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Abstract 
This thesis is a summary of five papers, containing equilibrium and structure studies of 
aqueous molybdate and peroxomolybdate species. Some of the peroxomolybdate species 
have also been studied in terms of their dynamic and catalytic properties. The primary 
objective was to characterize species with potential catalytic activity, with emphasis on the 
bleach process of kraft pulp. For this, potentiometry, EXAFS and 17O, 31P, 1H and 95 Mo 
NMR have been used. 
 
The molybdate speciation in 0.300 M Na2(SO4) medium was found to differ from that in 
0.600 M Na(Cl) medium, in that the uncharged monomeric molybdate species H2MoO4 was 
stronger in the sulphate medium, while highly charged species, such as Mo7O24

6-, became 
somewhat less pronounced. 
 
Diperoxomolybdate species, (MoX2)n (X = peroxo ligand, n = 1-2), dominated the 
peroxomolybdate systems when sufficient peroxide was available. Both sulphate and 
chloride coordinated to molybdenum in the presence of hydrogen peroxide and these 
species were more inert than diperoxomolybdate species without coordinated medium 
anions. Chemical exchange rates increased upon protonation. A dimeric triperoxomolydate 
species was the only species found that contained more than two peroxo groups per 
molybdenum atom. At low concentrations of hydrogen peroxide, monoperoxo-
heptamolybdate species, Mo7X, were found. 
 
Phosphate was found to coordinate relatively weakly to molybdate in the presence of 
peroxide. Species with four different nuclearities, i.e. (MoX2)nP (n = 1-4), were found. At 
excess of peroxide, no molybdophosphates were present. Chemical exchange rates were 
found to be substantially lower than in the peroxomolybdate system. 
 
The aqueous monomeric diperoxomolybdate species retain the pentagonal bipyramidal 
seven-coordination found in the solid state, although with increased bond lengths. Sulphate 
seems to coordinate to molybdenum in a monodentate fashion by replacing an oxygen 
atom. Chloride probably coordinates by replacing an oxygen atom as well. For the dimeric 
diperoxomolybdate species, a single oxygen-bridge was proposed. 
 
Conjugated carbon double bonds in the side chains of lignin model compounds were found 
to be hydroxylated or epoxidised by peroxomolybdate species. The addition of phosphate 
did not affect the type or yield of oxidation products noticeably. It was also shown that 
hydrogen peroxide, in the absence of molybdate, did not react to any noticeable extent with 
the lignin model compounds under these conditions. 
 
 Keywords: Molybdate, peroxomolybdate, peroxomolybdophosphate, equilibrium, 
speciation, formation constants, potentiometry, EXAFS, 17O, 31P, 1H, 95 Mo, dynamic NMR. 
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1. Introduction 

Molybdenum – derived from the Greek word molybdos, lead, – is a transition 
metal that is relatively uncommon in the earth’s crust. Its discovery dates back to 
1778, when Carl Wilhelm Scheele (1742-86) prepared a new oxide (MoO3) from 
“molybdenum glance”. In 1781 Peter Jacob Hjelm (1746-1813) was able to reduce 
MoO3 in the presence of carbon into molybdenum. However, Bengt Qvist (1726-
99) had already in 1754 been able to distinguish between the two similar minerals 
graphite and molybdenum glance. The most important mineral is molybdenum 
glance - or molybdenite -, MoS2, which is found in association with copper ores.  
 
The chemistry of molybdenum is of great interest, partly because of its role in the 
biosphere as an important element in certain enzymes, such as nitrogenases and 
many oxidases, but also because of its widespread use in industrial catalytic 
oxidation processes and its capability of removing sulphur from oil. It is also used 
as a replacement for more toxic metals in different materials, for example 
chromium in steel alloys. One of the problems with the increased use of 
molybdenum today is its increased concentration in wastewater, especially from 
the steel industry.    
 
The catalytic application in biological and industrial processes is mainly because 
molybdenum can accommodate several oxidation states (III-VI) in aqueous 
solutions. An important feature of this property lies in the molybdenum-oxygen 
bonds, which possibly controls the stereochemistry and redox and acid-base 
behaviour of most molybdenum compounds.1 
 
The introduction of this thesis aims at giving a brief overview of the behaviour of 
molybdate and peroxomolybdate species in aqueous solution, and also to describe 
some of the catalytic properties and applications of peroxomolybdates. 
 
 
 
1.1. Inorganic chemistry of aqueous molybdates  
 
The hydrolysis of the molybdate ion (MoO4

2-) has been extensively studied using 
several experimental techniques (see Ref. 2 and Refs. cited therein). Equilibria 
involving MoO4

2- and polymolybdates are rapid and equilibrium studies generally 
consider monomers and heptamers as the major species in solution,3,4,5 although 
octamers6,7,8 and, more rarely, decamers9 have also been suggested. Occasionally, 
dimers have been proposed too.8 Under more acidic conditions, polymolybdates 
consisting of 19 molybdenum atoms have been suggested 10 as well as dimeric 
cations.10,11 
 
In dilute solutions where the total concentration of molybdate, [Mo]tot, is low (≤ 0.1 
mM), the tetrahedral molybdate ion, MoO4

2-, is predominant from pH about 4 and 
above. At lower pH values, the doubly protonated species H2MoO4 becomes 
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predominant, while HMoO4
- only exists to a small extent. However, the chemistry 

behind these protonation steps seems to be unclear. Unusual values of the 
protonation constants 12,13 and deviations of the rate constant for protonation of 
MoO4

2- from those of other protonation reactions14 have been explained by an 
expansion of the coordination number of the molybdenum atom from four to six 
upon protonation. However, in the literature, HMoO4

- is proposed to be either 
tetrahedral13,15 or octahedral,16 i.e. MoO2(H2O)(OH)3

-, while it is generally accepted 
that  H2MoO4 is octahedral.13,17 
 
If more concentrated molybdate solutions are acidified, rapid polymerisation takes 
place, according to the general formula; 
 

pH+ + qMoO4
2- ⇌  Hp-2rMoqO4q-r

(2q-p)- + rH2O, 
 

for example 
 

8H+ + 7MoO4
2- ⇌ Mo7O24

6- + 4H2O 
 
The polymerisation reactions are strongly dependent on the type and concentration 
of the medium ions in solution, and from the values of equilibrium constants for 
the heptameric species Mo7O24

6- in different ionic media, it can be concluded that 
this species is stabilized by the medium cations. This ion-pair formation can be 
seen as a consequence of the high charges of the polymolybdate ions (see Ref. 2 
and Refs. cited therein). Since the negative charge of the polyoxoanion is assumed 
to be located mainly on the terminal oxygen atoms,17 i.e. oxygen atoms attached to 
only a single metal atom, these oxygens are also considered to be the site of ion-
pairing. From a crystal structure study of a sodium salt of Mo7O24

6-, sodium was 
found to coordinate to both terminal and bridging oxygen atoms of the polyanion.18 
 
The stabilizing effect of medium cations on polymolybdates can be illustrated in 
diagrams showing the average uptake of protons per molybdate ion (Z) as a 
function of pH. In Figure 1.1, “Z curves” (or titration curves) for three different 
total concentrations of molybdate in three different media, respectively, are shown. 
Going from left to right in the figure, the Z-value of the curves corresponding to 
[Mo]tot = 80 and 20 mM increases much earlier (at higher pH-values) in 3.0 M 
Na(ClO4) medium than in 0.3 M Na2(SO4) and 0.6 M Na(Cl) medium. This is 
consistent with a stronger formation of polymolybdates due to higher degree of 
complexation with sodium ions in 3.0 M Na(ClO4) medium than in the two other 
media. In general, the monomeric species, especially H2MoO4, will become 
suppressed if polymerisation is favoured. This is best illustrated at low pH values 
and low concentration of molybdate, i.e. where the Z-values are affected mostly by 
H2MoO4. At pH 2.5, the curve for [Mo]tot = 0.1 mM has a lower Z-value in 3.0 M 
Na(ClO4) medium than in the two other media, i.e. the formation of H2MoO4 is 
weaker in 3.0 M Na(ClO4) medium. Furthermore, H2MoO4 appears to be more 
favoured in 0.3 M Na2(SO4) medium than in 0.6 M Na(Cl) medium, even though 
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the concentration of sodium ions is the same in both. The reason for this can 
possibly be found in different activity coefficients for the sodium ion in these two 
media, which will be discussed in section 4.1.1. The effect of increasing [Mo]tot on 
Z resembles that of increasing the medium concentration, i.e. polymerisation is 
favoured in both cases, and consequently the Z-curves in Figure 1.1 are shifted to 
the left, i.e. towards higher pH-values.  

0
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Z

0.3 M Na2(SO)4

0.6 M Na(Cl)

3.0 M Na(ClO)4

 
Figure 1.1. Diagram showing the average uptake of protons per molybdenum atom (Z) as a 
function of pH in solutions of different ionic media and total molybdate concentrations. 3.0 
M Na(ClO4)medium: (-∆-) [Mo]tot = 80 mM and (-▲-) 20 mM. 0.3 M Na2(SO4) medium: 
(-○-) 80 mM and (-●-) 20 mM. Full drawn lines represent the corresponding curves in 
0.6 M Na(Cl) medium. Dotted lines represents the “mononuclear wall” in each medium, 
corresponding to solutions with [Mo]tot = 0.1 mM. The curves have been calculated using 
formation constants from Ref. 10  (3.0 M Na(ClO4) medium), and Ref. 6 (0.6 M Na(Cl) 
medium), and from Paper I (0.3 M Na2(SO4) medium). 
 
 
The effect of ion pairing can also be seen by varying the medium cation. The 
degree of ion-pairing has for example been found to increase in the series Li+ < Na+ 
< K+.19 
 
 
1.2. Inorganic chemistry of aqueous peroxomolybdates 
 
If hydrogen peroxide is added stepwise to a solution containing polymolybdates, 
depolymerisation of these species takes place, finally resulting in the formation of 
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monomeric and dimeric diperoxomolybdates, such as MoO(O2)2(H2O)2
0 and 

O(MoO(O2)2(H2O))2
2-, at excess of peroxide (H2O2/Mo ≥ 2). The crystal structure 

of MoO(O2)2(H2O)2
0 shows that it has a distorted pentagonal bipyramidal seven-

coordination with the two peroxo groups and one water in the equatorial plane, and 
the terminal oxygen and the other water at the apices.20  Less common in peroxide 
rich solutions are monomeric and dimeric triperoxo species, e.g. MoO(O2)3

2- 21 and 
MoO(O2)2(OOH)2

2- (Paper III and Ref. 22). If the H2O2/Mo ratio is kept at about 1 
or below, monoperoxo- (Paper II) or diperoxo- 23-29 heptamolybdates can be 
formed, and also monomeric monoperoxomolybdates (Paper II). Several 
peroxomolybdates with nuclearities between 3 and 10 have been found in the solid 
state (see Ref. 2 and Refs. cited therein), but the only ones commonly suggested in 
solution seem to be heptamers. There is also some evidence for 
diperoxotetramolybdates, although these are relatively minor species.30  
 
Figure 1.2 illustrates the effect on the Z-curve resulting from the successive 
addition of hydrogen peroxide to solutions containing 20 mM of molybdate in 
0.300 M sodium sulfate medium. As can bee seen, from pH about 4.5 and below, 
the Z-value at a given pH becomes smaller as the concentration of peroxide is 
successively increased. Another feature is that the two curves for which H2O2/Mo ≥ 
2, coincide over almost the entire pH interval, which indicates that peroxomolydate 
species containing two peroxo groups per molybdenum atom probably dominate. 
Furthermore, the Z-curve for a solution containing [Mo]tot = 10 mM and H2O2/Mo 
≥ 2 is almost identical with these two curves, suggesting that the diperoxo 
molybdates formed at excess of peroxide are not very sensitive to the concentration 
of molybdate in solution. These findings implies that the decrease in Z value with 
increasing hydrogen peroxide concentration in the solution is a result of a 
breakdown of species with high nuclearity, most likely into monomeric and 
perhaps dimeric species. Furthermore, at H2O2/Mo ≥ 2, the curves do not fall below 
Z = 1 within the measured pH-interval, showing that the formation of monomeric 
or dimeric diperoxomolydates requires at least one proton per molybdate ion. 
Indeed, when hydrogen peroxide is added to a neutral solution containing mainly 
MoO4

2-, there is an increase in pH, and a typical reaction can be written as 
 

H+ + MoO4
2- + 2H2O2 ⇌ HMoO2(O2)2

- + 2H2O, (Z=1), 
 

rather than 
 

MoO4
2- + 2H2O2 ⇌  [MoO2(O2)2]2- + 2H2O, (Z=0) 

 
 
A tetraperoxomolybdate species, Mo(O2)4

2- (Z=0), has been found in neutral and 
alkaline solutions. 31 However, such solutions are unstable due to decomposition of 
H2O2 and equilibrium measurements can therefore not be performed (Paper II). It 
has been suggested that Mo(O2)4

2- decomposes into MoO4
2- , H2O and O2. 23, 32 
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Adding a small amount of peroxide to a heptamolybdate solution will not lead to 
any noticeable pH change because of the similarities in strength and uptake of 
protons between the already existing heptamolybdates and the 
peroxoheptamolybdates that form upon the addition of peroxide: 
 

Mo7O24
6- + H2O2 ⇌ Mo7O23(O2) 6- + H2O (Z=1.14) 
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Figure 1.2. Diagram showing Z versus pH for [Mo]tot = 20 mM and [H2O2]tot = 0-77 mM. 
[H2O2] / [Mo]tot = 0 (-●-), 0.25 (-△-), 0.5 (-○-), 1.0 (-▲-), 2.3 (-), 3.9 (-). [Mo]tot = 10 
mM and [H2O2]tot = 40 mM (-□-).  The curves were calculated using the formation 
constants from Papers I and II. 
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1.3. Catalytic properties and applications of peroxomolybdates 
 
When polymolybdates are being used in redox reactions, the molybdenum (VI) ion 
itself (or an additional transition metal incorporated in the polyanion structure) 
oxidizes the substrate and thereby becomes reduced. In the case of 
peroxomolybdates, the catalytic properties originate from the enhanced 
electrophilic character of the peroxo oxygens33 that arises when peroxide 
coordinates to the metal center. Thus, peroxomolybdates can be considered as 
electrophilic oxidants and are proposed to react through a transfer of peroxide 
oxygens to the substrate.34 It has been shown that the oxidizing ability of 
monomeric diperoxometallates depends largely upon the strength of the peroxo O-
O bond, i.e. species with weaker O-O bonds generally are more reactive as 
oxidizing agents.35,36 Apart from the type of transition metal, the O-O bond strength 
is also dependent on the nature of the other coordinated ligands. Griffith37 has for 
example shown that the ν1(O-O) stretching frequency increases on increasing the 
electronegativity on the molybdenum atom by attachment of fluoride. In fact, the 
nature of the coordinated ligands as they affect the one-electron-oxidizing ability of 
different diperoxometallates has been proposed to be of greater importance than the 
nature of the metal itself. 36 

 

A major use of diperoxomolybdates is in the catalytic epoxidation of olefins,38 but 
several derivatives of diperoxomolybdates, incorporating organic ligands, are also 
being used in oxidation of primary and secondary alcohols, epoxides, sulfides, 
sulfoxides, metal alkyls, etc (see Ref. 39 and Refs. cited therein). Recent studies 
have shown that a catalytic amount of molybdate can be used as an activator for 
hydrogen peroxide under weakly acidic conditions in the bleaching step of paper 
pulp.40-42 This highly selective delignification has proven to be more effective in 
the presence of phosphates.43  
 
 
1.4. Aim of this work 
 
The first and primary objective of this work was to study the equilibria of peroxo 
molybdate systems with catalytic importance, focusing on the bleach process of 
paper pulp. The use of such catalytic systems in the bleach process have received 
increasing attention due to the need to obtain a selective and efficient non-chlorine 
process, suitable for a closed pulp system. However, a prerequisite for such a 
system is that any environmental problem can be satisfactorily handled, including 
the possibility of recycling the molybdates. A key for understanding the chemistry 
in the bleaching step is to know the speciation and behaviour of the species formed. 
This requires fundamental speciation studies under conditions similar to those in 
the bleaching step.  A sodium sulphate medium and, in some studies, a sodium 
chloride medium was used in order to resemble such conditions. The major 
experimental work has been to collect potentiometric and 17O, 31P NMR data, 
which were used in equilibrium calculations in order to find the equilibrium 
speciation in a specific system.  
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A second objective was to study chemical exchange processes at equilibrium in the 
peroxomolybdate and peroxomolybdophosphate systems. This was achieved by the 
use of 17O and 31P NMR spectroscopy. 
 
Thirdly, the structures in aqueous solution of some of the peroxomolybdate species 
found in this thesis were also studied. For this purpose, EXAFS spectroscopy was 
used. 
 
Finally, the last objective was to gain some knowledge about the type of oxidation 
reactions involving peroxomolybdate species and organic molecules from the pulp. 
For that purpose, the oxidation of some organic model substances by species found 
in this work was studied by means of 1H NMR. 
 
 
 
2. Experimental and techniques 

The primary methods used in this work have been potentiometric titrations (Paper 
I, II and IV), 17O (Paper II and III) and 31P (Paper IV) nuclear magnetic resonance 
(NMR) spectroscopy and extended x-ray absorption fine structure (EXAFS) 
spectroscopy (Paper V). Complementary measurements have been performed with 
Fourier transform infrared (FTIR) spectroscopy and 95Mo and 1H NMR 
spectroscopy. 
 
 
2.1. Ionic media 
 
In the determination of equilibrium constants, the activity coefficients of the 
different ions in solution should be kept as constant as possible. In this way 
concentrations rather than activities can be used in the equilibrium calculations. 
The activity coefficients of the ions generally depends upon the total ionic strength 
of the solution, but by keeping a high constant ionic medium concentration in the 
solution, constant activity coefficients can be achieved. However, this implies that 
the formation constants will be valid in that ionic medium only. The theory of 
constant ionic medium has been described by Biedermann and Sillén.44 
 
In the present work, 0.300 M Na2(SO4) ionic medium have been used for the 
equilibrium studies. In Paper III, an additional 0.6 M Na(Cl) medium was also 
used. In all equilibria studied the species that exist are mostly anionic. This implies 
that the cation concentration, [Na+], in the medium should be kept constant. The 
medium anion is written in parentheses, indicating that its concentration does not 
have to be constant. 
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2.2. Potentiometry 
 

2.2.1. Potentiometric titrations 
 
In potentiometric titrations, the free proton concentration, h, is measured. By 
knowledge of the free and the total concentration of protons in the solution, the 
amount of bound protons in species can be determined as the difference between 
the total and the free concentration. 
 
In the present work, all potentiometric titrations were conducted in 0.300 M 
Na2(SO4) medium at 25 °C (± 0.05 °C, thermostatted oil bath) with an automated, 
computer controlled potentiometric titrator, based on the technique originally 
developed by O. Ginstrup in 1973.45 As measuring electrodes two Ingold 201-NS 
glass electrodes were used. The free proton concentration was determined by 
measuring the voltage (EMF) of the cell:  
 

- Ag, AgCl(s) 0.010 M NaCl, 0.295 M Na2SO4  0.300 M Na2(SO4)  
equilibrium solutionglass electrode + 

  
using an Ag/AgCl(s) reference electrode prepared according to Brown,46 and a 
Wilhelm type bridge.47 Under the assumption of constant activity coefficients, the 
measured EMF (in mV) may be written as: 
 

jEh
F

TREE +⋅= log10ln
0  

 
where E is the measured EMF of the cell, E0 is the standard EMF of the cell, T the 
absolute temperature, R and F the gas and the Faraday constant, respectively, and 
Ej the liquid junction potential at the 0.300 M Na2(SO4)  equilibrium solution 
interface. The constant E0 has been determined separately, before and after each 
titration, in a solution of known h. At 25 °C, the equation can be written as: 
 

E = E0 + 59.157 log h + Ej 
  
Due to the strong interdependence between the pKa value for HSO4

- and the Ej and 
E0 values (Paper I), accurate determination of Ej in 0.300 M Na2(SO4) medium was 
not possible. Instead, the Ej value determined in 0.600 M Na(Cl) medium was used:  
 

Ej/mV = -76 h + 42 Kwh-1 
 
where Kw  is the ionic product of water in 0.600 M Na(Cl) at 25 °C (1.875 ·10-14).48 
In order to avoid contamination by CO2 (g) from the air, all titrations were 
performed in an inert argon atmosphere. In titrations of solutions containing 
hydrogen peroxide, black glass and plastic equipment were used in order to 
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minimize peroxide decomposition. The criterion for acceptance of equilibrium was 
a remaining drift below 0.05 mV in 30 minutes.  
 
 

2.2.2. Separate pH measurements 
 
In some solutions, including all solutions for NMR measurements, pH was 
measured using a combination electrode. The electrode was calibrated against 
buffer solutions of known h (Paper II - IV). Thus, these pH measurements are on 
the concentration scale, where -log h = pH. In paper V, standard buffer solutions 
were used. These measurements are therefore on the activity scale, where -log 
{H+} = pH. 
 
 
 
2.3. Nuclear Magnetic Resonance  
 
The origin of nuclear magnetic resonance (NMR) is based on the fact that nuclei of 
certain isotopes possess intrinsic angular momentum, or spin, arising from the 
nucleons (neutrons and protons). Depending on the “nuclear spin quantum 
number”, I, different nuclei have different numbers of (equally spaced) spin states 
(2I +1). A nucleus with even number of both protons and neutrons are magnetically 
inactive because all spins are paired (I = 0). A nucleus with I > 0 also has an 
associated magnetic moment, µ, which can interact with an external magnetic field. 
In the absence of such field the spin states all possess the same potential energy, 
but, as a consequence of µ, the spin states take different values if a field is applied, 
with a small excess of nuclei residing in the lowest energy states. If a second, 
oscillating, magnetic field is now applied, the small excess of nuclei with low 
energy (the ‘magnetisation’) will give rise to a net absorption of radiation. When 
the oscillating magnetic field is turned off, the nuclei will slowly relax back to their 
former state and, until this relaxation is completed, a coil can, with no interference 
from the oscillating field, detect a signal arising from the magnetisation. However, 
the frequency at which a certain isotope will resonate depends largely upon the 
electronic environment around the nucleus. This is the origin of chemical shift (δ). 
Two of the most important factors that determine the chemical shift for a specific 
nucleus are bond angles and bond order. In a sample where the isotope under 
observation has several different electronic environments, the resulting transient 
signal, called FID (Free Induction Decay), contains all the different resonance 
frequencies of that isotope present in the sample. The FID can be deconvolved 
using Fourier transformation. The resulting spectrum is a plot of intensity against 
frequency. However, the resonance frequency is always referred relative to a 
reference compound, specific for each nucleus, so that the chemical shift of a 
nucleus is defined as: 
 

δ = (ν - νref) / νref 
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where ν is the resonance frequency of the nucleus and νref is the resonance 
frequency of the reference compound. The chemical shift is given in ppm. 
 
In general, the intensity (i.e. the integral) of each NMR signal is directly 
proportional to the amount of nuclei in the species, giving rise to the signal. Hence, 
integral evaluation is a direct measure of relative species concentration. In the case 
when different nuclei are affected by each other’s magnetic fields, multiplet signals 
can arise. This phenomenon is known as spin-spin coupling. However, when the 
spin-spin coupling constants are smaller than the line widths, only one signal can 
be seen. With the exception of 1H, this was the situation for all nuclei used in this 
work.  
 
There are two types of relaxation mechanisms available to the nucleus; 1) spin-
lattice, or longitudinal relaxation, and 2) spin-spin, or transverse relaxation. The 
corresponding relaxation times, T1 and T2, are important since they set a limit to the 
rate at which radio-frequency energy can be supplied to the sample. T2  is inversely 
related to the line width and can therefore be calculated directly from the spectra. 
T1 is related to the lifetime of a spin in an energy level and can be determined 
experimentally. As a general rule, a relaxation delay of at least 5 times T1 must be 
allowed between successive 90° pulses in order to obtain accurate quantitative data. 

 
Nuclei with I > ½ possess an electric quadrupole moment, Q, which means that the 
distribution of charge in the nucleus is non-spherical and that it can interact with 
electric field gradients arising from neighbouring electrons and nuclei in the 
molecule. In general, this interaction leads to rapid relaxation and thereby to 
increased line widths. By measuring samples at high temperature and in solutions 
of low viscosity this quadrupolar relaxation can be slowed down, resulting in 
smaller line widths. 
 
A special technique within the field of NMR spectroscopy is dynamic NMR. This 
is a technique for determining rate constants for different chemical reactions and 
deals with the effects that different chemical exchange processes have on the NMR 
spectra. The term “chemical exchange” embraces chemical reactions as well as 
conformational changes, such as rotation around a single bond within a molecule. 
The timescale of NMR is such that rate constants, k, ranging from 10-1 s-1 to 108 s-1 
can be measured. Dynamic NMR studies are performed on systems in 
thermodynamic equilibrium and give direct information about the parts of the 
species affected by the exchange. 
 
The principle of dynamic NMR is that exchange processes affect shapes and line 
widths and also the chemical shifts of the signals originating from the nuclei 
involved in the exchange process. Chemical exchange processes can either be in 
the “slow exchange” regime or in the “fast exchange” regime on the NMR 
timescale. If the chemical exchange between two molecules is in the fast exchange 
regime, the NMR spectrum will not give rise to two signals, but to only one, which 
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is the average of the two signals, regarding chemical shift and intensity. This is for 
example the situation for proton exchange processes between species with the same 
nuclearities, only differing in the degree of protonation. The pH dependence of the 
chemical shift for such signals can therefore be used to evaluate the protonation 
constants for the species involved (which have been frequently used in this work). 
On the other hand, if the chemical exchange is in the slow exchange regime two 
separate signals will be seen, but with larger line widths than if no exchange would 
be present between the two species. For a two-site exchange system under these 
conditions the following general formula is valid; 
 

p1LB1 = p2LB2 
 
where p1 and p2 are the fractional populations of nuclei in the two sites (species) 
respectively and LB1 and LB2 are the corresponding line broadening due to the 
exchange. As a consequence, the exchange broadening is more pronounced for the 
less populated sites, i.e. signals with low intensity will be more broadened. LB is 
calculated from: 
 

LB = LW-LW0 
 
where LW is the actual line width for a signal and LW0 is the line width of the 
signal in the absence of any chemical exchange. 
 
 
The transition from slow to fast exchange on the NMR timescale takes place when  
 

k = π ∆υ / 1.41 = 2.22 ∆υ 
 
where k is the rate constant (s-1) and ∆υ is the difference in absorption frequency, 
expressed in Hertz, between the two nuclei. A simple way to alter a chemical 
exchange process from fast to slow exchange is by lowering the temperature, if 
possible. In this way, both quantitative (integral and chemical shift data) and 
dynamic data can be achieved.  
 
In dynamic NMR studies, the concentrations of the reactants are kept constant, 
which means that first order, or pseudo-first order, rate constants can be achieved. 
The rate constants can be calculated using the formula 
 

kobs = LB⋅π 
 
The conditional lifetime, τ, of the part of the molecule participating in the 
exchange can be determined as  
 

τ = 1/kobs 
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Chemical exchange processes can also be studied by 2D exchange NMR 
spectroscopy (2D EXSY). The advantage of this method is that the exchange 
processes can be identified before line broadening occurs. From the evaluation of 
2D EXSY spectra, rate constants can be calculated. The principle of 2D EXSY is 
described in paper III. 
 
An additional way of studying chemical exchange is “magnetisation transfer” (MT) 
experiments. This method depends on the fact that an exchange process provides a 
mechanism by which the magnetisation of one nucleus can affect the magnetisation 
of the other nucleus. In MT, one specific site is excited and the resulting 
magnetisation is transferred to all sites directly connected to it by the exchange. 
The purpose of MT experiments in this thesis was to be able to differentiate “direct 
exchange” from  “indirect exchange”. The principle of MT is described in paper 
IV. 
 
A more thorough description of the theory and data treatment of dynamic NMR 
can be found in the book by J. Sandström.49 
 
In quantitative NMR, the common way to evaluate NMR spectra is to consider the 
total integral of all signals to be proportional to the known total concentration. In 
this way, the integral for a signal will correspond to the concentration of the 
species, or rather, to the specific nucleus in the species, giving rise to the signal. 
However, this evaluation might fail in cases where one or more signals are too 
broad to be separated from the baseline. In situations where chemical exchange 
processes are present, a decrease in temperature might result in a narrower signal 
and thereby permit integral evaluation of such signals. Another problem arises 
when integrals of overlapping signals have to be evaluated. In order to obtain 
precise chemical shift values for overlapping signals, some sort of resolution 
enhancement or deconvolution routine is required. Such routines are normally 
included in the software. Furthermore, although integral evaluation generally is 
precise, it requires a correct baseline. Therefore, baseline corrections must always 
be performed.  
 
As mentioned above, chemical shift data can be used to identify proton series. This 
is done by analysing the shift values as a function of pH, i.e. δ(pH), where δ is the 
averaging of the individual shifts, since the exchange in this case is fast on the 
NMR timescale. A description of the quantitative NMR data analysis and treatment 
used in this thesis can be found in Refs. 50 and 58. 
 
In this work 17O NMR (Paper III) and 31P NMR (Paper IV) spectra of different 
solutions have been used mainly for quantitative studies, i.e. for speciation and 
dynamic studies.  
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2.3.1. 17O NMR 
 

17O has a nuclear spin of 5/2 and has a quadrupole moment of moderate size. It 
relaxes on a millisecond timescale, resulting in broad signals (200-600 Hz). Also, 
its low natural abundance (0.037%) and the extremely low sensitivity (about 10-5 of 
that of 1H) make this isotope difficult to observe by NMR. However, an extremely 
large chemical shift scale and the availability of 17O enriched compounds, do 
compensate to some extent for the disadvantages.  
 
In this work, enrichment of the molybdate oxygen atoms to 3% was done by 
addition of H2

17O to the samples. The enrichment included single (Mo-O), bridged 
(Mo-O-Mo) and terminal (Mo=O) oxygens, while the peroxide oxygens and the 
sulphate oxygens were not involved in the 17O isotope enrichment, being inert for 
oxygen exchange. However, in some samples the peroxide oxygens were enriched 
to 12% by addition of H2

17O2. In general, integral data are most reliable when 
signals of similar line widths and chemical shifts are compared. Because of their 
comparatively narrow and well-separated signals, terminal oxygen resonances gave 
the only signals that could be readily integrated. Moreover, the number of terminal 
oxygen atoms in any given species was found to be equal to the number of 
molybdenum atoms in that species. Thus, the integral evaluation of the terminal 
oxygen signals was a direct measure on the concentration of molybdate in a 
species. The quantitative 17O NMR integral data were used to establish the 
speciation and the dynamics in the peroxomolybdosulphate and 
peroxomolybdochloride systems (Paper III). 
 
17O NMR spectra were recorded at 67.8 MHz on a Bruker DRX 500 MHz 
spectrometer, in the range 5 – 49 °C. Chemical shifts are reported relative to water, 
assigned to 0 ppm. Field frequency stabilisation was achieved by adding 10% D2O 
to the sample tubes. Spectral widths of 1200 ppm (81.4 kHz) were used, and data 
for the FID were accumulated in 8k blocks. A 40° pulse angle was employed. 
Longitudinal relaxation times, T1, of the different species were in the range 1-10 
ms. 100 ms relaxation delays were used for acquisition. Chemical shifts are 
reported relative water. After baseline correction, the spectra were integrated.  

 

2.3.2. 31P NMR 
 
The 31P nucleus is easy to observe due to its high natural abundance (100%) and 
high sensitivity. The nuclear spin for 31P is ½.  
 
31P NMR spectra were recorded at 145.8 and 202.5 MHz on Bruker AM 360 and 
AMX 500 MHz spectrometers, respectively, at 5 and 25 (± 1) °C. Field-frequency 
stabilisation was achieved by placing the 8 mm sample tube into a 10 mm tube 
containing D2O (Bruker AMX 500) or by adding 10% D2O to the sample tubes 
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(Bruker AM 360). All chemical shifts are reported relative to the external reference 
85% H3PO4, assigned to 0 ppm. Typically, spectral widths of 10 ppm (2 kHz) were 
used, and data for the FID were accumulated in 32k blocks. Using a 30° pulse and 
4 s relaxation delays (Bruker AM 360 MHz) or a 90° pulse and 35 s relaxation 
delays (AMX 500 MHz), quantitative integration could be done. Exponential line 
broadening (1 Hz) was applied before Fourier transformation. Spectra were 
quantitatively integrated after baseline correction.  
 

2.3.3. 95Mo NMR 
 

95Mo is a spin 5/2 nucleus with a low sensitivity and a natural abundance of 16%. 
The quadrupole moment is of moderate size. 95Mo spectra were used for 
verification of the species found in the peroxomolybdate system in Paper II. The 
spectra were integrated, but due to the broad and, in some cases, severely 
overlapping signals, the integral data were found to be of too poor quality to be 
used in equilibrium calculations.  
 
95Mo NMR spectra were recorded at 32.59 MHz on a Bruker AMX 500 MHz 
spectrometer at 25 ± 1 °C. Field-frequency stabilisation was achieved by placing 
the 8 mm sample tube into a 10 mm tube containing D2O. All chemical shifts are 
reported relative to the external reference, 1 M MoO4

2-, assigned to 0 ppm. 
Typically, spectral widths of 307 ppm (10 kHz) were used, and data for the FID 
were accumulated in 16k blocks. Linear back prediction and exponential line 
broadening (50 Hz) was applied before Fourier transformation. Spectra were 
integrated after baseline correction. 
 

2.3.4. 1H NMR 
 

1H has a natural abundance of 100%, high sensitivity and a spin quantum number, I 
= ½. The purpose of the 1H NMR measurements in the present work was to 
identify possible oxidation products from reactions of peroxomolybdates and 
peroxomolybdophosphates with specific lignin model compounds. 1H NMR 
spectra were recorded at 400.14 MHz on a Bruker DPX 400 spectrometer. 
Chemical shifts are referred to tetramethylsilane (TMS). 
 
 
 
2.4. X-ray Absorption Spectroscopy 
 
Electromagnetic radiation in the X-ray region (~0.1 – 50 Å) can interact with 
electrons bound in an atom by being absorbed and thereby exciting the electrons. 
When the energy of the incident X-ray photons is scanned across the binding 
energy (or threshold energy, E0) of a core electron in the absorbing atom, there is 
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an abrupt increase in the absorbance as the core electron is excited to a continuum 
state. This abrupt increase in the absorbance is called the adsorption edge. Above 
this edge, i.e. at higher energies, the absorption slowly decreases until the next 
edge is reached. For an isolated atom this decrease is uniform but for an atom 
surrounded by neighbouring atoms the outgoing photoelectron wave will be 
backscattered by these atoms, thereby producing oscillations in the absorption 
spectra. XAFS (X-ray Absorption Fine Structure) spectroscopy refers to the 
measurements of such absorption as a function of the energy of the X-ray photons.  
 
Traditionally, two regions are defined in XAFS; XANES (X-Ray Absorption Near 
Edge Structure) and EXAFS (Extended X-ray Absorption Fine Structure). XANES 
covers the energy just below the edge and up to about 50 eV above the edge and is 
dominated by local transitions and multiple scattering processes. These depend on 
the electronic structure and the local symmetry of the absorbing atom and can 
provide useful information about the oxidation state, local structure and the nature 
of the ligands.  
 
The region investigated in this work, EXAFS, extends from energies about 50 eV 
to 1000 eV above the edge and is characterized by weak oscillations, arising from 
backscattering of photoelectrons with high kinetic energy, mostly in single 
backscattering processes. This region provides information about bond distances 
and the number of atoms in the first shell of the absorber. Also, the nature of the 
backscatterers can be determined provided that their atomic number differs enough 
from that of the absorber. 

In an EXAFS spectrum, the sum of contributions from all the neighbouring atoms,  
“backscatterers”, is obtained. The amplitude of the EXAFS oscillation depends on 
the numbers and types of backscatterers, while the frequency is connected to their 
distances away from the absorber. In order to extract the structural information 
from the backscatterers, the EXAFS data must first be reduced. This procedure can 
be performed with a suitable program, such as WinXAS.51 Structural information 
can then be extracted by optimising structural parameters such as bond distances, 
coordination numbers and disorder parameters (σ2). This is done by fitting 
theoretical phase and amplitude functions from a model to the experimental phase 
and amplitude functions. In the present work, crystal structures of reference 
compounds have been used in order to calculate theoretical phase and amplitude 
functions. The FEFF program code52 was used for these calculations. Detailed 
descriptions of the theory of EXAFS and on data analysis have been made by Teo53 
and Jaliliehvand.54 
 
In this work, EXAFS spectroscopy was used to extract the local structure around 
molybdenum in some of the diperoxomolybdates found in the speciation studies. 
Information on the number of oxygen atoms and peroxide groups as well as their 
distances from the absorber, molybdenum, was achieved. Furthermore, this 
technique also gave information about the coordination mode of peroxide and 
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sulphate to molybdate and on the type of oxygen-bridge prevailing in 
tetraperoxodimolybdate species.  
 
All EXAFS data were measured at 25 °C at the Stanford Synchrotron Radiation 
Laboratory, California, using a Si (220) double-crystal monochromator, detuned 50 
% to eliminate higher order harmonics. The data were measured in the fluorescence 
mode, with a Lytle detector55 filled with argon gas. A Zr-6 filter and Soller slit 
were used to reduce Kβ fluorescence and scattering contributions to the signal. 
Internal calibration was performed by simultaneously measuring spectra from a Mo 
foil in transmission mode, throughout the duration of all scans. Data reduction was 
performed with EXAFSPAK56 and WinXAS.51 Individual scans were calibrated, 
with the first inflection point of the Mo foil assigned as 19.999 keV. In order to 
minimize decomposition of peroxide in the solutions, the addition of hydrogen 
peroxide to each solution was made 15 minutes before measurement. However, 
during the EXAFS measurements of peroxomolybdate solutions, small losses of 
peroxide could not be avoided. As a consequence, the distribution of species in the 
sample can alter somewhat from one scan to another, or even within a single scan. 
Therefore, for each peroxide sample only the first scan was used.  
 
 
2.5. Fourier Transform Infrared Spectroscopy 
 
In a molecule, the relative positions of the atoms are not fixed but fluctuate 
continuously as a consequence of different types of vibrations. A molecule can 
absorb infrared radiation if the radiation has the same frequency as one of these 
fundamental vibrational modes of the molecule. Only the specific part of the 
molecule absorbing the radiation will experience an increased vibrational motion. 
Because the vibrational modes often are unique for a specific molecule, infrared 
spectra can give important chemical information about, for example, interactions 
between different molecules.    
 
In order to absorb infrared radiation, a molecule must undergo a net change in 
dipole moment. This means that homonuclear molecules, such as O2, cannot absorb 
infrared radiation. However, in principle all other types of molecules can. 
 
In the present study, Fourier transform infrared (FTIR) spectroscopy was mainly 
used to evaluate the interaction of sulphate with molybdate and peroxomolybdate 
species. No quantitative information was extracted from the spectra. 
 
The IR spectra were collected with a Perkin-Elmer Spectrum 2000 FTIR 
spectrometer, equipped with a deuterated triglycine sulphate (DTGS) detector. All 
sample solutions were analyzed with the attenuated total reflection (ATR) 
technique. The spectra were recorded with a horizontal ATR accessory and a 
diamond crystal as the reflection element (SensIR Technologies). The angle of 
incidence for this arrangement is approximately 45°. A small volume of each 
sample solution was applied directly onto the diamond crystal and sealed with a lid. 
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For each sample, 32 scans were collected. Spectra of water, sulphate and hydrogen 
sulphate solutions, respectively, were used for subtraction. All calculations and 
plotting were accomplished with Spectrum 2000 for Windows by Perkin-Elmer.     
  
 

3. Treatment of equilibrium data 

3.1. Mass balances 
 
The equilibria studied are written with the components H+, MoO4

2-, H2O2, H2PO4
- 

and SO4
2- and the species are formed according to: 

 
pH+ + qMoO4

2- + rH2O2+ sH2PO4
- + tSO4

2- ⇌                                                           
(H+)p (MoO4

2-)q (H2O2)r (H2PO4
-)s(SO4

2-)t p-2q-s-2t 
 
In Paper III, additional equilibria with the components H+, MoO4

2-, H2O2 and Cl- 
were studied. Thus, the species are formed according to: 
 

pH+ + qMoO4
2- + rH2O2+tCl- ⇌ (H+)p (MoO4

2-)q (H2O2)r(Cl-)t p-2q-t 

 

The species formed are often given the notation (p,q,r,s,t) or MoqXrPsSt
 n- in the 

case of  SO4
2-, and (p,q,r,t) or MoqXrClt

 n-, in the case of Cl-,  and their 
corresponding formation constants are denoted βp,q,r,s,t  and βp,q,r,t, respectively. It 
was necessary to include medium anions (SO4

2-, Cl-) as components because SO4
2- 

hydrolyses to form HSO4
- in the pH range studied and Cl-, as well as SO4

2-/HSO4
-, 

was found to coordinate to molybdate in the presence of peroxide.  
 
Following the law of mass action, the total concentration of each component is 
given by the equations below. 
 
 
H = h – Kwh-1+ΣΣpβp, q hpbq +ΣΣpβp, s hpds  ΣΣpβp, t  hpet +ΣΣΣpβp, q, r hpbqcr  +                       
ΣΣΣΣpβp,  q, r, s hpbqcrds +ΣΣΣΣpβp, q, r, t hpbqcret                                                       [1]                                         
 
B = b +ΣΣqβp, q hpbq +ΣΣΣqβp, q, r hpbqcr +ΣΣΣΣqβp, q, r, s hpbqcrds    +                            
ΣΣΣΣqβp, q, r, t hpbqcret                                                                                               [2]                                         
 
C = c +ΣΣΣrβp, q, r hpbqcr +ΣΣΣΣrβp, q, r, s hpbqcrds +ΣΣΣΣrβp, q, r, t hpbqcret              [3]          
 
D = d +ΣΣsβp, s hpds   +ΣΣΣΣrβp, q, r, s hpbqcrds                                                          [4]                             
 
E = e +ΣΣtβp, t hpet   +ΣΣΣΣtβp, q, r, t hpbqcret                                                             [5]                 
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Or, when E = Cl-: 
 
E = e +ΣΣΣΣtβp, q, r, t hpbqcret                                                                                   [6]                     
 
 
H is the total concentration of H+ (over the zero level of H2O, MoO4

2-, H2O2, 
H2PO4

- and SO4
2- or Cl-), B, C, D and E are the total concentrations of molybdate, 

hydrogen peroxide, phosphate, and sulphate or chloride, while h, b, c, d and e are 
the corresponding free concentrations of the components.  
 
 
3.2. Evaluation of equilibrium models 
 
Equilibrium studies aim at determining the set of species (p,q,r,s,t), with their 
corresponding formation constants, that best explain the experimental data. 
 
In EMF data, h is measured, while the analytical concentrations of H, B, C, D and 
E are known. By the use of equations [1]-[6], the theoretical total concentration of 
protons, Hcalc, can be calculated for any given combinations of species. Hcalc is then 
compared with the known analytical value of H for each experimental point, Hexp. 
Different combinations of species are then systematically tested, until the model 
that gives the lowest value of the sum of error squares, U = Σ(Hcalc - Hexp)2, is 
obtained from the calculations. In quantitative NMR data, the concentrations of 
species are directly obtained via integral evaluation, which can be used together 
with pH dependent chemical shift data and EMF data in order to determine 
formation constants. The program used for this purpose, LAKE, is described in 
section 3.3.2. 
 
 
 
3.3. Programs 

3.3.1. Spectra evaluation programs 
 
The Windows program 1D WINNMR, version 950901.0 from Bruker,57 has been 
used for integral evaluation of 17O, 31P and 95Mo NMR data. The NOESY program 
from Bruker was used in the evaluation of 17O and 31P 2D EXSY spectra. 
 
 

3.3.2. LAKE  
 
The “least square minimization” program LAKE50,58 has been used for determining 
formation constants. The LAKE program is able to calculate formation constants 
from a combination of different kinds of data. In the program, formation constants 
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for arbitrary but systematically chosen species (H+)p (MoO4
2-)q (H2O2)r (H2PO4

-

)s(SO4
2-)t p-2q-s-2t or (H+)p (MoO4

2-)q (H2O2)r(Cl-)t p-2q-t are varied, so that the sum of 
error squares, U = Σ(Wi∆Ai)2, is minimized. The set of species giving the lowest U-
value forms the model, which best explains the experimental data. Ai can be either 
the total concentration of components, concentration of species, NMR integrals or 
chemical shifts. Wi is a weighting factor for the different types of data. In this work 
we have used a weighting factor that gives NMR integrals, whenever used, a 
predominant contribution to the sum of residuals. 
 
 

3.3.3. SOLGASWATER 
 
In order to visualize the strength of the species obtained in the LAKE calculations, 
distribution diagrams were made, using the modelling program SOLGASWATER 
59 or WINSGW,60 a program package based on the SOLGASWATER algorithm. 
By means of this software, the distribution of each species as a function of pH can 
be modelled for different conditions, i.e. different total concentrations, ratios etc.  
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4. Results and Discussion 

4.1. Molybdate system  
 
In order to have a proper base for equilibrium studies in peroxomolybdate systems, 
the hydrolysis of molybdate in 0.300 M Na2(SO4) medium was studied. For this 
sub-system, potentiometric titration data in the pH range 2.5 to 6.0 and [Mo]tot 
between 1.25 and 20 mM was used (Paper I), and the final model is presented in 
Table 4.1. In contrast to the peroxomolybdate system (Section 4.2.), no molybdate 
species with coordinated sulphate could be found from the potentiometric data. 
This was also confirmed by FTIR measurements on molybdate solutions in the 
same sulphate medium. 
 
Since SO4

2- hydrolyses to form HSO4
- in part of the pH-range studied, SO4

2- was 
included as a component in the calculations, and consequently the sub-system H+ - 
SO4

2- had to be studied. The pKa value for HSO4
- was determined to 1.27 ± 0.01, as 

described in Paper I. For comparison, and also to verify that this value is 
reasonable, the pKa value has been determined in 0.600 M Na(Cl) medium as well 
(not reported in Paper I). In this chloride medium, pKa was found to be 1.21, i.e. 
0.06 units lower than in the sulphate medium. This is in accordance with the 
difference in ionic activity of Na+ in the two media (see section 4.1.1.). 
 

 

4.1.1. Influence of ionic media 
 
The high negatively charged species formed in aqueous molybdate solutions can be 
expected to coordinate to medium cations. The findings in the present work 
indicate that the speciation is indeed very sensitive to the ionic medium. Compared 
to the speciation found in 0.600 M Na(Cl) medium6 (Table 4.1c)), the main 
differences are the absence of an octameric Mo8O26

4- (12,8) species and the fact 
that the monomeric H2MoO4 (2,1) species is substantially more abundant in 0.300 
M Na2(SO4) medium. Furthermore, the heptameric Mo7O24

6- (8,7) species becomes 
somewhat less pronounced in 0.300 M Na2(SO4) medium, as shown in Figure 4.1. 
These types of effects would be expected when less sodium ions are available for 
stabilizing the high negatively charged species. In the present situation, where the 
total concentration of sodium ions is equal in both media, the most likely 
explanation for the difference in speciation is that the ionic activity for Na+ is lower 
in the sulphate medium than in the chloride medium, and therefore Na+ becomes 
less available for complexation with polyoxomolybdate anions. The difference in 
the ionic activity of Na+ can be explained by the different ionic strength, I, in the 
two media, 0.9 in 0.300 M Na2(SO4) and 0.6 in 0.600 M Na(Cl) medium, as 
calculated from the following equation: 
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2

2
1

ii zCI �=  

 
where Ci  is the concentration (in mol /dm3) of ion i and zi is the absolute value of 
the charge of the ion.  
 
The ionic activity of Na+ in sulphate and chloride media of various ionic strengths 
has been studied by Elgquist and Wedborg.61 In this study, the activity coefficient 
for Na+ was found to be lower in a sulphate medium with I = 0.9 than in a chloride 
medium with I = 0.6. Furthermore, it was also shown that, given the same ionic 
strength, 0.6, the ionic activity for Na+ was still lower in the sulphate medium. It 
therefore seems that Na+ has a higher affinity towards SO4

2- than Cl- and that the 
differences found in speciation in the present work might be caused by a 
combination of differences in ionic strength and different affinity of Na+ towards 
the medium anions. 
 
 
Table 4.1. Composition and formation constants (log β) of species found in the pH+ + 
qMoO4

2- ⇌ (H+)p(MoO4
2-)q system in two different media. a) Optimisation result in 0.300 

M Na2(SO4) using U = Σ(Hcalc - Hexp)2/B,  b) Optimisation result in 0.300 M Na2(SO4) using 
U = Σ(Hcalc - Hexp)2, c) Constants in 0.600 M Na(Cl), taken from Ref. 6. 
 
 
( p , q ) 
 

 
   Formula 
 
 

 
a) log β± 3σ (pKa)  

 
b) log β  ± 3σ (pKa)

 
c) log β± 3σ (pKa) 

(0,1) MoO4
2- 0.00 0.00 0.00 

(1,1) HMoO4
- 3.40 ± 0.10    (3.40) 3.56   ± 0.34  (3.56) 3.39 ± 0.10   (3.39) 

(2,1) H2MoO4
 7.79 ± 0.06    (4.39) 7.83   ± 0.07  (4.27) 7.35 ± 0.01   (3.98) 

(8,7) Mo7O24
6-

 52.43 ± 0.04      - 52.41 ± 0.04     - 52.42 ± 0.02      - 

(9,7) HMo7O24
5- 57.42 ± 0.03  (4.99) 57.41 ± 0.03  (5.00) 57.23 ± 0.03 (4.77) 

(10,7) H2Mo7O24
4- 61.24 ± 0.04  (3.82) 61.22 ± 0.04  (3.81) 60.78 ± 0.05 (3.57) 

(11,7) H3Mo7O24
3- 63.90 ± 0.10  (2.66) 63.87 ± 0.11  (2.65)     

(12,8) Mo8O26
4-   71.62 ± 0.06      - 

 
  
 
The stabilizing effect of Na+ becomes more obvious in 3.00 M Na(ClO4) medium10 
where the heptamolybdates, especially the highly charged Mo7O24

6- (8,7) species, 
are much more dominant than in the 0.600 M Na(Cl) and 0.300 M Na2(SO4) media. 
On the other hand, Mo8O26

4- has not been found in 3.00 M Na(ClO4) medium. 
Finally, the increasing proportion of H2MoO4 (2,1) with decreasing sodium ion 
concentration can also be seen from these studies (Figure 1.1). 
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Figure. 4.1. a): Distribution diagram at [Mo]tot = 1.25 mM in 0.300 M Na2(SO4) medium 
plotted as FMo versus pH. FMo is defined as the ratio between [Mo] in a species and [Mo]tot 
in solution, b): [Mo]tot  = 1.25 mM in 0.600 M Na(Cl) medium, c):  [Mo]tot = 20.0 mM in 
0.300 M Na2(SO4) medium and d): [Mo]tot  = 20.0 mM in 0.600 M Na(Cl) medium.  
 
 
 

4.1.2. Some aspects of the formation of protonated monomers 
 
Due to strong condensation reactions, the monomeric species, HMoO4

- and 
H2MoO4, are present in relatively low proportions at moderate and high [Mo]tot, 
and the “mononuclear wall” (Figure 1.1) is reached first at [Mo]tot ≤ 0.1 mM. 
HMoO4

- especially is a minor species and actually has a pKa value lower than 
H2MoO4. The reason for this is unclear. However, the protonation of the tetrahedral 
MoO4

2- ion is assumed to be accomplished by an increase in the coordination 
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number from four to six, as discussed in section 1.1, and this might explain the 
unusual protonation constants found in the present study, and in other studies as 
well. The distribution of the molybdate species at [Mo]tot = 0.1 mM is shown in 
Figure 4.2. As can bee seen, HMoO4

- accounts for maximum 15% of the total 
molybdate concentration. 
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Figure 4.2. Distribution diagram at [Mo]tot = 0.1 mM in 0.300 M Na2(SO4) medium. 

 
 

4.1.3. Equilibrium calculations 
 
In calculations where U is defined as Σ(Hcalc - Hexp)2, (Section 3.2) data points with 
high [Mo]tot (B) generally give the highest contribution to the U value because H is 
comparatively high in these points, while data points with low B will contribute 
very little. As a consequence, species predominating at low B, i.e. (1,1) and (2,1) 
will have less well-determined formation constants with larger 3σ values. In a two 
component system the best way is therefore to define U as Σ(Hcalc - Hexp)2/B. If the 
optimized formation constants are more or less independent of the choice of U, this 
indicates that the model explains the experimental data well. As can be seen in 
Table 4.1a) and b), the optimized log β values were close to one another in the two 
different optimisations but, as expected, with a much higher 3σ value for log β1,1 
when using U = Σ(Hcalc - Hexp)2. 
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4.2. Peroxomolybdate systems 

4.2.1. Equilibrium measurements at 25 °C 
 
Apart from the formation of different peroxomolybdate species (Table 4.2), a direct 
effect of adding peroxide to the molybdate system presented previously is the 
coordination of sulphate to the molybdenum atom, resulting in a MoX2S2- (2,1,2,1) 
species in the calculations. Another effect is that the polymerisation of 
monomolybdates into heptamolybdates is strongly suppressed, as illustrated in the 
distribution diagrams in Figure 4.3. Due to formation of strong monomeric 
diperoxomolybdate species at excess of peroxide, the peroxoheptamolybdates 
Mo7Xn- (p,7,1,0) are predominant only in solutions with low  peroxide to 
molybdate ratios (Figure 4.3a). A third obvious effect is the formation of a dimeric 
species Mo2X4

2- (2,2,4,0).  
 
Table 4.2. Composition and formation constants (log β) of species found in the pH+ + 
qMoO4

2- + rH2O2  + sSO4
2-⇌ (H+)p(MoO4

2-)q(H2O2)r(SO4
2-)s system. 5 ≤ [Mo]tot ≤ 80 mM, 

2.0 ≤ pH ≤ 5.5.  Formation constant for MoX2 (2,1,2,0) was kept constant, the others were 
optimized. “X” = peroxo ligand, “S” = sulphate ligand. 
 

 (p,q,r,s)   Notat ion log β ± 3 σ pKa 

(1,1,1,0)   MoX -
 8.53 ± 0.03  ----- 

(2,1,1,0)   MoX  11.22 ± 0.04  2.69  

(1,1,2,0)   MoX 2
-
 11.61 ± 0.03  ----- 

(2,1,2,0)   MoX 2 13.77 ± (0.06)  2.16  

(2,1,2,1)   MoX 2S2-
 14.50 ± 0.06  ----- 

(2,2,4,0)   Mo2X4
2-

 23.77 ±  0.11  ----- 

(8,7,1,0)   Mo7X6-
 56.71 ±  0.11  ----- 

(9,7,1,0)   Mo7X5-
 62.00 ±  0.05  5.29  

(10,7,1,0)   Mo7X4-
 65.74 ±  0.06  3.74  

(11,7,1,0)   Mo7X3-
 68.23 ±  0.08  2.49  
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Figure 4.3. a-d: Distribution diagrams at (a): [Mo]tot and [H2O2]tot = 20 mM and 5 mM, 
respectively, (b): 20 mM and 20 mM, (c): 20 mM and 40 mM and (d): 0.06 mM and 30 
mM, corresponding to concentrations of molybdate and peroxide found in the bleach 
process. Species with Fi ≤ 0.03 have been excluded. Fi is defined as the ratio between [Mo] 
in a species and [Mo]tot in solution. 
 
 
 
Monomeric peroxomolybdate species. In accordance with earlier studies (see paper 
II and Refs. cited therein), diperoxomolybdate species, i.e. MoX2

n-, was found to 
predominate over monoperoxomolybdate species, MoXn-, in peroxide rich 
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solutions, and from the distribution diagram in Figure 4.3 (b) it is evident that 
MoX2

n- species are strong even at a peroxide to molybdate ratio of one. Increasing 
the total concentration of molybdate will favour the dimeric and heptameric species 
while lowering the peroxide to molybdate ratio below one will favour the 
heptameric species. In both cases, the MoXn- species will be partially suppressed.  
 
The coordination of two peroxo groups to HMoO4

- will result in an increase in the 
coordination number for the molybdenum atom, from a proposed four- or six- 
coordination to a seven coordination in MoX2

-. In the EXAFS study (Paper V), the 
local structure of MoX2

- could be explained by a pentagonal bipyramidal seven-
coordination, i.e. MoO(O2)2(OH)(H2O)-. Due to the small amount of 
monoperoxomolybdate, MoXn-, in solution, EXAFS studies of such species became 
inconvenient, and therefore no structural characterisation has been made. However, 
the difference in 95Mo NMR chemical shift between the signal corresponding to 
MoX- and the signals corresponding to MoX2

- and Mo2X4
2- (Figure 4.4) does 

indicate that the electronic environment around the molybdenum atom in MoX- 

differs substantially from that in the diperoxo species. 
 
In contrast to the MoX2S2- species found in the present study, 
peroxomolybdosulphate species reported earlier have been found only under very 
acidic conditions.62,63,64 At high peroxide to molybdate ratios (H2O2/Mo ≥ 2), the 
diperoxomolybdosulphate species can easily be detected by 95Mo NMR 
spectroscopy. As can be seen from Figure 4.5 (a)-(c), the signal at δMo ~ -220, 
assigned to MoX2S2-, decreases with increasing pH, as predicted from the 
potentiometric study. Also, from the 95Mo NMR shift data (Figure 4.6), as well as 
from the 17O NMR shift data (section 4.2.2. Figure 4.8), no change in chemical 
shift for this signal could be discerned over the measured pH interval, which 
implied that MoX2S2- either does not protonate or that the protonation occurs at a 
distant sulphate oxygen and so does not affect the chemical shift. The 95Mo NMR 
signals were quantitatively evaluated and were found to be in accordance with the 
model in Table 4.2, although the data were not good enough to be used in the 
calculations.  
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Figure 4.4 a-c (left): 95Mo NMR spectra of three solutions at pH~4 and [Mo]tot = 300 mM. 
H2O2/Mo = 3(a), 1(b) and 0.5(c), respectively. Charges on the species are omitted. 
 
Figure 4.5 a-c (right): 95Mo NMR deconvoluted spectra at H2O2/Mo ≥ 2 and varying pH. 
(a) pH 1.39, [Mo]tot / [H2O2]tot = 240/724 mM; (b) pH 2.16, 300/900 mM, (c) pH 3.08, 
300/600 mM. Charges are omitted. 
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Figure 4.6. 95Mo NMR chemical shifts as a function of pH from solutions with H2O2/Mo ≥ 
2. Mo2X4 (△), MoX2 (■), MoX2S (◊). 
 
From FTIR spectroscopy (Paper II) it was shown that the ν3 band, at ~1104 cm-1, 
for the tetrahedral SO4

2- ion is split into three strong bands (1166, 1108 and 1042 
cm-1) as peroxide is added to a molybdate solution containing sulphate. This is 
indicative for a change in symmetry for sulphate, and consequently coordination of 
sulphate to species formed in the solution. The decrease in intensities for the ν3 
bands with increasing pH values, as illustrated in Figure 4.7, is in accordance with 
the decreasing concentration of MoX2S2- as pH is increasing (Figure 4.3).  As can 
be seen, the medium band at 908 cm-1 shows a similar pH dependence as the ν3 

bands, and is tentatively attributed to ν1(SO4), while the strong bands at ~ 870 cm-1 
are attributed to the ν1(O-O) mode of the peroxo groups. Finally, ν(Mo=O) appears 
at 976 cm-1. 
 
In Paper V, the local symmetry of the sulphate species was studied by EXAFS 
spectroscopy, and an attempt to elucidate the coordination mode of sulphate was 
made. Based on the proposed distance between the molybdenum atom and the 
sulphur atom in the second shell, we suggested a monodentate coordination of the 
sulphate ion (section 4.4.). This suggestion also allows possible 
protonation/deprotonation reactions on one of the non-coordinated sulphate 
oxygens. Due to the limited pH range used, it was not possible to verify such a 
MoX2S- (3,1,2,1) species in the potentiometric study. However, it could be 
confirmed by evaluating 17O NMR spectra, recorded below pH 1 (section 4.2.2). 
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Figure 4.7. FTIR spectra of 20.0 mM MoO4

2-, 80.0 mM H2O2 solutions in 0.300 M 
Na2(SO4) medium, illustrating the decrease in intensities for the ν3 bands (1166, 1108 and 
1042 cm-1) and the ν1 band at 908 cm-1 with increasing pH. From top to bottom; pH 2.08, 
2.53, 2.91, 3.20, 3.38 and 3.74.  
 
 
Dimeric peroxomolybdate species. From the change in the 95Mo NMR shifts over 
the measured pH interval (Figure 4.6), it is evident that the dimeric Mo2X4

2- species 
can be protonated, and also that the resulting Mo2X4

- (3,2,4,0) species should have 
a pKa value relatively close to that of MoX2, i.e. around 2. Due to the low 
concentration of molybdate used, this protonation step could not be confirmed in 
the potentiometric study. However, a Mo2X4

- species could be confirmed in the 
evaluation of 17O NMR integral and chemical shift data and will be discussed in 
section 4.2.2. The fact that Mo2X4

2- can be protonated also gave some indirect 
evidence on the type of oxygen-bridge prevailing in the dimeric species, as 
discussed in section 4.4. 
 
 
Heptameric peroxomolybdate species. Crystal structure determinations of 
peroxoheptamolybdates prepared from peroxide-poor solutions (see Paper II and 
Refs. cited therein) as well as speciation studies of such solutions65 suggest the 
predominance of diperoxoheptamolybdate Mo7X2

n- (p,7,2,0) species. In this study, 
the best explanation of the potentiometric data was obtained when a series of 
Mo7Xn- (p,7,1,0) species were included, although Mo7X2

n- species could not be 
ruled out completely. If protonation/deprotonation behaviour of Mo7Xn- and 
Mo7X2

n- species is very similar, potentiometry alone might not be sufficient to 
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elucidate the complete speciation in this system. However, integral evaluation of 
95Mo NMR spectra from solutions with low peroxide to molybdate ratios, i.e. 
where all added peroxide is bound in the different species, indicated that the major 
part of the heptameric species is of the monoperoxo type, i.e. Mo7Xn-. In a 17O 
NMR study at high molybdate concentration (Motot ≥ 300 mM) in sodium 
perchlorate medium, both Mo7Xn- and Mo7X2

n species were found.30 
 

4.2.2. Equilibrium measurements at 5 °C 
 
In order to determine any protonation steps of the sulphate species MoX2S2- and the 
dimeric species Mo2X4

2-, experimental data at lower pH values and higher 
molybdate concentrations than used in the potentiometric study were necessary. 
For this purpose, 17O NMR spectroscopy was used, covering integral and chemical 
shift data for terminal oxygen (Mo=O) signals down to pH 0.70 and total 
molybdate concentrations up to 300 mM. Moreover, 95Mo NMR spectra in 0.6 M 
Na(Cl) medium at 25 °C revealed a signal at δMo ~ -153 ppm, behaving very 
similarly to the MoX2S2- signal  at δMo ~ -220 ppm found in the sulphate medium. 
This raised the question of a corresponding diperoxomolybdochloride species. 
Therefore, the speciation in 0.6 M Na(Cl) was also investigated. Unfortunately, fast 
chemical exchange processes in both media at 25 °C, resulted in broad and 
overlapping signals, which made integral evaluation difficult. In order to make 
reliable assignments and obtain accurate integral and chemical shift data in both 
systems, experimental data were subsequently collected at 5 °C, where the 
chemical exchange was found to be slow on the NMR timescale. 
 
 
 
Sulphate system. As can be seen from Table 4.3, a protonated sulphate species 
MoX2S- and dimeric species Mo2X4

- are proposed. However, as can be seen from 
Figure 4.11, Mo2X4

- is a minor species at 300 mM of molybdate. 
 
The absence of a chemical shift change versus pH for the signals at δO 873 ppm 
(Figure 4.8) is in accordance with the corresponding signal in 95Mo NMR and does 
strongly suggests that the protonation of MoX2S2- to give MoX2S-, necessary to 
explain the experimental data, occurs at a distant sulphate oxygen and so does not 
affect the chemical shift. Furthermore, the signals from MoX2Sn- and MoX2 are 
both shifted downfield compared to the MoX2

- signal. Following the general 
correlation found between 17O NMR chemical shift and oxygen π-bond order for 
oxo compounds,66 this implies that the π-bond order for the terminal oxygen bond 
is higher in the MoX2Sn- and MoX2 species than in MoX2

-. Since the π-bond order 
is assumed to increase as bond lengths decreases, we can expect shorter Mo=O 
bonds in MoX2Sn- and MoX2. This is indicated from the increase in wavenumber 
for ν(Mo=O) with decreasing pH values of the solutions (increasing concentrations 
of MoX2Sn- and MoX2), as shown in Figure 4.7. 
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Table 4.3. Composition, formation constants (log β)  and 17O NMR shifts for 
peroxomolybdates in 0.3 M Na2(SO4) medium at 5 °C. Formation constant for 
MoX2 (2,1,2,0)  was kept constant, the others were optimised. 

 
p,q,r,s 

 
Notation 
 

 
logβ (3σ) 

 
pKa 

 
Shift  
(ppm) 

 
1,0,0,1 
 

 
HSO4

- 
 
1.06 (11) 
 

 
1.06 
 

 

2,1,2,1 
3,1,2,1 
 

 
MoX2S2- 

MoX2S- 

 
14.57 (7) 
15.27 (17) 
 

 
 
0.70 

 
872.6 
872.6 

 
1,1,2,0 
2,1,2,0 

 
MoX2

- 

MoX2
 

 

 
11.61 
13.70 (10) 
 

 
 
2.09 

 
834.1 
872.8 

 
2,2,4,0 
3,2,4,0 
 

 
Mo2X4

2- 

Mo2X4
- 

 
24.06 (5) 
25.99 (18) 

 
 
1.93 

 
832.9 
868.5 

2,2,6,0 Mo2X6
2- 24.02 (15)  840.8 
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Figure 4.8. 17O NMR chemical shift of terminal oxygen signals at 5 °C as a function of pH 
from solutions with H2O2/Mo = 3 in 0.3 M Na2(SO4) medium. Mo2X4 (□), MoX2 (∆), 
MoX2S (○), Mo2X6 (▲). 
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In the table, a dimeric hexaperoxomolybdate species, Mo2X6
2-, is also suggested. 

This species was deduced from the presence of a weak signal at δO 841 ppm from 
pH 4.0 down to 2.15, as shown in Figure 4.9. The relative area of this signal 
depends on the total concentration of molybdate in the same way as the signal 
arising from Mo2X4

n- and decreases with decreasing pH but does not, in contrast to 
the Mo2X4

n- signal, show any change in chemical shift over the studied pH interval.  
If the structure of Mo2X6

2- is similar to the crystal structure found by Le Carpentier 
et al.67 and Mitschler et al.,68 having four side-on peroxo groups, two terminal 
oxygens and two bridging hydroperoxo (-OOH) groups, the constancy of the 
chemical shift of the terminal oxygen signal can be explained by the fact that there 
are no likely protonation sites on this species, since the hydroperoxo groups cannot 
be protonated. Furthermore, the narrow peroxo signal at δO 412 ppm (Figure 4.10) 
found in H2

17O2 enriched samples deserves some attention. While the broad peroxo 
signal is shifted downfield with decreasing pH values, similar to the terminal 
oxygen signals, the narrow peroxo signal does not change its chemical shift within 
the studied pH interval. This implies that the peroxo oxygen(s) giving rise to the 
narrow signal either is not affected by any nearby protonation/deprotonation 
reactions, or that such reactions do not occur in the species to which they are 
coordinated. Although we cannot tell to which of the peroxo oxygens in the 
hydroperoxo group (-OOH) this narrow signal should be assigned, we prefer the 
latter explanation. Unfortunately, it proved difficult to compare the narrow peroxo 
signal with the broad peroxo signal, due to an unavoidable, systematic 
underestimation of the latter signal. Therefore, the relative contribution of the 
narrow peroxo signal could not be quantitatively evaluated.  
 
Compared with the potentiometric data at 25 °C (Table 4.2) the pKa of HSO4

- is 
0.21 units lower and that of MoX2 is 0.07 units lower at 5 °C. On the other hand, 
the dimeric Mo2X4

2- complex is more dominant, as indicated by the higher 
dimerization constant, Kd, at 5 °C in Table 4.4. This is probably a direct 
consequence of the decrease in temperature, which in general favours di- and 
polynuclear species. However, the NMR detection of a Mo2X6

2- complex at 5 °C is 
probably not temperature related, for it is unlikely that this Mo2X6

2- complex could 
be detected at the low molybdate concentrations used in the potentiometric study. 
As can be seen from the distribution diagram in Figure 4.11, Mo2X6

2- is a minor 
species at peroxide to molybdate ratios of 3, i.e. at the stoichiometric ratio of this 
species. 
 



 33

 a) 
 
 
 
 
 
  b) 
 
 
 
 
 
  c) 

400   500   600700 800
(ppm)

                   O   �
  a)                         
                             �                     
                                
                                   
                                          
                                    �   �  
   b )          O                  
                                              �  
                  
                                                  �   �     

   c)                                                     
                O                     �  

                                                         
                                                              �    �  

    d )                                                     
                                                     
                                              �  
                                                     

830   840 850   860  870

  

  880  

(ppm ) 
 

Figure 4.9 (left). pH-dependence of the terminal oxygen signals at 5 °C in 0.3 M Na2(SO4) 
medium and at H2O2/Mo = 3. pH; a) 1.14, b) 2.15, c) 3.05 and d) 4.0. Mo2X4 (□), MoX2 
(△), MoX2S (○), Mo2X6 (▲).  
 
Figure 4.10 (right). pH-dependence of the peroxo signals in 0.3 M Na2(SO4) medium at 5 
°C. [Mo]tot = 300 mM, [H2O2]tot = 900 mM. a) pH 2.3, b) pH 2.6 and c) pH 3.0. Terminal 
oxygen signals are shown for comparison. 
 
 
 
 
Table 4.4. Dimerization constants (log Kd) for the Mo2X4

2- species in the different media 
and at the different temperatures, defined as: log Kd = log β2,2,4,0 – 2 (log β1,1,2,0). 
 

Medium Temp. (°C) log Kd
 

0.6 M Na(Cl) 5 0.86 
0.3 M Na2(SO4) 5 0.84 
0.3 M Na2(SO4) 25 0.55 
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Figure 4.11. Diagram showing the distribution of molybdate, FMo, as a function of pH in 
0.3 M Na2(SO4) medium. Full-drawn curves represent the sum of each type of species, 
while the distribution of a single species in a proton series is shown by dashed curves. The 
symbols represent experimental NMR data points. In order to compare the experimental 
data points with the model, the diagrams are calculated with varying total concentrations of 
the components according to the experimental data points: 278 ≤ [Mo]tot /mM ≤ 300, 834 ≤ 
[H2O2]tot /mM ≤ 900 and 152 ≤ [SO4

2-]tot /mM ≤ 555.  
 
 
 
Chloride system. Compared with the sulphate medium, the main difference in the 
speciation in 0.6 M Na(Cl) medium is the existence of a diperoxomolybdochloride 
species, as proposed in Table 4.5. The corresponding 17O NMR terminal oxygen 
signal is shifted slightly upfield compared to the signal assigned to MoX2S2-/ 
MoX2S- and shows no change in chemical shift with pH (Figure 4.12). However, in 
contrast to MoX2S2-, no protonation step was found for MoX2Cl- in the equilibrium 
calculations. A possible protonation would also have been revealed by a chemical 
shift change, since there is no “distant” oxygen that can be protonated in MoX2Cl-.  
 
 
 
 
 
 
 
 
 
 



 35

Table 4.5. Composition, formation constants (log β) and 17O NMR chemical shifts for 
peroxomolybdates in 0.6 M Na(Cl) medium at 5 °C. Formation constant for 
MoX2 (2,1,2,0)  was kept constant, the others were optimised. 
 

 
p,q,r,s 
 

 
Notation 

 
logβ (3σ) 

 
pKa 

 
Shift  
(ppm) 
 

 
2,1,2,1 

 
MoX2Cl- 

 
13.87 (15) 

 
 

 
867.5 

 
1,1,2,0 
2,1,2,0 

 
MoX2

- 

MoX2
 

 

 
11.61 
13.86 (10) 
 

 
 
2.25 

 
834.0 
872.1 

 
2,2,4,0 
3,2,4,0 
 

 
Mo2X4

2- 

Mo2X4
- 

 
24.08 (4) 
26.23 (17) 

 
 
2.15 

 
832.9 
869.7 

2,2,6,0 Mo2X6
2- 23.9 (3)  839.6  

 
 
 
 
The distribution diagrams in Figure 4.11 and 4.13 show that MoX2S2- and MoX2Cl- 
both start to form at about pH 4, but that MoX2Cl-, in contrast to MoX2S2- and 
MoX2S-, never predominates. Due to the stronger sulphate species, the other acidic 
species becomes more suppressed in the sulphate medium. This is reflected in the 
pKa values for MoX2 and Mo2X4

-, which are lower in 0.3 M Na2(SO4) medium than 
in 0.6 M Na(Cl) medium. At pH values from 2.5 and above, where the contribution 
from medium anion containing species is small, the distribution of species in the 
two media is very similar, due to the similar formation constants for Mo2X4

2- and 
Mo2X6

2- in both media. 
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Figure 4.12. 17O NMR chemical shifts of terminal oxygen signals at 5 °C as a function of 
pH from solutions with H2O2/Mo = 3 in 0.6 M Na(Cl) medium. Mo2X4 (□), MoX2 (∆), 
MoX2Cl (○), Mo2X6 (▲). 
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Figure 4.13. Diagram showing the distribution of molybdate, FMo, as a function of pH in 
0.6 M Na(Cl) medium. Full-drawn curves represent the sum of each type of species, while 
the distribution of a single species in a proton series is shown by dashed curves. The 
symbols represent experimental NMR data points. In order to compare the experimental 
data points with the model the diagrams are calculated with varying total concentrations of 
the components, according to the experimental data points: 283 ≤ [Mo]tot /mM ≤ 300, 849 ≤ 
[H2O2]tot /mM ≤ 900, 300 ≤ [Cl]tot/mM ≤ 850. 
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Modeling. When the speciation of peroxomolybdates was studied at high excess of 
peroxide, all molybdate was bound in peroxomolybdate species. Thus, the free 
concentration of component q (MoO4

2-) was practically zero in all experimental 
data. In the optimisation procedure, this is inconvenient. One way to solve this 
problem is to change the choice of components, presumably by defining the 
peroxomolybdate species with lowest p,q,r,s value, i.e. MoX2

- (1,1,2,0), as a 
component (log β = 0). The new p,q,r,s for MoX2

- would then be 0,1,0,0 and for 
MoX2 1,1,0,0 etc. For reasons of clarity, this might not be convenient. Instead, 
during the optimisation procedure, log β for MoX2

- was kept constant at 11.61, as 
determined from the potentiometric study. Thus, no 3σ value is given for MoX2

- in 
Table 4.3 and 4.5. 

 

4.2.3. Dynamic measurements. 
 
As can be seen in Figure 4.14, there is a marked temperature dependence of the 17O 
NMR signals. At 25 °C, the narrow signal at δO 872 ppm, assigned to the MoX2Sn- 
species, has a line width (LW) of 50 Hz, while the signals at δO 849 and 845 ppm, 
assigned to the MoX2

n- and Mo2X4
n- species respectively, are significantly broader 

(123 Hz and 180 Hz, respectively) owing to chemical exchange processes 
involving the Mo=O units. If the temperature is lowered to 15 °C, all the signals 
are shifted slightly downfield and the signal from MoX2Sn- becomes somewhat 
broader (LW 58 Hz), which is normal for a quadrupolar signal when the viscosity 
of the sample solution is increased. However, the signals of the MoX2

n- and 
Mo2X4

n- species narrow to 91 and 120 Hz, respectively. This kind of narrowing is 
typical for systems in a slow exchange regime on the NMR time scale. Since there 
is also a viscosity effect, the change in the line widths of these two signals is a 
combination of the relaxation broadening due to the increase in viscosity and the 
narrowing that arises from slowing down the chemical exchange. At 5 °C, the 
signal from MoX2Sn- continues to broaden but, instead of further narrowing, the 
two other signals now become broader as well (99 and 127 Hz respectively). 
Obviously, the broadening effect due to increase in viscosity has become larger 
than the narrowing effect arising from slower chemical exchange between MoX2

n- 
and Mo2X4

n-. At 39 and 49 °C, the chemical exchange between MoX2
n- and 

Mo2X4
n- is fast enough to change the system into a fast exchange regime, i.e. where 

only one signal can be detected. At the same time, the signal from MoX2Sn- now 
broadens, from 50 Hz at 25 °C to 135 Hz at 49 °C, which indicates that MoX2Sn- is 
now involved in the chemical exchange with the other two species.  
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Figure 4.14. Temperature dependence of the terminal oxygen signals at pH ~ 2.10 
(measured at 25 °C) in 0.3 M Na2(SO4) medium. [Mo]tot = 194 mM, [H2O2]tot = 582 mM 
and  [S]tot = 268 mM. 
 
 
Because the effects of the chemical exchange and the viscosity related relaxation 
on the line shape cannot easily be separated, a fully quantitative analysis of the 
exchange system cannot be made. However, the two-site exchange system 
involving MoX2

n- and Mo2X4
n- can be studied at 15 °C and below: 

 
 
 
 
 
 
 
where kobs

+ and kobs
- are the pseud

the reverse reaction respectively
we can see that MoX2Sn- is not m
width of that signal, 81 Hz, is ta
assume that this also is the non
MoX2

n- and Mo2X4
n- species, we

where LB is the line broadening.
(127 – 81) = 145 s–1.  
            kobs
+ 
 

MoX2
n- ⇌ Mo2X4

n-
  

              
             kobs

– 
38

o first order rate constants of the dimerisation and 
. From the 17O 2D EXSY spectra in Figure 4.15, 
easurably in chemical exchange at 5 °C. If the line 
ken as a non-exchange line width (LW0) and if we 
-exchange line width for the structurally related 
 may estimate the rate constants as kobs = π⋅LB, 

 At 5 °C, kobs
+ = π⋅ (99 – 81) = 57 s–1 and kobs

– = π⋅ 
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Figure 4.15. 17O 2D EXSY spectra of terminal oxygen signals in 0.3 M Na2(SO4) medium 
at pH = 2.0 and 5 °C. [Mo]tot = 200 mM, [H2O2]tot = 600 mM,  [S]tot = 270 mM. τm, 
(“mixing time”, which is the actual time available for chemical exchange)  = 3 ms.  
 
 
The conditional lifetime, τ, of the Mo=O entity in MoX2

n- and Mo2X4
n- can be 

calculated from the rate constants as; τ = 1/kobs. Thus, the lifetime in Mo2X4
n- at 5 

°C is about 7 ms, and in MoX2
n- about 17 ms. However, kobs and thereby τ, is not 

only temperature dependent but also pH dependent, as illustrated in Figure 4.9. The 
signals arising from MoX2

n- and Mo2X4
n- are significantly narrower at pH 3.05 than 

at pH 2.15, which implies that protonation of MoX2
n- and Mo2X4

n- increases the 
rate of chemical exchange. The signal corresponding to MoX2Sn- does not seem to 
show this dependence. Thus, the MoX2Sn- species seems to be more inert than the 
MoX2

n- and Mo2X4
n- species, and only becomes involved in the chemical exchange 

reactions with MoX2
n- and Mo2X4

n- at temperatures above 25 °C.  
 
The dynamics in the chloride medium were found to be very similar to those in the 
sulphate medium. 
 
Rate constants were also determined from 2D EXSY spectra. This procedure is 
described in Paper III. 
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4.3. Peroxomolybdophosphate system 

4.3.1. Equilibrium measurements.  
 
As can be seen from Table 4.6, the speciation in the peroxomolybdophosphate 
system consists of peroxomolybdophosphate species with four different 
nuclearities, i.e. MoX2Pn- (n = 1-3), Mo2X4Pn- (n = 2, 3), Mo3X6Pn- (n = 2, 3) and 
Mo4X8P3-, making eight species in total.  However, large amounts of the added 
phosphate were found as free phosphate in solution. Therefore, the formation 
constants in the phosphate, H+– H2PO4

-, subsystem had to be determined as well. 
The formation constants and 31P chemical shifts for this system are given in Table 
4.6.  
 

Table 4.6. Species, formation constants and 31P NMR chemical shifts for the H+ - H2PO4
- 

and H+ - MoO4
2- - H2O2 – H2PO4

- - SO4
2- systems in 0.300 M Na2(SO4) medium at 25 °C 

and excess of peroxide (H2O2/Mo > 2). Potentiometric titration data in the pH-range 2.0 to 
6.0, 31P NMR integral data in the pH-range 1.0 to 6.0, and chemical shift data in the pH-
range 1.0 to 9.7 have been used. 

 
 
(p,q,r,s) 
 

 
Notation 

 
log β (3σ) 

 
pKa 

 
δP    (3σ)/ppm 

 
-1,0,0,1 
0,0,0,1 
1,0,0,1 
 

 
P2- 

P- 
P 

 
-6.483  (6) 
    - 
2.00     (1) 
 

 
 
6.48 
2.00 

 
3.22     (1) 
0.67 (1) 
0.46     (2) 

 
0,1,2,1 
1,1,2,1 
2,1,2,1 
 

 
MoX2P3- 

MoX2P2- 

MoX2P- 

 
5.16     (9) 
12.73   (2) 
16.14   (3) 

 
 
7.57 
3.41 

 
7.86    (22) 
2.84     (3) 
1.30     (4) 

 
2,2,4,1 
3,2,4,1 
 

 
Mo2X4P3- 

Mo2X4P2- 

 
25.03   (4) 
29.54   (2) 

 
 
4.51 
 

 
4.76     (3) 
2.40     (2) 

 
4,3,6,1 
5,3,6,1 
 

 
Mo3X6P3- 

Mo3X6P2- 

 
42.30   (3) 
44.06   (8) 

 
 
1.76 

 
3.90     (3) 
2.75     (12) 

 
6,4,8,1 
 

 
Mo4X8P3- 

 
57.30   (7) 
 

 
 
 

 
3.42 

 
 
 
The table has been simplified by excluding the SO4

2- component because no 
peroxomolybdophosphate species containing sulphate could be identified. 
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Furthermore, molybdate and phosphate normally form strong heteropolyanions, 
from Mo5P2O23

n- up to higher nuclearities, such as the Keggin Mo12PO40
3- ion. 

However, in the presence of excess of peroxide (H2O2/Mo > 2), there were no 
molybdophosphate species present. 
 
Figure 4.16 illustrates the 31P chemical shifts as a function of pH for MoX2Pn-, 
Mo2X4Pn-, Mo3X6Pn- and Mo4X8P3- and also for the monomeric phosphate species. 
Due to decomposition of peroxide, and rapid decomposition of MoX2P3-, 
equilibrium data above pH ~ 6 could not be obtained in the 
peroxomolybdophosphate system. The purpose of recording data above pH ~ 6 
were only to determine the pKa value for MoX2P2-. Thus, integral evaluations of 
signals in these spectra were not made. For the phosphate subsystem, NMR shift 
data up to pH 9.7 were collected in order to determine the pKa value for H2PO4

-. 
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Figure 4.16. 31P NMR chemical shifts as a function of pH. The symbols represent 
experimental NMR points.  
 
 
The effect of changing the molybdate to phosphate ratio (Mo/P) on the speciation 
is illustrated in Figure 4.17. As can be seen from the spectra, there is an appreciable 
amount of monomeric phosphate, P, present even at Mo/P = 8 (top spectra), and the 
amount is further increased if Mo/P is lowered. The signal to the left in the figure is 
a sum of two overlapping signals, in which one signal originates from Mo3X6Pn-, 
and the other from Mo4X8P3-. However, Mo4X8P3- is a minor species at Mo/P = 8. 
The corresponding signal could be discerned at Mo/P ~ 20, but at 25 °C relatively 
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well-separated signals were found only in the pH range below 1.5. At 5 °C the 
chemical exchange is slow and the signals are well separated even at higher pH 
values, as illustrated in Figure 4.18. In contrast to the other signals, which are all 
shifted upfield upon protonation, the shift of the Mo4X8P3- signal was not affected 
by pH, implying that the oxygens around its phosphorus atom are not protonated. If 
the structure of Mo4X8P3- in solution corresponds to the structure found by Salles et 
al. in solid phase, 69 then all four phosphate oxygen atoms are coordinated to 
molybdenum atoms and are therefore not likely to be protonated. 
 

Figure 4.17 (left).  31P NMR spectra at 25 °C of three solutions at pH ~ 2.5. Mo/H2O2/P 
from top to bottom: 160/480/20, 80/240/20, 40/120/20 mM. 
 
Figure 4.18 (right).  31P NMR spectra at 5 °C, (top) and at 25 °C (bottom). [Mo]tot = 
293 mM, [H2O2]tot = 783 mM, [P]tot = 15 mM and [S]tot = 205 mM. pH~2.4. 
 
 
The distribution of phosphate (FP) at Mo/P = 4 (Figure 4.19), shows that species 
with Mo/P ratios of 2 and below, i.e. MoX2Pn- and Mo2X4Pn-, dominate over almost 
the entire pH-range (the fractional proportion of Mo4X8P3- is less than 0.05 and its 
distribution is not included in the figure). Only at relatively high Mo/P ratios does 
Mo3X6Pn- dominate, as illustrated in Figure 4.20 at Mo/P = 19.5. The 
corresponding distribution of molybdate (FMo) under the same conditions reveals 
that the contribution of peroxomolybdophosphate species is relatively small 
compared to the dimeric Mo2X4

2- and, especially, the monomeric MoX2
n- species.  
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Figure 4.19. Left: Diagram showing the distribution of phosphate, FP, as a function of pH 
at [Mo]tot = 160 mM, [H2O2]tot = 490 mM, [P]tot = 40 mM and [S]tot = 200 mM.  FP is 
defined as the ratio between P in a given species and total P in the solution. The symbols 
represent experimental NMR integral data. Right: Distribution of molybdate, FMo, as a 
function of pH under the same conditions. Full-drawn curves represent the sum of species 
with same nuclearity, while the distribution of a single species is shown by dashed curves. 
The curves have been calculated using the formation constants given in Table 4.6. 
 
 
Given the concentrations found in the bleach process, i.e. up to 1 mM of 
molybdate, 0.5 mM of phosphate and excess of peroxide, MoX2Pn- seems to be the 
only peroxomolybdophosphate species of importance (Figure 4.21).  
 
It should be noticed that phosphate forms significantly stronger species with 
peroxomolybdate than does sulphate. This can easily be illustrated by comparing 
the distribution of molybdate in MoX2Pn- and MoX2S2- at equal concentrations of 
phosphate and sulphate (Figure 4.22). This figure also illustrates the relatively high 
concentration of phosphate needed to suppress the MoX2

n- species.  
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Figure 4.20.  Left: Diagram showing the distribution of phosphate, FP, as a function of pH 
at [Mo]tot = 293 mM, [H2O2]tot = 783 mM, [P]tot = 15 mM and [S]tot = 260 mM. The 
symbols represent experimental NMR points. The curves have been calculated using the 
model given in Table 4.6 and the subsystems. Full-drawn curves represent the sum of 
species with same nuclearity. The dashed curve represents the sum of both Mo3X6Pn- (n=2, 
3) and Mo4X8P3-. Right: Diagram showing the distribution of molybdate, FMo, as a function 
of pH under the same conditions. Full-drawn curves represent the sum of species with same 
nuclearity, while the distribution of a single species is shown by dashed curves.  
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Figure 4.21 (left). Diagram showing the distribution of molybdate, FMo, as a function of pH 
at [Mo]tot = 1 mM, [P]tot = 0.5 mM, [H2O2]tot = 30 mM and [S]tot =300 mM. Full-drawn 
curves represent the sum of species with same nuclearity, while the distribution of a single 
species is shown by dashed curves.  
 
Figure 4.22 (right). Diagram showing the distribution of molybdate, FMo, as a function of 
pH at [Mo]tot = 1 mM, [P]tot = 200 mM, [S]tot = 200 mM, and [H2O2]tot = 20 mM. Full-
drawn curves represent the sum of species with same nuclearity, while the distribution of a 
single species is shown by dashed curves.  
 

 

4.3.2. Dynamic measurements.  
 
As can be seen from Figure 4.17, the line widths of the different signals are very 
much dependent on the concentration of the species, i.e. the population of the 31P 
site in the species giving rise to the signal. The exchange broadening is substantial 
for the less populated sites, such as the 31P sites in the MoX2P and P species (top 
spectra in Figure 4.17). There is also a temperature dependence of the line widths, 
and from Figure 4.18 it can be concluded that the chemical exchange between 
species with different nuclearities is in the slow exchange regime at 5 °C and pH 
~2.4, but not at 25 °C. However, the three-site exchange system involving P, 
MoX2P and Mo2X4P can be resolved at 25 °C. In Figure 4.23, 2D EXSY spectra at 
two different mixing times, τm, are shown. At τm = 15 ms, there are cross peaks 
between MoX2P and free phosphate, and between MoX2P and Mo2X4P, but there is 
no detectable cross peak between free phosphate and Mo2X4P. However, at τm = 30 
ms, all cross peaks are clearly visible. This observation can be interpreted in two 



 46

ways. Either (i) the chemical exchanges between MoX2P and free phosphate and 
MoX2P and Mo2X4P are substantially faster than the exchange between free 
phosphate and Mo2X4P, because the later one can not be detected at 15 ms mixing 
time. Or (ii) the cross peaks measured at 30 ms between free phosphate and 
Mo2X4P may be attributed to indirect exchange, i.e. the exchange goes through 
MoX2P, this being in exchange with both the other species. This explanation seems 
to be the most rational from structural point of view, because it requires only one 
MoX2 unit to be added or subtracted in one elementary step. 
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Figure 4.23. 31P NMR 2D EXSY spectra recorded at 25 °C in a sample with [Mo]tot = 600 
mM,  [P]tot = 150 mM, [H2O2]tot = 1800 mM and pH ~5.6. Upper spectrum: τm = 15 ms, 
lower spectrum: τm = 30 ms. 
 
By means of so-called “magnetization transfer experiments” (MT) it is possible to 
elucidate the direct chemical exchange between the different species by exciting 
different sites. Figure 4.24 shows that the negative magnetization from the excited 



 47

MoX2P is immediately transferred to the Mo2X4P and the free phosphate, P, which 
shows that MoX2P is in exchange with these two species.  As can be seen, the 
transfer of the excitation is almost equally fast to both Mo2X4P and P. The 
intensities are changing until somewhere between 0.01 and 0.05 s, after which they 
are steady until nearly 1 s. The intensities in this delay time region are thereby 
controlled by chemical exchange processes only, and not affected by relaxation 
processes. At delay time longer than 1 s the spin lattice relaxation, T1, is getting 
dominant, and at 15-20 s the relaxation is complete. In another experiment, P was 
labelled with negative magnetization and a similar decrease in intensity was noted 
for MoX2P, but not for the intensity of the Mo2X4P signal.  This implies that there 
is no direct exchange between free phosphate and Mo2X4P. 
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Figure 4.24. Intensity (arbitrary units) versus delay time of a 31P NMR selective 
magnetization transfer experiment at 25 °C and pH ~5.5. [Mo]tot = 600 mM,  [P]tot = 150 
mM, [H2O2]tot = 1800 mM. MoX2P has been selectively excited. The symbols represent 
experimental values and the lines are calculated using a model including all rate constants. 
 
 
 
The calculated pseudo first order rate constants for the active exchange paths were 
found to be: kobs(MoX2P;P) = 39 ± 5 s−1, kobs(P;MoX2P) = 84 ± 11 s−1 and 
kobs(MoX2P;Mo2X4P) = 33 ± 3 s−1, kobs(Mo2X4P;MoX2P) = 32 ± 3 s−1.  
 
 
In order to elucidate the lifetime of the exchanging part of the molecules, a 
comparison between some of the rate constants can be made. In the present case, 
because the P-O bond is considered to be very inert, the calculated lifetime is that 
of the Mo-O bond, i.e. the -O-MoX2 unit. For example, the exchange between 
MoX2P and P, kobs(MoX2P;P) and between MoX2P and Mo2X4P,  
kobs(Mo2X4P;MoX2P), can be attributed to the leaving of one X2Mo- unit from a 
X2Mo-OP entity. Thus, the lifetime of the X2Mo-OP entity, τ(Mo-OP) = 1 / kobs ≅ 
26 ± 3ms and 31 ± 2 ms, respectively in the two different species is similar. In the 
dynamic 17O NMR study (section 4.2.3), the lifetime of the -Mo=O entity in Mo2X4 
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was calculated to 7 ms. Thus, the lifetime of the Mo-O-(Mo) bond seems to be 
substantially shorter than the lifetimes of the Mo-(OP) bond. However, it should be 
pointed out that these are conditional lifetime values measured at two different pH 
values, i.e. 2.2 and 5.6, respectively.  
 
 
 
4.4. Structural characterization of some diperoxomolybdates  

 
For the EXAFS measurements (Paper V), each sample was prepared at a pH and a 
mixing ratio (Table 4.7) that allowed maximum concentration of the species of 
interest and minimum concentrations of interfering species. As can be seen from 
Table 4.8, with the exception of sample A, in which all molybdenum exists as 
MoO4

2-, it was not possible to prepare a solution containing one species only. In 
EXAFS, this is not ideal, because a mixture of species with even slightly different 
geometries will result in a great number of absorber-scatterer distances, R, from 
one shell, each one contributing with a different frequency to the EXAFS 
oscillation. The destructive interference between the different frequencies will lead 
to a reduction in amplitude and thereby to a decrease in magnitude for the EXAFS 
signal.  
 
 

Table 4.7. Compositions of sample solutions and measured pH values for sample A-E. 

 
Sample [Mo]tot 

(mM) 
[H2O2]tot 

(mM) 
[SO4]tot   
(mM) 

[Cl]tot 
(mM) 

pH 

A 20  0 300 0 6.95 

B 20 50 300 0 4.65 

C 20 50 900 0 1.70 

D 20 50 0 900 1.54 

E 400 1200 200 0 3.40 
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Table 4.8. The distribution of molybdate (in percent) in each sample, estimated from 
equilibrium models in Paper II (samples A-C and E) and paper III (sample D). a Sum of 
MoXn-, b sum of MoX2

n-, c MoX2S2-, d MoX2Cl- and e sum of Mo2X4
n-.  

 
 

Spl [MoO4]2-  Mono-
peroxoa 

Di-
peroxob

Peroxo-
sulfatec 

Peroxo- 
chlorided 

dimere

A 100 0 0 0 0 0 

B 0 6 84 0 0 10 

C 0 5 26 69 0 0 

D 0 0 56 0 42 2 

E 0 0 45 3 0 52 

  
 
 
The isolated EXAFS oscillations and the corresponding Fourier transforms (FT) for 
the samples are shown in Figure 4.25. As can be seen, there is indeed a marked 
decrease in magnitude of the Fourier transformed signal for the first shell of the 
species in sample C and especially in sample D and E, as compared to sample B (in 
which MoX2

- exist almost solely). Moreover, since each peroxomolybdate sample 
contains a mixture of species, R-values for the bonds that are common for all 
species, for example the bond between the molybdenum atom and the terminal 
oxygen atom, should be considered as average bond distances in all species in a 
specific sample, rather than bond distances in a specific species.  
 
 
As can be seen from Table 4.9 (sample A), the average Mo-O bond distance in 
MoO4

2- was determined to 1.79(1) Å, which is very similar to the distance, 1.795 
Å, found in a LAXS study of the MoO4

2- ion in solution.70 The bonds are longer 
than in the solid state, 1.773 Å,71 because in aqueous solution, all of the molybdate 
oxygens are hydrogen bonded.70  
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Figure 4.25. k3-weighted EXAFS spectra (data and fit) and corresponding Fourier 
transforms (not corrected for phase shift). The FT peaks below 1 Å are artifacts of the 
spline removal and are not associated with any coordination distance. Dotted lines represent 
the model presented in Table 4.9. (A) refers to sample A, etc. 
 
 
 
Table 4.9. EXAFS R-space Fit Results for the peroxomolybdate samples. For final fits: 
coordination number (CN) was fixed, distance (R) and Debye-Waller factor (σ2) were 
varied. Energy shifts, ∆E0, were allowed to vary but kept internally constant. Ot and Op 
represents terminal  (double bonded) oxygen and peroxide oxygen respectively. 
aCoordination numbers estimated from speciation models (see Table 4.8). Errors in the 
bond distances are estimated to ± 0.02 Å, except for the most distant Mo-O, which is 
estimated to ± 0.04 Å. 

Spl  Mo-O  
 

 Mo-O   Mo-Ot   Mo-Op   Mo-S   Mo-Cl  

 
 

CN R(Å) σ2(Å2) CN R(Å) σ2(Å2) CN R(Å) σ2(Å2) CN R(Å) σ2(Å2) CNa R(Å) σ2(Å2) CNa R(Å) σ2(Å2) 

B 1 2.49 0.010 1 2.09 0.001 1 1.71 0.005 4 1.98 0.003       

C 1 2.45 0.010 1 2.06 0.003 1 1.69 0.004 4 1.96 0.005 0.69 3.28 0.005    

D       1 1.68 0.003 4 1.96 0.010    0.42 2.10 0.002 

E 1 2.46 0.013    1 1.70 0.005 4 1.98 0.006       

A       4 1.79 0.006          
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Sample B consists mainly of MoX2
- and the first shell was best fitted with one 

terminal oxygen at 1.71 Å, two peroxo groups with four Mo-O at an average 
distance of 1.98 Å and two other oxygen atoms at 2.49 and 2.09 Å respectively. 
This implies that the structure is maintained in solution. The crystal structure used 
for FEFF calculations20 can be described as a seven-coordinated distorted 
pentagonal bipyramidal with two side-on peroxo groups, at an average distance of 
1.91 Å, and one water (Mo-O = 2.084 Å) in the equatorial plane, and the terminal 
oxygen (Mo-O = 1.647 Å) and the other water (Mo-O = 2.325 Å) at the apices. 
Similar to MoO4

2-, all bonds are significantly elongated in solution, with the 
exception of the equatorial Mo-O bond at 2.09 Å. In 17O NMR spectra of MoX2

-, 
there is clear evidence for a hydroxyl group.30 Thus, MoX2

- most likely 
corresponds to a MoO(O2)2(OH)(H2O)- species, with OH positioned in the 
equatorial plane, and the uncharged MoX2 corresponds to MoO(O2)2(H2O)2. The 
proposed structure is shown in Figure 4.26. 

 
Figure 4.26. Proposed structure of the MoO(O2)2(OH)(H2O)- species (hydrogen atoms are 
omitted), where Op represents peroxo oxygens, Ot terminal oxygen, O1 apical (water) 
oxygen (R =2.49 Å) and O2 equatorial (hydroxylic) oxygen (R = 2.09 Å). 

 
Sample C contains a mixture of MoO(O2)2(OH)(H2O)- and the sulphate species 
MoX2S2-. The first shell was best fitted with one terminal oxygen, two peroxo 
groups and two additional oxygen atoms, all with somewhat shorter distances 
compared to the MoO(O2)2(OH)(H2O)- species in sample B. In the case of MoX2S2-

, one oxygen atom belongs to the sulphate ion and is probably positioned in the 
equatorial plane72,73 at 2.06 Å from the molybdenum atom. The second shell of 
neighbouring atoms was best fitted with a sulphur atom at a distance of 3.28 Å. 
This distance does suggest a monodentate coordination of the sulphate ion, because 
the theoretical Mo-S distance for a (symmetric) bidentate coordination is 2.63 Å, 
which is significantly shorter than 3.28 Å. A monodentate coordination would also 
facilitate a possible protonation of one of the sulphate oxygen atoms in MoX2S2- or 
MoO(O2)2(SO4)(H2O)2- into MoX2S- or MoO(O2)2(HOSO3)(H2O)-, as suggested in 
section 4.2.2. 
 
The somewhat shorter molybdenum to terminal oxygen distance, Mo-Ot, found in 
sample C, compared to sample B, indicates that the π-bond order for this bond is 
higher in the species in sample C, dominated by MoO(O2)2(SO4)(H2O)2- than in 
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sample B, dominated by MoO(O2)2(OH)(H2O)- . As can be seen from Table 4.3 
(section 4.2.2), δO for MoO(O2)2(OH)(H2O)- was found to be 834.1 ppm, while for 
MoO(O2)2(SO4) (H2O)2- it was 872.6 ppm. This is in agreement with the correlation 
found between downfield chemical shift and oxygen π-bond order for oxo 
compounds, as discussed in section 4.2.2.  
 
The EXAFS data of the chloro species in sample D differs markedly from the two 
other monomeric peroxo species in that no water oxygen at approximately 2.09 Å 
is indicated. Instead, replacing the oxygen atom with a chlorine atom at 2.10 Å 
resulted in a very good fit when the coordination number, CN, was fixed at 0.42 (in 
accordance with the speciation model). However, variation of CN resulted in a 
coordination number of 1.6 for chloride, which implies that there, on average, 
should be more than one chloride atom coordinated to each molybdenum atom, and 
thereby that the speciation in the EXAFS solution differs from the suggested 
model, described in section 4.2.2. A possible explanation for this is the fact that the 
Cl/Mo ratio in the EXAFS solution is higher than the ratios used in the equilibrium 
study (section 4.2.2).  
 
A Mo(OH)2(O2)Cl2

0 species, together with a Mo(OH)2(O2)2 species, have been 
proposed in acidic solutions (pH below 1) with very high concentration of chloride 
ions (≥ 4.78 M), low concentration of molybdate (≤ 1 mM) and excess of 
peroxide.74 Here, one of the peroxo groups in Mo(OH)2(O2)2  is replaced by two 
chloride ions. Although the Cl/Mo ratio is much smaller in the solution used in the 
present study, the presence of such a species in the EXAFS solution might be 
possible.  
 
Sample E contains a mixture of Mo2X4

2- and MoO(O2)2(OH)(H2O)-. The first shell 
differs very little from that of the species in sample B, which is dominated by 
MoO(O2)2(OH)(H2O)-, although the oxygen at about 2.09 Å did not fit the data 
well.  
 
In EXAFS spectra of solutions containing double oxygen bridged species, i.e. 
edge-sharing polyhedra, backscattering from the neighbouring metal atom is 
generally detected.75 For Mo2X4

2-, no backscattering effect of the molybdenum 
atom in the second shell could be discerned in the EXAFS spectra, which implies 
that the neighbouring molybdenum atom either is located more than 4-5 Å away or, 
more likely, is free to rotate in such way that it cannot be detected by EXAFS.  
 
The formation of Mo2X4

2- most likely occurs via a condensation of two 
MoO(O2)2(OH)(H2O)-, each one containing one water and one hydroxyl group. If 
the condensation involves the two hydroxyl groups as well as the two water groups, 
the product could be a double oxygen bridged dimer. However, for this dimer to 
have a double negative charge, as proposed from the equilibrium calculations, the 
two bridged oxygen atoms must be protonated, thus leaving no direct possibility 
for further protonation:  
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Such species has recently been crystallized from a water/methanol solution.76 
However, since a protonated dimer, Mo2X4

-, has been verified by both 95Mo (Paper 
I)  and 17O NMR (Paper II), a dimer with a single, protonated oxygen bridge, i.e 
HO(MoO(O2)2H2O)2

-, must obviously be present at lower pH values. This species 
might be formed by protonation of one of the bridging oxygen atoms in the species 
above, but that would necessitate a cleavage of the Mo-O bridging oxygen bond. 
However, 17O-NMR peak integral data from a study in perchlorate medium implies 
a single oxygen bridged dimer over the pH-interval of interest in the present study, 
i.e. from pH 2 to 5.5.30 These findings support the fact that no backscattering effect 
could be discerned, and that the condensation reaction results in a singly bridged 
dimer, O(MoO(O2)2H2O)2

2-,  as proposed in the diagram below. 
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4.5. Reactions with lignin model compounds 
 
In order to study the types of oxidative reactions involved between 
peroxomolybdate species and lignin residuals in the bleach step of wood pulp, 
specific so-called lignin model compounds were used. Each of these compounds, 
isoeugenol, eugenol and creosol, are parts of lignin and consists of a phenol group 
with or without (creosol) a carbon side chain, as shown in Figure 4.27.  
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Figure 4.27. Structures of isoeugenol (left), eugenol and creosol (right). 
 

 
The aqueous peroxomolybdate and peroxomolybdophosphate solutions were all 
prepared at two different pH values, about 3 and 5, and with concentrations similar 
to those found in the bleach process. 10 ml of a molybdate or molybdophosphate 
solution without peroxide were mixed with 10-20 µl of liquid isoeugenol, eugenol 
and creosole, respectively. Each mixture was heated to 80 – 90 °C for about 5 
minutes while stirring in order to emulsify the organic phase in the aqueous phase 
before addition of hydrogen peroxide. After addition of 50-100 µl hydrogen 
peroxide (30%, Merck p.a.) heating and stirring were continued for an additional 5 
minutes. The organic phase was then extracted by using ethyl acetate (Labscan 
a.r.). Any remaining water was removed from the organic phase by adding sodium 
sulphate (Merck p.a.). Ethyl acetate was removed by evaporation and the organic 
phase was then dissolved in acetone (98%, Merck p.a.) prior to the 1H NMR 
measurements. 

 

4.5.1. Isoeugenol  
 
A 1H NMR spectrum of isoeugenol is shown in Figure 4.28 (top spectrum). Upon 
addition of the catalyst, the intensity of the signals from protons attached to the 
double bonded carbons decreases by more than 60 % (Figure 4.28 bottom 
spectrum). The weak signal at δH ~ 9.8 ppm arises from protons in aldehyde. The 
formation of aldehyde indicates broken carbon double bonds. However, the 
relatively small amounts of aldehydes detected implies that the double bonds 
primarily are hydroxylated or epoxidised, rather than completely broken. The 
signals in the region 4.6-5.2 ppm arise from protons in such environments. 
Furthermore, the intensity of the signals arising from methyl protons (δH ~1.8 ppm) 

also decreases by more than 60 %. At the same time, new signals emerge at δH~1.4 
ppm, which is consistent with hydrogen atoms in a methyl group bound to a 
saturated carbon atom.  
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Figure 4.28. Top: 1H NMR spectrum of isoeugenol. Bottom: 1H NMR spectrum of the 
oxidation products from mixing isoeugenol with a peroxomolybdate solution. 
 
 
 
The signals upfield from the methyl proton signals arises from a mixture of non-
identified products. Only very weak signals could be detected in the range δ 10-15 
ppm, indicating that almost no acidic groups, such as carboxylic groups, have been 
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formed. This shows that the aromatic ring in isoeugenol is mainly left intact. 
Increasing the peroxide concentration to 160 mM did not result in higher yield, 
while lowering the pH-value in the aqueous solution to about 3 resulted in a 
somewhat lower yield of products. However, the latter effect might be caused by a 
lower solubility of isoeugenol at pH ~3. The reaction of hydrogen peroxide alone, 
in the absence of molybdate, was also studied by adding isoeugenol to a solution 
containing 40 mM hydrogen peroxide in sulphate medium at pH~3, under identical 
conditions as above. Only very small amounts of products were detected. 
 
The effect of adding phosphate to the aqueous solution was also investigated. 
Isoeugenol was added to a solution containing MoX2Pn- and MoX2

- at pH~5. 
However, the type and yield of products were very similar to those found in the 
absence of phosphate. 
 
 

4.5.2. Eugenol and creosol  
 
As can be seen from Figure 4.29, the addition of eugenol to a peroxomolybdate 
solution did not result in any noticeable change in the 1H NMR spectra. It seems 
that the conjugated aliphatic carbon double bond in isoeugenol can be oxidized, 
mainly by hydroxylation or epoxidation, while the non-conjugated aliphatic double 
bond in eugenol is left intact. The creosol molecule, containing no side chain, was 
also mainly left intact. 
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Figure 4.29. Top: 1H NMR spectrum of eugenol. Bottom: 1H NMR spectrum of the 
oxidation products from mixing eugenol with a peroxomolybdate solution. 
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5. Concluding remarks and future plans 

In this thesis, the results of some equilibrium, dynamic, structure and catalytic 
studies of different aqueous molybdate and peroxomolybdate species are compiled 
and discussed. The primary objective was to characterize species with potential 
catalytic activity, with focus on the bleach process of kraft pulp. For this purpose, 
the major experimental work has been to collect potentiometric and 17O, 31P NMR 
data (Papers I-IV). These data have been used in equilibrium calculations in order 
to find the equilibrium speciation in a specific system. Dynamic NMR data have 
also been used in order to study chemical exchange processes in some of the 
systems (Paper III and IV). From such studies, rate constants for different chemical 
exchange processes have been determined. 
 
The local structure in solution of some of the species found has been studied in 
Paper V by means of EXAFS. Finally, oxidation of some organic model substances 
by species found in this work has been studied by means of 1H NMR. 
 
In Paper I, the equilibrium speciation of aqueous molybdate in 0.300 M Na2(SO4) 
medium is presented. It was found that the uncharged monomeric molybdate 
species was more important in this medium compared with earlier findings in 0.600 
M Na(Cl) medium.6 It was also found that highly charged species, such as Mo7O24

6-

, became somewhat less pronounced in the sulphate medium. One plausible 
explanation given for the these differences was the fact that the activity of sodium 
ions has been found to be lower in 0.300 M Na2(SO4) medium than in 0.600 M 
Na(Cl) medium, resulting in less ion-pair formation between Na+ and the highly 
charged molybdate ions. 
 
The addition of excess hydrogen peroxide to aqueous molybdate solutions (Paper II 
and III) resulted in depolymerisation of heptameric species and formation of 
mainly monomeric diperoxomolybdate species and, depending on the total 
concentration of molybdate in solution, dimeric diperoxomolybdates. Furthermore, 
the peroxomolybdate speciation was studied in both 0.300 M Na2(SO4) and 0.6 M 
Na(Cl) medium and it was found that sulphate as well as chloride coordinate to 
molybdenum in the presence of hydrogen peroxide. From the dynamic 17O NMR 
study in paper III, the diperoxomolybdate species containing medium anions were 
found to be more inert than species without coordinated medium anions. It was also 
found that the rate constants increased upon protonation of the species involved in 
the exchange reactions. In Paper III, an additional dimeric triperoxomolydate 
species, containing two bridging hydroperoxo groups was suggested. This is the 
only species found that contained more than two peroxo groups per molybdenum 
atom. At low concentrations of hydrogen peroxide, monoperoxoheptamolybdate 
species were found (Paper II). Most of the proposed peroxomolybdate species was 
verified with 95Mo NMR. 
 
In Paper IV, the peroxomolybdophosphate system was studied at excess of 
peroxide and the speciation was proposed to consist of peroxomolybdophosphate 
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species with four different nuclearities, i.e. (MoX2)nP, where n = 1-4. However, 
phosphate was found to coordinate relatively weakly to molybdate in the presence 
of peroxide and under the conditions used in this work the 
peroxomolybdophosphate species were always minor relative to the 
peroxomolybdate species. The strong complexation between peroxide and 
molybdate were found to suppress the molybdophosphates, and at excess of 
peroxide (H2O2/Mo > 2) there were no molybdophosphate species present at all. 
Given the concentrations prevailing in the bleach process, MoX2Pn- seems to be the 
only peroxomolybdophosphate species of importance. From the dynamic 31P NMR 

study, chemical exchange reactions were found between free phosphate and 
MoX2P and between MoX2P and Mo2X4P, but not between free phosphate and 
Mo2X4P. The rate constants for the chemical exchange reactions were found to be 
substantially shorter than those found by 17O NMR in the peroxomolybdate system. 
 
From the EXAFS study in Paper V, it was suggested that the aqueous monomeric 
diperoxomolybdate species retain the pentagonal bipyramidal seven-coordination 
found in the solid state,20 although with increased bond lengths. The novel 
diperoxomolybdo-sulphate and -chloride species have not been structurally 
characterized earlier, but from the present work it seems that sulphate coordinates 
to molybdenum in a monodentate fashion by replacing an oxygen atom. Thus, the 
molybdenum atom most likely remains seven-coordinate. For the dimeric 
diperoxomolybdate species, no backscattering effect of the molybdenum atom in 
the second shell could be discerned, which implies a singly oxygen-bridged dimer. 
 
From the study of the oxidation reactions involved between peroxomolybdate 
species and aromatic lignin model compounds, it was concluded that conjugated 
carbon double bonds in the side chain could be oxidized by diperoxomolybdate 
species, either by hydroxylation or by epoxidation. In the present work, the 
addition of phosphate did not affect the type or yield of oxidation products 
noticeably. It was also shown that hydrogen peroxide, in the absence of molybdate, 
did not react to any noticeable extent with the model compounds under otherwise 
similar conditions. 
 
There are some suggestions for future work within the field of this thesis. From a 
fundamental point of view, the most immediate perhaps is to investigate a likely 
monoperoxomolybdate species with two chloride atoms coordinated, i.e. MoXCl2. 
Furthermore, it might be of interest to study the chemical exchange between 
peroxo groups coordinated to different peroxomolybdates, by means of 17O NMR 
spectroscopy. The problem of completely overlapping peroxo signals under the 
conditions used in the present work, however, implies that different conditions, 
concerning for example temperature, have to be used. The 
peroxomolybdophosphate system has not yet been studied by 17O NMR. 
 
Species formed between peroxomolybdates and organic ligands, such as oxalate, 
e.g. MoO(O2)2(C2O4)2-, 77 and different silicates, might be of interest to study 
especially for the bleaching of paper pulp, since such ligands are present in the 
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pulp. Also, equilibrium studies on other peroxomolybdate catalysts incorporating 
organic ligands, such as MoO(O2)(CN)4

2-,78 MoO(O2)(dipic)(H2O)79 and 
MoO(O2)2(HMPA),80 could be valuable complements to the catalytic/kinetic 
studies already made.  
 
Additional catalytic studies are necessary in order to further elucidate possible 
reactions between the species found in the present study and different organic 
molecules in the pulp. Based on the oxidization processes proposed in this thesis, 
studies on possible interaction with carbohydrates that contain conjugated systems, 
such as hexeneuronic acids, could be made. These kinds of carbohydrates are 
known to contribute to the yellowing of paper. A few studies on the hexeneuronic 
acid content in the paper pulp before and after the addition of peroxomolybdates 
have been made within the frame of this thesis. These studies indicate that some 
degradation of hexeneuronic acids does occur. However, further studies have to be 
carried out.  
 
Finally, equilibrium studies on different peroxotungstates are of interest, since such 
species, in analogy with peroxomolybdates, are being used as catalysts in the 
epoxidation of alkenes and in the oxidation of alcohols by peroxide. However, due 
to long, and sometimes infinite equilibria in the peroxotungstate system, such data 
is difficult to achieve. Also, the problem with peroxide decomposition seems to be 
more pronounced in tungstate systems than in molybdate systems.  
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