mV vs. NHE. This should be compared with the E° 
calculated from the formation constants. The equilibrium constant (logA^d) for the 
reaction [MonVPO^]4- + e‘ <-> [MonV^PO^]5" was determined to be 12.7 ± 0.2 (E° 

= 751 ± 1 2  mV), and for [MonVP04o]4' + 1F  + e‘ [HMouVivP04o]4' to be 13.7 ± 
0.4 (E° = 810 ± 24 mV). Since two MonV^P species were formed in the reduced 
solution, the average E° value of (780 ±18) mV showed good agreement with the 
experimental value (791 mV). The reaction appeared to be quasi-reversible in the 
CV experiments, but may be completely reversible in the equilibrated solution.

5 Conclusions and future plans

To conclude it has been very interesting to study heteropolyoxometalate systems. To 
be able to establish the equilibrium model in the complicated molybdovanado- 
phosphate system, where many species co-exist, a single experimental technique has 
been found to be inadequate. This is also true for the vanadophosphate system 
despite the rather simple spéciation. Potentiometrie titrations, which have been our 
basic tool for studying polyanion equilibria, had to be complemented with other 
experimental methods like NMR and in the reduced molybdovanadophosphate 
system ESR had to be used as well. Moreover, access to a computer program which 
was capable of simultaneously treating all kinds of data was a prerequisite.

The vanadophosphate system, in which only three equilibrium PV14 species were 
found (paper I), was more troublesome than expected. The equilibration time was 
very long, which rendered the EMF titration method unsuitable. Moreover, the solid
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phase used to prepare concentrated solutions was subject to some kind of crystalline 
changes and gradually became insoluble. Non-equilibrium PV14 species are formed 
and in very acidic solutions a transient species with another nuclearity occurred, 
which, from NMR data, was proposed to be a PV13 species. Despite these problems, 
formation constants for three stable species and pKa values for both stable and 
metastable PV14 species could be determined.

The studies of the oxidised and reduced molybdovanadophosphate systems (papers 
II, III, and IV) were focused on Keggin ratio solutions (Mo+V)/P =12/1, where 
anions with the formula [HzMoi2-̂ .vVvxVIvvP0 4 o](3+',:+2>'z)', x = 1-3 and y = 0 -2 , are 
predominant species. The studies have been performed at two temperatures, 25 °C 

and to some extent at 90 °C. The systems are interesting from a catalytical point of 
view, since molybdovanadophosphate solutions can be used as homogenous catalysts 
in e.g. the selective oxidation of olefins to carbonyls. The higher temperature is more 
relevant to the catalytic process. The spéciation at the two temperatures was found to 
be very similar. Although many investigations had been carried out on both the 
oxidised and reduced systems prior to the present work, noone had been able to fully 
characterise the system and to determine the formation constants. To the best of my 
knowledge, this study represents the only successful equilibrium analysis of a 
complicated five component system.

I have observed that even if the E value in an EMF titration appears to be stable, 
equilibrium has not necessarily been reached. To ascertain whether or not this is so, 
NMR spectroscopy has been shown to be a very powerful tool. Lately, some other 
complementary methods have been used e.g. cyclic voltammetry and FTIR. These 
techniques, and especially FTIR, should be routinely used in the future when 
studying polyanion systems. Fortunately we have had access to new and advanced 
FTIR equipment.

Somewhat to my surprise, the redox study of the molybdovanadophosphate system 
was successful and can be considered to be the main achievement of my work. No 
doubt, the addition of electrons and the handling of air-sensitive solutions have been 
well controlled. Accurate and reliable equilibrium redox constants from iso- and
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heteropolyanion systems are rarely found in the literature, despite the fact that such 
systems are very important, e.g. in catalysis.

Hopefully, I can make a substantial contribution to the redox chemistry field, and 
have therefore started a redox equilibrium analysis study of the H + - H V O 4 2'  - e' 
system in the pH range 2-7. In my opinion, the only way to completely solve this 
system is to collect quantitative ESR data. To accomplish this, however, the transfer 
of the solutions to the capillary tubes used for the ESR measurements has to be 
improved, and access to a glove box is a prerequisite. Moreover, the bio-inorganic 
chemistry of vanadium has received increased attention in recent years. Therefore, I 
would like to thoroughly study the redox conditions in the vanadate system at lower 
ionic strengths, e.g. in physiological 0.15 M Na(Cl) medium. Many research groups 
are working with vanadium bioinorganic compounds and a spontaneous reduction of 
vanadium often occurs. In some of these systems, e.g. those containing nucleoside 
ligands, the species formed are binuclear in vanadium and mixed valence 
V(V)/V(IV) species can play an important role for the biological activity. Thus, there 
is a demand for equilibrium studies of reduced vanadium systems.
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