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ABSTRACT. 

Measurements of infrared and Raman spectra have been 

used to obtain structural information on a range of transition-

metal-oxygen complexes. In order to apply the Raman technique 

with mercury arc excitation to as many of the systems as possible, 

the studies have generally been restricted to the colourless or 

pale yellow complexes of the metals of Groups IVa, Va and VIa 

in their highest oxidation states. 

By recording the Raman spectra and complementary 

infrared spectra of alkaline solutions of oxyvanadium(V) anions 

at various pH values, it has been possible to identify the 

species present in such solutions and to suggest structures 

for these. This technique has also been used to investigate 

the possible existence of monomeric tetrahedral oxyanions of 

niobium and tantalum in solutions of high pH, and the existence 

of low molecular weight polymers in isopolytungstate solutions, 

A study has also been made of the species present in 

acid solutions of the early transition metals; the complexes 

present are mainly anionic, and formulae and structures are 

proposed for them. During this stuay, the presence of complexes 

with two cis oxy groups was postulated. The infrared and Raman 

spectra of a number of dioxy complexes were therefore measured, 

and the cis dioxy configuration found to be more widespread 

than generally realised. The spectral characteristics of such 
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compounds, and also of some trioxy complexes, have been tabulated, 

and an explanation proposed for the relative existence of cis 

and trans dioxy systems. 

The spectral characteristics of a number of peroxy 

complexes have also been recorded; it is thought that the results 

may be used to identify the mode of bonding of peroxy groups 

in unknown complexes. 

Finally infrared and Raman spectroscopic measurements 

have been used to suggest structures for a number of early 

transition metal peroxyoxalato complexes. 
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INTRODUCTION. 

The main object of this research has been to elucidate 

the structures of a number of transition-metal-oxygen complexes, 

particularly in aqueous solution. The techniques available 

for such studies include X-ray diffraction, magnetic resonance 

methods, and electronic and vibrational spectroscopy 

Probably the most direct method of examining the 

structure of inorganic compounds, particularly transition metal 

complexes, after diffraction methods, is vibrational spectro-

scopy. This enables one to obtain information on the nature of 

the chemical bonds between atoms and also, by the application 

of fairly elementary group theory, on the overall stereo-

chemistry of the compound. The method does not require a 

specialised knowledge of orbital interactions, and commercial 

instruments for the measurement of the spectra are readily and 

cheaply available and are easy to use. However, the method does 

have disadvantages when complicated molecules are under study 

due to the wealth of vibrational bands obtained. Nevertheless, 

it is hoped that this thesis will demonstrate how the two major 

methods of examining the vibrational spectra of molecules, namely 

by absorption of infrared radiation and first order Raman 

scattering of, in this case, visible light quanta, may be 

applied to transition metal complexes, particularly those having 

simple oxygen atoms bonded to the metal, and illustrate how 
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information concerning bonding and structure may be obtained 

from such studies. 

Historical. 

Coblentz appears to have been the first to report the 

use of infrared spectroscopy in inorganic chemistry (1), and 

there is no doubt that reflection methods were being used in 

1930 for the recording of infrared spectra (2), The first 

reports of the discovery of the Raman effect are well known, 

A quantum mechanical treatment (3) of the postulated inelastic 

scattering of light quanta by molecules (4) predicted that the 

frequency of inelastically scattered light quanta should be 

displaced from the incident light frequency by a value which 

corresponds to a vibrational transition, and this was followed 

by a "classical" treatment (5) of the scattering. The experimental 

observation of the inelastic scattering of light due to 

excitation of internal molecular transitions was first reported 

by Raman in 1928 for liquids and solutions (6), and similar 

inelastic scattering from quartz crystals was observed soon 

after (7). 

In the early days of the application of vibrational 

spectroscopy to inorganic systems, the Raman effect found the 

widest use. The main reasons for this were the lack of 

commercial, high resolution infrared spectrometers, particularly 

to cover the far infrared region where many of the vibrations 
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of interest to inorganic chemists occur, for example, the 

metal-ligand vibrations in transition metal complexes, together 

with the fact that adequate sample preparation for infrared 

measurements was difficult. Further, the large particle sizes 

used caused considerable scattering losses, and most of the 

early infrared spectra of inorganic compounds consisted of broad, 

rather indeterminate absorptions in comparison with the sharp 

bands obtained for organic compounds. The Raman method allows 

measurements to be taken at low vibrational energies with no 

refinement of the basic equipment, and sample preparation in 

general is relatively simple. 

The introduction of commercial, high resolution, infrared 

spectrometers, including those capable of measurement at low 

energies, together with the development of new sample 

preparation techniques such as liquid paraffin mulls or pressed 

alkali halide discs (8,9), enabled good infrared spectra to be 

consistently obtained, and caused a shift in emphasis from 

Raman spectroscopy to infrared. The Raman method with 

conventional mercury arc excitation suffers from two basic 

disadvantages in that the sample quantity required is, in 

general, much larger than that required for an infrared spectrum, 

and studies on materials which are even slightly coloured are 

very difficult owing to absorption of the exciting radiation. 

Also, fluorescence and photodecomposition of the sample engendered 
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by absorption of the high frequency light of the exciting 

radiation from mercury arc lamps can be very troublesome. The 

growth of interest in infrared spectroscopy at the expense of 

Raman as a means of determining molecular structure is exemplified 

by two quotations from text books dealing with the subject. 

In 1949, Rice and Teller wrote "The Raman effect has yielded 

more material about molecular vibrations than any other method" 

(10), while only fourteen years later, Evans stated that for 

problems where either Raman or infrared spectroscopy could 

give satisfactory answers, "the infrared method is preferred" (11). 

Nowadays there is a considerable resurgence of interest in the 

application of Raman spectroscopy among inorganic chemists; 

Tobias (12) has shown how this technique has been used to study 

a wide variety of inorganic structural problems, and the reviews 

which appear fairly regularly (for example, in Anal. Chem., 

annual reviews section every two years) show that the method is 

still fairly well used in inorganic chemistry. It has been 

realised that Raman spectroscopy is capable of giving valuable 

data not obtainable by infrared methods, and that comparison 

of infrared and Raman spectra for any compound is able to give 

considerable information concerning the structure of the compound. 

Present  

Modern commercial infrared spectrometers are available 

which will cover the whole frequency range from as low as 
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(13) up to 50,000 cm.-1, usually mercury lamp sources 

(14) or interferometric methods (15) being used in the very low 

frequency range. The resolution of these instruments is such 

that the rotational fine structure of gaseous samples may be 

easily observed. The method does still have disadvantages, 

however. In solid samples, there is the possibility that if 

the molecules under study occupy two or more different sites 

within the crystal lattice, then the different internuclear 

interactions experienced by the molecules in the different 

crystal sites may cause "splitting" of the observed infrared 

(or Raman) band causing more absorption bands to be observed than 

predicted. More important, however, is the fact that it is 

often difficult to obtain the infrared spectra of species in 

solution due to absorption bands of the solvent. This is a 

particular disadvantage in the case of aqueous solutions, which 

are of particular interest to the inorganic chemist; the broad 

and very strong infrared absorption bands of water mean that 

only measurements on very thin films of concentrated solutions 

have any value, and even then the useable frequency range is 

restricted. 

The technique of Raman spectroscopy is, on the contrary, 

well suited to the study of aqueous solutions, good spectra 

being usually obtained with little interference from the water. 

By means of modern techniques, good Raman spectra may also be 
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obtained from solid samples; the development of a conical cell 

for solid Raman studies, one example of which is described by 

Busey and Keller (16), represented a significant step forward. 

Further, the development of the use of photomultipliers for 

the amplification of the weak Raman scattered radiation, together 

with the use of continuous strip recorders for the instantaneous 

presentation of the data rather than the laborious, long, 

photographic plate exposure and development procedure, has 

helped to make the method more attractive. 

However, with mercury arc excitation, Raman spectroscopy 

is still limited in application to colourless or at most only 

faintly coloured species due to considerable absorption by the 

sample of the incident radiation; spectra of fluorescent samples 

are also very difficult to record owing to absorption of the 

exciting radiation from the lamp followed by re-emission at 

lower frequency. Again, because of the relatively short wave-

length of the mercury arc lamp,photodecomposition of the sample may 

prove troublesome, as has been observed occasionally in the 

work for this thesis. Various attempts to combat these 

deficiencies by the use of other exciting lamps radiating at 

longer wavelengths have been made. Thus Lippincott and Nelson 

(17) used radiation from a sodium arc to study the structure 

of ferrocene, while Stammreich et al have made considerable 

use of the emission from a helium lamp at 5876 ., 6678 a or 



13. 

7065 Rs, and using long exposures of photographic recording plates, 

to study the octacyanomolybdate(IV) anion, [Mo(CN)8]4  (18), 

the chromate (19) and dichromate (20) ions, and also the 

complexes [PtC1J2—  and [AuC14] (21). This development of 

alternative exciting lamps for Raman spectroscopy continues, 

and as recently as 1963 Lippincott et al described a range of 

toroidal lamps containing mercury, helium, rubidium, caesium, 

potassium, cadmium or thallium excited by a radio frequency 

oscillator (22). There can be no doubt, however, that the most 

significant advance has been the development of the continuous—

emission gas laser as an exciting source for Raman spectroscopy. 

Its use was first reported by Kogelnik and Porto (23) in 1963, 

and such is its potential that there are already two commercial 

instruments available utilising a laser source for excitation. 

The advantages of the laser over the mercury arc source are 

that its emission is highly directional, approximates very closely 

to monochromatic, and is of high intensity. As the intensity 

of the Raman (and Rayleigh) scattered radiation falls off as the 

fourth power of the absolute frequency, exciting lines in the 

blue (4358 I) and green (5461 I) parts of the mercury arc 

spectrum have been normally used in order to obtain reasonable 

intensity of the Raman scattered lines. However, the greater 

intensity of the laser radiation means that a longer exciting 

wavelength may be used, for example, 6328 a in the case of the 
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helium/neon laser, and still have reasonable intensity of the 

scattered radiation. The use of a longer wavelength has two 

other advantages. Firstly, although Raman scattering falls off 

as the fourth power of the frequency, fluorescence falls off 

rather faster (24), and thus measurements on highly fluorescent 

samples become possible. Secondly, the longer exciting wave—

length, coupled with the greater intensity of the radiation, 

mean that easy measurements on coloured samples are frequently 

possible, thus counteracting one of the biggest previous dis—

advantages of Raman spectroscopy. The longer exciting wavelength 

of the laser radiation also lessens the likelihood of photo—

decomposition of the sample, in spite of the greater intensity 

of the radiation, as this effect is usually caused by ultraviolet 

and blue radiation; however, thermal decomposition of solid 

samples because of the high intensity of the laser beam may prove 

troublesome. The laser also has other desirable attributes. The 

radiation is concentrated into a very narrow beam, thus enabling 

a drastic reduction in sample volume almost down to the 

quantities required for infrared study, particularly using 

capillary cells (24). The narrowness of the beam also allows 

studies to be performed on single crystals, and research is at 

present being carried out on the Raman spectra of oriented single 

crystals, such measurements providing valuable information as 

to the vibrational mode responsible for a particular band. 
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Laser emission is also, to a very good approximation 

monochromatic; whereas the mercury arc source, even in the most 

refined form of the Toronto arc, still has a spread of 0.2 em,-1 

in the exciting line, the gas laser has a linewidth of 0.04 cm_ 

with no refinements. Thus rotational fine structure, which 

largely overlaps in mercury arc instruments, may be readily 

observed with laser excitation. The radiation obtained from 

the laser is also plan& polarised, and thus polarisation ratio 

measurements with these instruments are very easy. A 

comparative study of the efficiencies of the laser source and 

mercury arc source is given by Hawes et al (24), together with 

a description of the optical system used with a laser. 

Current developments in continuous gas lasers are 

aimed at obtaining a range of exciting frequencies from one 

laser. Thus it is believed that by varying the partial pressures 

of the two gases in an argon/krypton laser a range of exciting 

frequencies from the blue to the near infrared may be obtained. 

A choice of exciting frequency is obviously a great advantage, 

especially for coloured samples, and particularly in view of 

study of the "resonance Raman effect", an enhancement of first 

order Raman lines)  particularly those due to asymmetric 

vibrations, observed when the exciting line lies within an 

electronic absorption band of the molecule; the recent literature 

on this subject is adequately reviewed by Jones and Jones (25). 
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The use of high output pulse lasers in.Raman spectro-

scopy has led to the discovery of some interesting effects, such 

as the stimulated Raman effect, an absorption effect observed 

when the sample is irradiated simultaneously with intense 

monochromatic light and an intense continuum (26), the effect 

as emission being first observed by Eckhardt et al (27), and the 

hyper Raman effect, a shift caused by the interaction of two 

photons with the molecule. These methods may in time prove 

valuable to the structural chemist because of the different 

selection rules involved in the effects, but at the present time 

they are the province of the physicist and the theoretician. 

Little interest has been shown in the observation of 

electronic transitions in the Raman effect, although Hougen 

and Singh (28) have observed and measured the electronic Raman 

effect in crystalline PrC13; the observed spectra were in 

agreement with predictions (29) and showed that the selection 

rules were different from those applying in absorption spectra. 

This thesis will be concerned only with information which may 

be obtained by a comparison of the first order Raman effect of, 

and infrared absorption measurements on, the complexes under 

consideration. 

Summary of the relative merits and disadvantages of infrared and  

Raman spectroscopy. 

With the modern instruments and methods of sample 
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preparation available, infrared spectra over a wide frequency 

range may be measured. However, measurements on solutions, 

particularly aqueous solutions, are very difficult because of 

the background absorption of the solvent. 

The measurement of Raman spectra is also very easy, 

and measurements on aqueous solutions in particular give very 

little trouble. However, with mercury arc excitation the method 

is somewhat limited as measurements may only be made on colour-

less or faintly coloured samples, and fluorescence and photo-

decomposition problems may arise due to the high frequency of 

the exciting radiation. These problems are largely surmounted 

ty the use of continuous gas laser excitation, and the intro-

duction of a variable frequency laser may extend the range of 

application still further. Laser excitation has the incidental 

advantage that sample size may also be drastically reduced. 

However, thermal decomposition of solid samples in the laser 

beam can be annoying. 

Polarisation measurements on Raman spectra of solutions 

is a very useful technique, as in many cases it assists in the 

assignment of the bands observed, totally symmetric vibrations 

giving rise to polarised Raman lines. A similar technique has 

also been used in single crystal infrared studies to aid in 

assigning the observed bands, 

Finally, Raman studies on oriented single crystals using 
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laser excitation are also now being used by chemists to give 

more information as to the vibrational mode giving a particular 

shift. 

With the introduction and development of laser excited 

Raman spectrometers it would seem that the method will receive 

more attention from inorganic chemists. In time, Raman spectra 

will probably be taken as a routine measurement, much as infrared 

spectra are now, and the combined information thereby obtained 

will prove very useful. 



19, 

BASIC PRINCIPLES. 

The energy of a molecule may be divided, as a first 

approximation, into translational energy, associated with 

movement of the centre of mass of the molecule, and internal 

energy, where there is no displacement of the centre of mass. 

Again to a first approximation, the internal energy which the 

molecule possesses may be divided into three components: — 

(1) Energy associated with rotation of the molecule as a whole 

about its centre of mass; 

(2) Energy associated with vibration of the atoms in the molecule 

about their mean equilibrium positions; 

(3) Energy associated with motion of the electrons in the molecule.  

The basis for this separation lies in the fact that the 

velocity of electrons is much greater than the vibrational 

velocity of nuclei, which is in turn much greater than the 

velocity of molecular rotation. If a molecule is placed in an 

electromagnetic field, such as light, then transfer of energy from 

the field to the molecule will only occur when the Bohr equation 

DE = h/ 	 • ********* a • • • 

	(1) 

is satisfied, where h is Planck's constant, 0 is the frequency 

of the field, and AE = E" — E' is the difference in energy between 

two quantised states E" and E', where E" is a state of higher 

energy than E'; the molecule absorbs radiation when it is excited 

from E' to E" and emits radiation of the same frequency as given 
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in (1) when it reverts from E" to E'. As rotational quantum 

levels are quite close to one another, transitions between these 

levels may be promoted by very low frequency radiation. The 

separation between vibrational energy levels is greater, and 

transitions occur at higher frequency, in fact in the frequency 

range defined approximately by the infrared region of the electro-

magnetic spectrum. Finally, transitions between electronic 

energy levels occur at even higher frequencies, and electronic 

spectra are generally observed in the visible and ultra-violet 

parts of the spectrum. 

Of the 3n degrees of freedom possessed by a molecule 

composed of n atoms, 3 of these are involved in translations of 

the centre of mass along the three mutually perpendicular 

Cartesian coordinates, and three in rotations of the molecule as 

a whole (only two degrees of freedom are involved in the rotations 

of linear molecules). Thus each molecule has 3n-6 (3n-5 for 

linear molecules) degrees of vibrational freedom. The complex 

and seemingly random displacements of the atoms in a molecule 

from their equilibrium positions may in fact be resolved into 

3n-6 "normal vibrations". In each of the normal vibrations the 

atoms move in a simple harmonic motion about their equilibrium 

positions. Each normal vibration has its own characteristic 

frequency and does not involve any displacement of the centre 

of mass of the molecule. Any of the movements of the atoms in 
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a vibrating molecule may be formed by a superposition of certain 

of the normal vibrations, if necessary with a phase difference. 

It is excitation of the normal vibrations which gives rise to 

the vibrational spectrum of the molecule. 

However, not all of the 3n-6 normal vibrational frequencies 

will always be observed in a vibrational spectrum. It is 

possible that two or more normal vibrations will have the same 

frequency, i.e., be "degenerate", An example of this occurs 

in the carbon dioxide molecule. This is a linear, 3-atom system, 

and would therefore be expected to have 3n-5 = 4 vibrational 

frequencies. Two of these are taken by the "symmetric" and 

"asymmetric" stretching vibrations (\ii  and. ‘) 3  in Fig. 1). The 

remaining two vibrations however, are taken up by the doubly 

degenerate bending mode, ) 2a  and ‘)2b, which are required to 

fully describe oscillations perpendicular to the molecular axis. 

Thus in this case only three vibrational frequencies can be 

observed in the complete vibrational spectrum. 

A second factor which reduces the number of observed 

frequencies is the "activity" of the vibration; we must consider 

whether the vibration is "infrared active", that is, will 

absorb infrared radiation, "Raman active", or whether it is 

active in both or neither. It is possible to deduce the activity 

of a vibration by mathematical group theory from a consideration 

of the symmetry of the vibration. As this thesis is concerned 
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Qi , symmetric stretching mode. 

;13, asymmetric stretching mode 
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02, degenerate bending mode. 

Figure 1. Diagram illustrating the normal vibrations of carbon 

dioxide. Arrows represent motions in the plane of the paper, 

and - signs motions perpendicular to the plane of the 

paper. Displacements of the atoms not drawn to scale. 
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with the information regarding structure which may be obtained 

from vibrational spectroscopy, rather than mathematical aspects, 

a qualitative treatment only will be presented; strict quantitative 

theory is presented in many text books (for example, (30) to (33), 

particularly in the texts of Brandmllller (33) and Herzberg (30)). 

To realise why different selection rules should apply to 

the different kinds of vibrational spectroscopy, it is necessary 

to consider the mechanism of interaction of the radiation with 

the medium. In order that infrared radiation of frequency N), 

such that 

IN= AE, 

where AE = E" - E' is the energy difference between two quantised 

states of the normal vibration, shall be absorbed by the molecule, 

it may be shown (30) that the total dipole moment of the molecule 

must change during the course of the normal vibration. Most of 

the vibrational transitions with which one is concerned are from 

the vibrational ground state to the first excited state, the 

so-called "fundamental" transitions, other transitions being, in 

general, an order of magnitude less intense" It follows from 

this (Ref. 31, p, 264), that for a fundamental transition to occur 

by absorption of infrared radiation, the normal vibration involved 

must belong to the same "representation" as any one or several 

of the Cartesian coordinates in the symmetry class of the molecule. 

The representation describes how the property under consideration 
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behaves under the symmetry operations of the point group to which 

the molecule belongs. 

In Raman spectroscopy, the molecule is irradiated with 

light of frequency 00, where )0  is much greater than the 

frequency )i  of the normal vibrations. A simplified treatment 

of the scattering of this light is provided by the wave theory 

of light and the "classical" theory of Cabannes (5) as presented 

by Tobias (12).. The passing light wave subjects the molecule 

to an electric field oscillating at frequency 00  This 

oscillating field causes displacements of the electrons in the 

molecule and induces a classical, oscillating dipole in the 

molecule, which radiates light in all directions except along 

its line of action. The magnitude, M, of this induced dipole 

moment will depend upon the amplitude of the light wave, and 

also on the "polarisability", ck, of the molecule, which is a 

measure of how readily the electrons are displaced in the field, 

E, of the light wave: - 

M = cxE. 

As the field is fluctuating with frequency 00, this must be 

expressed in terms of the greatest amplitude, E0, and a time 

dependent term: - 

M =ciao  cos(2.7c4)t) 

For a vibrating molecule, the polarisability, O(, will also 

vary with time. It is approximately a linear function of the 
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displacement, Q, from the equilibrium position for small amplitudes 

of vibration, and therefore: - 

cK = cx 0  + ( 	) Q + (  o 	)a 2 

J 
)0 Qj 

j=1  

where a(0  is the polarisability in the equilibrium configuration 

of the molecule, and (aQ  )0  is the rate of change of 

polarisability with displacement Qj, evaluated at the equilibrium 

configuration. If the molecule is vibrating with frequency0j  • , 

the displacement Qj  is also a function of time: - 

Qj 
0 

= Qj  cos(27: Jjt) 

where Qj  is the maximum value of the displacement from the 

equilibrium position, that is, the vibrational amplitude. 

Combining these equations, we get: 

J 	
a“:,(  M = E0  cos(21t)0t)

1 ( 
 [0(0  + 	ag. )0  Qj 

J 
or M = E0o40  cos(2100t) + E0 	 (of 

Qj 
j=l 

1 Now coso(cosp = 
2
-icos(o+p) + cos((X-14)] 

Therefore: 

0 

cos(211)] 

cos(2110) cos(270)jt) 

,g— 0 M = Eocxo  cos(27t)ot ) 	2Eo Z__ Qj 	)0[cos27:(00  + Qj )t 
j=1 

The first term describes a classical dipole oscillating, and hence 

radiating, at the exciting frequency k.)0, and shows that this 

+ cos2I(J0  4j)t]. 
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Rayleigh scattering depends upon the equilibrium polarisability 

oco. The remaining term gives the Raman scattering at frequencies 

(00  +)j) and (00  - N)j), and shows that the vibrational frequency 

N)i may be found by measuring the "shift" from the exciting 

frequency Jo. The disadvantage of this theory is that it predicts 

equal intensity of the Raman scattered lines at No  + ‘)j) and 

(%)0  - Jj). However, the Maxwell-Boltzmann distribution law 

predicts that as the difference in energy between vibrational 

states is much larger than the energy of thermal motion, moro 

molecules will be in the ground vibrational state than having one 

or more vibrational modes excited, and therefore lines due to 

absorption of energy from the exciting radiation, that is, shifts 

to lower frequency, will be expected more intense than shifts to 

higher frequency, From the last equation above, it may be seen 

that for a normal vibration to give rise to a Raman shift, there 

must be a change in the molecular polarisability during the 

vibration, and this gives the selection rule for determining 

whether a given vibration is Raman active. Now the polarisability, 

o(, relates one vector, the electric field, to another vector, 

the induced dipole moment, where the two vectors are not 

necessarily parallel, A tensor of nine numbers is required to 

fully describe the interrelationship: - 
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where, for example,cgoxy  , 	determines the magnitude of the x component 

of the molecular dipole moment which arises from the y component 

of the electrical field. The component cKoik  of the polarisability 

tensor may be shown to have the same symmetry species as the 

product of translations along the coordinates i and k (Ref. 30, 

p..p. 254-5). It follows from this (Ref. 31, p.p. 264-5) that for 

a fundamental mode (see earlier) to give rise to a Raman shift, 

the normal vibration involved must belong to the same representation 

as one or more of the quadratic functions of the Cartesian 

coordinates, i.e. to the same representation as x2y y2, z21  xy, yz, 

etc. Two important conclusions may be drawn from the above. If 

the value of o(0  in any one direction is represented by a vector 

drawn in a set of Cartesian coordinates located at the centre of 

mass of the molecule, the resultant plot is called the "polaris-

ability ellipsoid" of the molecule. The Cartesian coordinates 

may now be moved to coincide with the principle axes of the 

ellipsoid Now, if the molecule undergoes a totally symmetric 

vibration, the polarisability ellipsoid periodically expands and 

contracts ("breathes") with the same frequency as the vibration. 
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In this case, only the diagonal elements of the polarisability 

tensor change. Thus if the molecule is illuminated with light 

plane polarised in the xy plane, say, the induced dipole will 

also oscillate in the xy plane and plane polarised light is 

scattered in the z direction (Figure 2 (0). Now if the molecule 

is illuminated with light polarised in the xz plane, in the 

ideal case of a spherical polarisability ellipsoid, no light is 

emitted in the z direction, as a dipole cannot radiate along its 

line of action (Figure 2 (ii)). For molecules which have 

non—spherical polarisability ellipsoids, the light scattered 

in the z direction in the second case will not vanish completely 

if all orientations of the molecule in a solution or liquid are 

considered, as the induced dipole does not necessarily oscillate 

in the plane of polarisation of the light, but the scattered 

intensities will still differ markedly. Thus by irradiating the 

sample with light polarised first in one plane and then in a 

perpendicular plane, it is possible to assign Raman shifts to 

totally symmetric normal vibrations within the molecule. This 

important effect was much used in the work for this thesis. 

Secondly, an important rule arises from consideration of the 

selection rules as applied to molecules having a centre of 

symmetry. If translations along the axes are inverted through 

the centre of symmetry they become negative, for example, + x 

becomes — x, that is, they are "ungerade" (u) or asymmetric 
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induced 
dipole` „ 

z 

no scattered 
radiation 

incident 
polarised 
light 

induced 
dipole',,, 

scattered 
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Figure 2. Diagram to illustrate why no Raman scattered 

radiation is expected to be observed in the case of a spherical 

polarisability ellipsoid, when the incident light is polarised 

parallel to the direction of viewing. 
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with respect to inversion, and from the selection rules, only 

ungerade vibrations of centrosymmetric molecules are infrared 

active. Conversely, the quadratic functions x2, xy, etc, are 

symmetric, or "gerade" (g), as +x 	- x and +y 3 - y 

on inversion, but (+ x)(+ y) = (+ xy) 	(- x)(-  y) = (+ xy) 

on inversion. Thus only gerade vibrations of these molecules 

are Raman-active. This leads to the important exclusion rule , 

which states that in a centrosymmetric molecule, no infrared 

active vibration is also Raman active, and no Raman active 

vibration is also infrared active. This has the important 

corollary that if a molecule has coincidences of infrared and 

Raman frequencies, it cannot have a centre of symmetry; however, 

when making structural assignments, the possibility of accidental 

coincidence of one or two lines must not be overlooked. 

An interesting exception to the exclusion rule is 

provided by molecules of symmetry D5h  (and of the much less 

common D7h and 0); although these molecules do not possess a 

centre of symmetry, they behave as though they do, and the 

selection rules for these symmetries predict no coincidences of 

infrared and Raman bands. 

Although Ferraro has pointed out that care is needed in 

applying symmetry considerations to chemical systems (34), the 

above simple rules, coupled with an elementary knowledge of 

group theory as applied to chemical systems and the intelligent 
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use of group frequency tables, enable a fairly full assignment 

of the frequencies observed in a complete vibrational spectrum 

to be made.• This will therefore allow some important deductions 

regarding the structure of the species involved to be made, as 

will be demonstrated, it is hoped, by this study of the 

structures of some transition-metal-oxygen complexes. 
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PART I. OXY COMPLEXES. 

CHAPTER 1. THE VANADATES.  

Introduction. Many physical methods have been applied to the 

investigation of the species present in oxyvanadium(V) solutions 

at different pH values, but there has been little agreement 

between the authors as to the stereochemistry and structure of 

the species present 

Using a pH titration method, Rossotti and Rossotti 

investigated the nature of the species present in perchloric 

acid solutions of vanadates and concluded that in strong acid 

, 
solutions the vanadium is present as cationic [V02]+, which with 

increasing pH reacts with water to form a series of anionic 

decavanadates [H21/1002814-y [Hv10028]5- and [V10028]6- (35), 

although Dallberg had previously suggested that the species was 

a hexamer (36). The presence of the [V02] ion in solutions with 

a pH of about 2 has also been detected by vanadium-51 nuclear 

magnetic resonance studies (37,38), while the existence of 

decavanadate entities in crystals has been shown by X-ray 

investigations (39); Newman and Quinlan also found that their 

spectrophotometric data could be explained by assuming the 

existence of decavanadate ions in their solutions (40). 

In alkaline solutions, the situation is far more complex.. 

Dfillberg has concluded that the simple, tetrahedral orthovanadate 
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ion, [VO4]3 , is too strong a base to exist as such in aqueous 

1 solution (36), and reacts with water to give [HVO02  and 

potentiometric studies have led to the same conclusion (41). 

However, the Raman spectrum of a solution of potassium ortho-

vanadate in water has been interpreted on the basis of a tetra-

hedral [VO4]3-  ion being present (42), and spectrophotometric 

data on strongly alkaline solutions of vanadium(V) were explained 

by assuming that a mixture of EV04]3-  and [HVO4]2  ions was 

present (43); vanadium-51 nuclear magnetic resonance measurements 

indicate that both of these species are important (37,38). 

The existence of a dimeric species in solutions of lower 

pH has been suggested on the basis of early cryoscopic studies 

(36) and diffusion data (44). From spectrophotometric work, Newman 

et al (43) claimed that dimerisation led to the formation of 

[y207 ]4-1  and cryoscopic studies have also indicated that this 
/ 	% 

species is present, in equilibrium with [HVO,.]2-  k45). However, 

conductometric (46) and ion exchange (47) studies suggest that 

the dimer has a charge of - 3. Nuclear magnetic resonance studies 

have been interpreted as showing that the dimer [V20714-  is first 

formed, which at lower pH becomes [IV207]3-  (38). Electrometric 

titrations of sodium vanadate with silver nitrate using a silver 

electrode gave evidence that a dimer is not formed at all (48). 

In alkaline solutions whose pH approaches neutrality, it 

is generally agreed that the species present is a "metavanadate" 
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of empirical formula LIT03J . Opinions differ, however, as to its 

degree of condensation. Britton and Robinson could explain their 

titration data by assuming that the species is monomeric (48), 

while Souchay and Carpeni, using the same method, postulated 

a trimer at high concentrations and monomeric CV031 at low 

concentrations (49). The early investigations of Dtillberg (36) 

indicated that the species was a trimer, while Jander and Jahr 

(44) favoured a tetrameric form. Similarly, more recent cryo- 

- scopic measurements have indicated a tetramer, [V4012]4  (45), 

while Russel and Salmon's ion exchange work favoured a trimer 

with charge - 3 (47). The original results of the potentiometric 

titration studies of Ingri and Brito favoured a trimeric structure 

for the metavanadate ion (50b),but after revision of their 

results using a computer they felt that a tetrameric species may 

exist in fairly concentrated solutions (50a). Hatton et al (37) 

suggested that a trimeric structure was also to be found in the 

region where Rossotti and Rossotti (35) favoured the existence of 

decavanadates. 

While most of the authors mentioned above seem to have 

favoured structures based on linked VO4  tetrahedra for the species 

present in alkaline vanadate solutions, Ingri and Brito (50) 

have postulated that all of the species involve pentacoordination 

of the vanadium atoms. The species which they suggested to be 

present may be summarised as: 
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[V02(OH)3]2 , at high alkalinities, [(H0)2V02(OH)V02(OH)2]3 , 

at lower pH, and a species L(V02)3(OH)6]3 1  having a cyclic 

structure with the vanadium atoms linked by single hydroxy bridges 

of the form (V - OH - V), in the region where the existence of 

metavanadates has been postulated; they also suggested that a 

monomeric species [/02(oH)2] may have some existence in this 

region. 

Aveston et al (51) have shown that aqueous solutions of 

polymolybdates give intense Raman shifts at different frequencies 

characteristic of vibrations of the terminal,multiply-bonded 

molybdenum-oxygen groups, and of the bridging Mo - 0 - Mo groups 

in the polymer units, and polyvanadates would be expected to give 

similar characteristic bands. Furthermore, despite the lack of 

uniformity of the results of previous studies, it is generally 

agreed that the species present in oxyvanadium(V) solutions through 

most of the alkaline pH range are either monomers or low molecular 

weight polymers; these should give simple and readily interpreted 

vibrational spectra. Preliminary studies showed that such 

solutions 2M in total vanadium were colourless over the approximate 

pH range 8 to greater than 14, only becoming yellow below pH 8 

where high polymers and slow attainment of equilibria have been 

shown to exist (35). 

Thus the application of Raman spectroscopy, using 

conventional mercury arc blue line (4358 2.) excitation would 
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appear capable of yielding some useful information regarding the 

structures of the species present. Accordingly, Raman spectra 

and some infrared spectra were measured of about forty vanadate 

solutions from very high alkalinities to a pH of about 8, at 

pH intervals of about 0.15. The solutions were normally 2M in 

total vanadium, although some weaker solutions were examined to 

search for possible concentration effects. The solutions were 

thus somewhat stronger than those used in other studies (35-50), 

and this may explain in part discrepancies between the findings of 

this work and those of previous authors. The recent papers 

discussing the vanadium-51 nuclear magnetic resonance spectra of 

similar solutions to those studied here (37,38) have supplied 

valuable information regarding the degree of polymerisation of 

the species present, although not without some points of dis-

agreement, but it was not possible to obtain detailed information 

concerning the structures of the species from such measurements. 

Using these results as a guide, it has been thought possible to 

identify the major species present in the solutions studied, to 

suggest structures for these species, and to assign the observed 

vibrational frequencies on the basis of these structures. 

Results and Discussion. As demonstrated in Figure 3 and Table 1, 

the Raman spectra were found to change considerably with varying plie 

With solutions which were 2M in total vanadium and about 
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Figure 3• Representative Raman spectra of vanadate solutions 

at various pH values, 



Table 1.  Bands observed in Raman spectra of vanadates at varying pH (approximate relative 

intensities given in parentheses). 

pH Depol. Depol. Pol, Pol. Depol. Pol. Depol. Pol. Pol. Pol. 

>14(12M-KOH) 340(4) 780(2)*  827(10) 

>14(6M-KOH) 345(4) 780w 827 (9) 878 (4) 

13.6 351(4) 503w 550vw 827 (7) 850s71  878 (9) 

13.1 351(4) 502(1) 545(2) 827 (4) 877(10) 

12.9 228w 351(4) 503(1) 545(2) 810w 828 (3) 877(10) 915vw 

11.6 228w 351(4) 503(2) 545(1) 810(2) 828w 877(10) 915 (4) 

11.3 228(2) 351(4) 503(2) 545(1) 810(3) 850w 877(10) 915 (8) 

10.9 228(3) 351(4) 500(2) 545(1) 810(4) 850w3E  877(10) 915(10) 

10.5 215(2) 351(4) 495(2) 545(1) 810(2) 850w3E  877 (6) 915(10) 945w 

10.0 210(1) 351(4) 490(2) 545w 810w 905w 877 (3) 915 (6) 945 (7) 

9.8 210(2) 351(4) 490(3) 630w 905(1) 877 	(1) 945(10) 

9.2 355(3) 490(3) 630(1) 905(1) 945(10) 

8.5 360(4) 490(3) 630(2) 905(1) 945(10) 

Also observed in the infrared as a strong band. r  Observed in the infrared only. 
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10M in added potassium hydroxide (pH > 14) a very simple Raman 

spectrum was observed consisting of only three bands (Figure 3a). 

The strongest of these, at 827 cm.-1, was polarised; a weaker, 

slightly polarised band was observed at 340 cm.
-1, while a very 

weak band at 780 cm.-1, which was found to be depolarised, was 

observed as a strong peak in the infrared spectrum of a similar 

solution in heavy water. None of the Raman bands was found to 

have shifted in the heavy water solution, nor when the concentration 

of total vanadium was reduced. 

Potentiometric titration studies have suggested that 

the species present at high pH values is monomeric (50), and the 

observed number of Raman bands is consistent with this species 

having regular octahedral symmetry, for which three Raman-active 

fundamental modes are predicted. However, the fact that the band 

at 780 cm.
-1 was observed in both the Raman and infrared spectra 

of the heavy water solution suggests that the entity present does 

not have a centre of symmetry. Howarth and Richards have suggested 

that the tetrahedral N0413-  ion is present in solutions of high 

pH (38). The Raman and infrared spectra are consistent with this 

formulation, and the bands observed may be assigned on this 

basis as shown in Table 2; the high frequency of the two 

stretching modes, )1  and \)3, suggests that the vanadium-oxygen 

bonds have some degree of multiple character, probably approximating 

to double bonds. It may be noted that a coincidence of ‘)2  and 04. 



Table 2. Vibrational frequencies and assignments for vanadate species in alkaline solution. 

[VO ]3-  

Td  

DIV0412-  

C37  [V207]4-  [FIV 207]3  [1703]nn- 

N;VAi,pol.) 

\1(E9pol.) 

3rr2ffleP01.) 

\/(T2Idepol.) 

827 

340 

780 

340 

Oi(Aopol.) 

'12(Alaol.) 

)3(.1!i ll pol.) 

1/(E,depol 	) 

N)5(Ef depoL) 

CEI depol.) 

877 

545 

351 

850 

351 

- 

- 

877 

850 

810 

503 

351 

228 

915 

905 

877 

850 

805 

500 

351 

210 

945 

905 

- 

- 

630 

490  
360 

'0V02 (sym.)(poL) 

)
V02 

(as 	)(depol 	) 

1) 	(sym,)(pol.) VO3  

4 	(as.)(depol.) VO3 
x)VOV (as.)(depol.) 

\k0V(sYna°)(pol.)  

6v03(depol.) 

depol.) 61/0V( 
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is postulated; such an effect has also been observed with other 

tetrahedral oxyanions (52). However, the polarisability change 

during the \,),. vibration may not be large enough to render it 

observable in the Raman spectrum. The absorption bands of water 

prevented the detection of \),,, in the infrared spectrum of the 

solution. 

It may further be noted that the frequencies and 

assignments presented here do not agree with those previously 

reported for this ion (r3i = 870, J2  = 345, <113  = 825, 	= 480 cm.-1) 

(42). However, for that study the solution used was prepared by 

dissolving potassium orthovanadate in water. When this experiment 

was repeated, it was found that the solution had a pH of about 

11.6, at which it is believed there exists a mixture of species. 

This is confirmed by vanadium-51 resonance spectra of the solution, 

which showed two peaks and therefore that vanadium nuclei in at 

least two environments must be present; for pure tetrahedral 

[V0413  only one resonance line should be observed (cf. ref. 38). 

When the hydroxyl ion concentration was lowered to 

below about 8M, new bands appeared in the Raman spectra of the 

solutions. At these pH values, previous spectrophotometric (43) 

and vanadium-51 nuclear magnetic resonance measurements (37,38) 

have been interpreted on the basis of an equilibrium existing in 

the solution between the two ions [HVO4]2 , and the dimer [V207]4- 

2[HVO4]2- 	[V207]4-  + H20. 
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The two species will therefore always be expected to be present 

together. The [IV04]2  ion is probably formed by protonation of 

one of the oxygen atoms of (VO4j3 . The [V20.7]4  entity was 

assumed to have a single oxygen bridge between the two vanadium 

atoms, somewhat similar to that of the dichromate ion, as bands 

were found in the spectra which were most easily interpreted 

on this basis. Thus both species will be expected to have very 

similar Raman spectra, as both contain - 0 - VO3  units. Never-

theless there should be some differences. For [0.04]2 , which 

would be expected, if formed by protonation of one of the oxygens 

of tetrahedral IV0413- to have C3.7  skeletal symmetry assuming 

free rotation of the OH group, there should be a predominantly 

✓ - (OH) stretching mode (Ai ) which should drop by a factor of 

1 
J2 on deuteration of the species, as found in other hydroxy 

compounds (53). In the case of EV20734 , it was assumed that 

coupling between the two sets of terminal VO3  groups was negligible, 

and that therefore each would have a local symmetry of Cyv. and 

give rise to two stretching modes and two deformation modes, which 

latter may be coincident as in No4)3 , and which are all both 

Raman and infrared active. The number of bands of the bridging 

✓ - 0 - V system expected active in the Raman spectrum depends 

on the symmetry of the molecule. If the molecule has a bent 
0 

✓ V bridge, similar to that of the dichromate ion (54), then 

this will have C2v  skeletal symmetry, and three Raman-active 
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vibrations of the bridging system are expected (Table 3). 

Following the nomenclature of Stammreich et al (54), these three 
0 

vibrations may be designated: ';'as(V0V), the asymmetric V 	V 

stretching mode; Os(V0V), the symmetric stretch; and S(V0V), the 
0 

V 	V deformation. Should the bridge be linear, then of the 

stretching modes only 08(V0V) will be observed in the Raman 

spectrum; Evov) should also be observed if the terminal V03  groups 

are in the "eclipsed" conformation (Table 3). The two con-

figurations may also be distinguished by the position of the 

observed frequencies; for the linear form, Olas(V0V) would be 

expected reasonably high, while \)s(V0V) would be expected at a 

very low frequency (about 200 cm.-1), as the central oxygen atom 

would not move in this vibration. 

Bands which may be reasonably assigned on the basis of 

the above discussion appeared in the spectra of solutions with 

pH values between 14 and 11.6. An intense, strongly polarised 

band appeared at 877 cm.-1 and became stronger with decreasing PH 

as 4 of [V0J3-  became weaker; this may be assigned as the 

symmetric stretching vibration \)s(V03) of the terminal (V03) units 

in both DTV04j2  and [V207  ]4 (Table 2), while the weak, depolarised 

band at 850 cm.-1, which was observed as a strong band in the 

infrared spectrum of a heavy water solution, is probably the 

asymmetric stretch %),,s(V03). The slightly polarised band at 

350 cm.-1  is then likely to be the deformations o&V03)(A4(P) 	E(dP)).. 



Table 3.  Activities of the bands due to vibrations of the bridging V — 0 — V group 

in the (V207) 	ion. 

,,,,1%,„ 
Bent V 	V 

Skeletal symmetry C2v  

Linear V — 0 — V 

Skeletal gymmetry 1661  

"staggered" 

terminal 

VO 3  groups 

Symmetry C lotCd  

"eclipsed" 

terminal 

V03  groups 

Symmetry C2v  

"staggered" 

terminal 

V03  groups 

Symmetry Dad  

"eclipsed" 

terminal 

VO3  groups 

Symmetry 103h  

Species Activity Species Activity Species Activity Species Activity 

N)s(V0V) 

N)as(V0V) 

S (VOV ) 

A04 

AorAt  

Aorg 

R + i.r. 

R + i.r. 

R + i.r. 

A/  

B2 

A t  

R( p )+i . r . 

R(dp)+i.r. 

R(p)+i.r. 

Aig  

A2u  

Eu 

R(p) 

i.r. 

i.r. 

A; 

Al 

E' 

R(p) 

i.r. 

R(dp)+i.r. 

R = Raman active — p = expected polarised 
dp = expected depolarised 

i.r. = infrared active. 
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In addition, four completely new bands were also observed. Three 

/  of these, at 810 cm.-1  (weak, depolarised), 503 cm.-1  (stronger, 

polarised) and 228 cm.-1  (depolarised) are assigned to vibrations 

of the bridging V - 0 - V group in [V207]4-1  namely as Oas(V0V), 

N.,s(v0v) and S(V0V) respectively; none of these bands shifted in 

heavy water solutions and are close to the corresponding modes 

found in the dichromate ion (at 772, 558 and 220 cm.-1  

respectively (54)). It would thus appear that the ion has a 
0 

structure with a bent V 	V bridge of skeletal symmetry C2v. 

The fourth new band, at 545 cm.-1  (weak, polarised), shifted to 

520 cm.-1  in heavy water solutions, and is accordingly assigned 

to the V - (OH) stretching mode 02  in DIV04]2-  (Table 2). 

Measurements of the vanadium-51 nuclear magnetic resonance 

spectra of solutions with pH of > 14, 13.56, 13.13 and 11.57 

showed that the peak at 533.0 p.p.m. shift (9.04 Mc/sec.R.F.) 

relative to vanadium oxychloridel  previously stated to be from 

nuclei in [VO4]3  and [EIV04]2-  (38) became less intense with 

decreasing pH while the band at 556.2 p.p.m. due to [V207]4  

becamemore intense, thus confirming the Raman spectral data. 

Furthermore, study of solutions which had lower concentrations 

of total vanadium (1M, 0.5M and 0.25M) showed that the 545 cm.-1  
1- band assigned to [HVO4]2  grew relatively more intense than those 

of [V20714 , which would be expected if there is an equilibrium 

between the two species of the type expressed above. 
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The possible presence of an ion of the formula [HV207]3 

in solutions of lower pH has been suggested (38). 	In solutions 

with a pH below 11.6 the appearance of a new polarised band at 

915 cm.-1 was observed, accompanied by an infrared band at 900 cm.-l; 

the bands associated with [IT207)
4- remained but the band at 545 cm71  

due to [HVO4]2  became progressively weaker with decreasing pH. 

If it is assumed that the [HV207]3  ion is derived 

directly from [V207]4  by protonation of one of the oxygens of 
0 

 the terminal V03  groups to give a structure [03V- -V02(OH)]3-  

then it might be expected that the vibrations of the remaining 

(V03) group, assuming negligible coupling between these groups, 
0 

and of the 11/- NIT system would have approximately the same 

frequency as the corresponding modes in the unprotonated [V20 

but that additional bands arising from the (V02) group would 

be observed. The new bands observed in spectra for solutions 

/ 
of these pH are therefore assigned as 915 cm.-1, vs0/02), and 

A / 
905 CM,

-1 
V
as

OTO2). 
Unfortunately, no band was observed which 

could be unambiguously assigned to the stretching mode V - (OH), 

but this vibration is expected to be very weak in the Raman effect 

anyway, as in [HVO4]2- 

For solutions with pH values below 9.5, the Raman spectra 

changed considerably and very sharply, becoming simpler again. 

The polarised bands at 877 and 915 cm.
-1 were replaced by a 

polarised and very strong band at 945 mm.
-1. The depolarised 

4- 
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bands at 850, 810 and 210 cm.-1  disappeared, while a new, weak, 

depolarised band appeared at 634 cm.-1. A weak, depolarised band 

located on the low frequency side of the main (945 cm.-1) band 

corresponded to a strong infrared band at 915 cm.-1. 

The observed spectra consisted of too many bands to be 

explained by the existence of a simple, monomeric [11.03] ion in 

the solution. It has been suggested that at these pH values a 

polymeric [V03]111-  ion is present (38,49) with n = 3 or 4 (37,45, 

50). These spectra may be interpreted on this basis if the 

species involved has a cyclic structure in which (V02) units are 

linked by single oxygen bridges, retaining tetrahedral coordination 

about the vanadium (Figure 4). The bands at 951, 915 and 350 cm.-1  

may be assigned to vibrations of the multiply-bonded, terminal 

(V02) units, again assuming no coupling between these units, as 

951 cm.-1 0s(V02), 915 cm.-1  Qras(V02), 350 cm.-1  S(V02). The 

remaining bands may then be assigned to modes of the bridging 

systems, 634 cm.-1  \I'las(VOV) and 490 cm.-1  \VV0V). It may be 

noted that 4as(V0V) has shifted considerably from its value in 

v.07 f- (810 cm.-1) ; however, in this case it is probable that 
a complex vibration involving all of the bridging groups must 

be considered, and the shift is therefore not surprising. As 

compounds of the general formula [V03]nn- with a structure based 

on that discussed above (Figure 4) would all be expected to have 

very similar vibrational spectra, it is not possible from these 



Figure  4.  Suggested form of the structure of the species [V03]nn-

in the case where n = 3. The ring may be planar (D3h), or 

puckered in the "chair" (Cyv) or "boat" (Cs) configurations. 

Tetrahedral coordination about the vanadium atoms is presumed 

to be retained. 

48. 
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studies to deduce the value of "n". However, no evidence could 

be found from the Raman spectra for the existence of more than 

one species of this type in solutions of pH from 9.6 to 8. 

Bands which could be assigned to metal-hydroxyl 

deformation vibrations were not observed in the Raman spectra of 

solutions containing protonated species. However, as previously 

reported, such vibrations are also not observed for the [HPO4]2 

or hydroxystannate ions (55); presumably the polarisability change 

during these vibrations is too small to render the bands observable 

in the Raman spectrum. Bands were observed at about 750 cm.-1 

in the infrared spectra of heavy water solutions with a pH of 

13, shifting to 710 cm.-1  at lower pH. While these bands, which 

were not observed in the Raman spectra of these solutions, may 

perhaps be metal hydroxyl deformations, corresponding bands did 

not appear in the infrared spectra of normal water solutions near 

1000 cm. -1  where they would be expected. Any assignment of these 

bands as metal-deuteroxyl deformations must therefore be very 

tentative. 

An inspection of the frequencies (Table 2) assigned to the 

symmetric vanadium-oxygen multiple bond stretching vibrations 

shows that these rise, going from [VO4]3-  (827 cm.-1), through 

[HVO4]2  and [V207]4  (877 cm.-1), to [HV207]3  (915 cm.-1), 

and [V03]nn  (945 cm.-1). A similar trend may be observed in the 

asymmetric stretching vibrations. These suggest that the strength 
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of each double bond is increasing slightly, which might be expected 

as the number of double bonds per metal atom is decreasing from 

[VO4]3-  with four double bonds per vanadium atom, to [HVO4]2  and 

[V207]4  with three, [HV207]3-  with two and a half, and [V03]nn  

with two. 

Summary. By the use of Raman spectroscopy and complementary infra-

red measurements, structures are proposed for the species which 

exist in solutions of vanadium(V) through the pH range from greater 

than 14 to 8. Vibrational assignments of the observed bands for 

these structures are also presented. The equilibria which are 

believed to exist may be represented as: - 

[VO4]3-  + H2074-__772t-  [HVO4]2-  + OH- 

- 

	

2[HiO ]2- 	LV207j4  + H2O 

[V207]4-  + H20 -47==.--  [HV207]3-  + OH- 

	

n 14++ fiAn[HV207  ] 3- 	3 nn- + nH20. 

The vibrational frequencies and assignments for the 

tetrahedral [VO4]3- ion differ from those previously postulated, 

but it is believed that the earlier measurements may have been 

made on a mixture of species. 

It may be noted that, for the structures proposed here, 

tetrahedral coordination about the vanadium is always maintained. 

Further, it can also be seen that there is some basis for the 

trivial "phosphate" nomenclature (that is [V0433-  "orthovanadaten 

[V207] pyrovanadate" and [V0 
3 n

n- "metavanadate") of the 
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vanadates, even in solution. 

Experimental To prepare the high pH aqueous solutions, distilled 

water was boiled and allowed to cool while a current of nitrogen 

was passed through the water to remove dissolved carbon dioxide. 

While maintaining the nitrogen flow, sufficient potassium hydroxide 

(AnalaR grade) to make the solution 14M in KOH was dissolved in 

the water, and enough ammonium metavanadate, NH4V03  (AnalaR grade), 

to make the final solution 2M in total vanadium was dissolved in 

this solution. The solution was then boiled, still under nitrogen, 

until ammonia was no longer evolved. While still boiling, the 

solution was adjusted to approximately the required pH value 

(measured on the cold solution) by the addition of concentrated 

hydrochloric acid (AnalaR grade), or by the addition of solid 

potassium hydroxide when solutions containing the [VO4]3-  ion were 

required. 

For solutions with pH values between 10 and 8, a new 

preparation technique was required, as the large volume of hydro-

chloric acid which was added to the solutions prepared as above 

was causing considerable precipitation of potassium chloride and, 

apparently (from the much reduced intensities of the bands), 

potassium vanadates. These solutions were therefore obtained by 

preparing initially a 2M potassium hydroxide solution and dissolving 

the ammonium metavanadate in this solution; the final pH was 

adjusted by the addition of small quantities of solid potassium 
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hydroxide. Very little crystallisation was encountered from these 

solutions. 

In all cases the solutions were sealed in polythene 

bottles under nitrogen, paraffin wax being used to seal the 

stoppers, and allowed to stand at room temperature for at least 

four days to equilibriate. Measurements of the pH of the 

solutions were made as short a time as possible before recording 

the Raman spectra, usually in the evening of the day before the 

spectra were measured. In some cases, the pH and Raman spectra 

of the solutions were remeasured after an interval of several 

months. In all cases remeasured the pH hardly differed from the 

first reading, and the Raman spectra had not changed. 

The successful exclusion of carbon dioxide during the 

preparation of the solutions was shown by the fact that in no case 

could bands attributable to vibrations of the carbonate ion (56), 

formed by reaction of atmospheric carbon dioxide with the strong 

potassium hydroxide solutions used, be found in any of the Raman 

spectra. 

Potassium orthovanadate was obtained by precipitating 

a solution known to contain only the [VO4]3  ion, from spectroscopy, 

with ethanol, and triturating the resultant oil with methanol or 

ethanol until it crystallised. The compound was then filtered off 

and dried by vacuum dessication over phosphorus pentoxide. 

Heavy water solutions were prepared by dissolving a 
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weighed quantity of potassium vanadate, sufficient to give a 

solution 2M in vanadium assuming the compound to be K3V06, prepared 

as above or recrystallised once more from water, in heavy water 

under nitrogen. The "pD" of such solutions were found approximately 

by taking the pH of a corresponding normal water solution. 

Very alkaline heavy water solutions were prepared by dissolving 

potassium in ice-cold heavy water through which a fast current 

of nitrogen was passing, and dissolving potassium orthovanadate in 

this solution. 

Measurements of the pH of the solutions were made using 

a Vibron Model 39A pH meter with matching lithium glass electrode 

suitable for measurements at high pH; this was standardised using 

0.1M potassium hydroxide solution or a buffer solution with a pH 

of 9.20. Measurements were made at ambient temperature. 

Vanadium-51 nuclear magnetic resonance measurements were 

made on a standard Varian Associates HR spectrometer, using a 

radio frequency of 9.04 Mc/sec. 

Infrared and Raman spectra were recorded as indicated 

in the General Experimental Section (Part III). 
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CHAPTER 2. THE NIOBATES AND TANTALATES. 

The elements niobium and tantalum are the second and 

third members of Group Va of the periodic table, and their 

chemistries might therefore be expected to have some similarities 

to the chemistry of vanadium. Further, niobium and tantalum have 

comparable atomic sizes due to the "lanthanide contraction", and 

therefore their chemical properties may be very similar. According-

ly, it was decided to examine the Raman spectra of solutions of 

the oxy anions of these metals to discover whether a range of 

polymers may exist as in the vanadium system. 

Lehne and Goetz claimed to have detected, by cryoscopic 

measurements, the presence of the tetrahedral ion [Nb04]3- in 

alkaline solutions of niobates, with pentamers existing at lower 

pH values (57). Tobias, however, claimed on the bases of ultra-

centrifugation measurements (58), and comparison of solution and 

crystal Raman spectra (59), that both metals exist in alkaline 

solutions (1M potassium hydroxide) in the form of hexamers of the 

type [HM6019]7  or [M6019]8-  (M = Nb, Ta), which probably have a 

similar structure to that found in the solid salts (60); these 

deductions are supported, in the case of niobium, by e.m.f. 

measurements (61). 

Solutions of potassium niobate were prepared by dissolving 

the commercial product in water (pH = 12.5), and by boiling the 

salt with both a strong, and an almost saturated' solution of 
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potassium hydroxide, in each case to give a saturated solution of 

the salt; all of the solutions were prepared under a nitrogen 

atmosphere. As the solutions so prepared appeared rather weak, 

similar solutions were made using sodium hydroxide, but the Raman 

spectra showed that these solutions were no stronger. 

Although the solutions were saturated with the niobate, 

the concentration of niobium must have been small, as the Raman 

bands obtained were rather weak, even at high instrument sensitivity. 

However, it could be clearly seen that all of the solutions gave 

identical Raman spectra, and these were in turn identical to those 

obtained by Tobias (59) for solutions containing hexamers. 

Thus no evidence could be obtained for the existence of 

tetrahedral [Nb04]3-  ions in saturated solutions of niobates, even 

at very high alkali concentrations. It would appear, as found 

by Tobias (58,59), that hexaniobate ions exist through the alkaline 

pH range. 

Saturated aqueous solutions of potassium tantalate con-

taining high alkali concentrations were prepared as the niobate 

solutions. However, such solutions contained too little salt to 

give any detectable Raman shifts. 
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CHAPTER 3.  THE TUNGSTATES. 

Introduction- Kepert has presented an excellent critical review 

of the literature available on isopolytungstates up to 1960, 

and concluded that the species present in solution were either 

monomers, hexamers, or dodecamers (62). A simplified reaction 

scheme for the system was represented as: - 

pH6 	)5 	intermediate-----[H W 0 io 12 46-1  
110 - 

"paratungstate B" 
H4 _ 

[WOJ2    [H3W602 ] 
3_ 
	 [H2W12040] 

6_ 

N" 

pH1 	W03.2H20 

Duncan and Kepert have used the fact that equilibria 

in the solutions are only slowly attained to separate the 

components by paper chromatography (63), and they assigned the 

separated bands to the presence of [W0412 , [HW602,]5 , 

[H3W6021]3-  and "paratungstate B" of unknown composition. Aveston 

(64) has shown, by using a range of physical techniques, mainly 

ultracentrifugation, that the main species present in solutions 

containing 7 equivalents of acid to 6 moles of tungsten are 

[HW6021]
5- and [W 12040

]10- in equilibrium, the hexamer becoming 

more important with increasing dilution; in solutions containing 

more acid (9 equivalents of acid per 6 moles of tungsten), the 

species present is [W12039]
6 . From this study, the existence of 

8 the intermediate [W72040  	was considered unlikely, while the 
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presence of [H3W6021]3  was definitely excluded. 

Melting-point studies on the binary systems MI W04  - W03  

(MI  = Rb, Na, K) have been interpreted as showing the existence of 

low molecular weight polymers such as dimers, trimers, tetramers, 

etc. (65). However, single crystal X-ray diffraction studies on 

the compound "Na2W207", prepared from a melt as above, revealed 

that the anion has a polymeric chain structure (66). The titration 

of sodium tungstate solutions with various strong acids, with 

simultaneous conductivity and pH measurements, has been claimed 

to show the formation of "paratungstate", [W7024]
6 -

y at pH 5.8 to 

6.2, and "metatungstate", [5,4013]2 , at pH 3.75 to 4.25 (67). 

It was found in the study of vanadates that relatively 

slight structural changes in the species in solution led to marked 

changes in the observed vibrational spectra. The main evidence 

1- on the tungstate system seems to suggest that only [W002  1  and 

hexamers and dodecamers are important in the solution, and for the 

polymeric species assignment of the observed vibrational bands, and 

consequently any structural deductions, would be very difficult. 

Nevertheless, changes in the observed vibrational spectra should 

indicate a change in the solute species. Accordingly, a study was 

made of the Raman spectra of tungstate solutions at varying pH to 

discover whether the polymerisation of [W04]2- to a hexamer or 

dodecamer proceeded in one step or in several stages, for example, 

monomer —> dimer 	>tetramer, etc., and then if a stepwise 

polymerisation was found, to attempt to identify some of the 
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intermediate species. The Raman spectra of acidified sodium 

tungstate solutions have previously been measured (68), but no 

interpretation was offered. 

Results and Discussion. Raman spectra were recorded of some twenty 

solutions of sodium tungstate whose pH varied from 12.7 to about 

zero, together with that of a solution in saturated hydrochloric 

acid. The solutions were normally about 1M in total tungsten The 

spectra obtained are summarised in Table 4. 

An arbitrary assignment of the frequencies observed may 

be made by comparison with the spectra of the vanadate system. 

Thus bands observed above 800 cm.-1 are likely to arise from 

stretching vibrations of tungsten-oxygen double bonds, while 

frequencies between about 450 and 750 cm.-1 are probably due to 

stretching vibrations of terminal W - (OH) groups and of bridging 
0,,  

systems of the type W 	W. The weak and sometimes broad bands 

observed in the 300 to 400 cm.-1 range are then likely to be due 

to deformations of the tungsten-oxygen double bond systems. 

Measurements on solutions with a pH greater than about 8 

gave very simple Raman spectra. The spectra are consistent with 

the presence of tetrahedral [W04]2   ions, and are furthermore 

close to those previously reported for this ion (69). The 

frequencies observed here are therefore assigned on this basis, 

that is 937 cm.-1  (10), \MAO; 840 cm.-1  (3), N)3(T2); and 

332 Cm.
-1  (3), )2(E); the presence of ,..(T2), previously reported 

at 405 cm.-1  (69), was not detected in these spectra. 



1. 
Table 4.  Summary of Raman spectra obtained for isopolytungstate solutions (frequencies in cm. ) 

Where no observed frequencies are listed in the )(W - 0 - W) and 6(W = 0) columns;  this implies 

that no spectral measurements were made in these regions. 

pH of solution 0(W = 0) vibrations 

12.72 937(10) 836(3) 

9.13 937(10) 840(3) 

7.86 963(4) 935(10) 	914(2) 830(2) 

7.70 968(6) 937(10) 	907(4) 841(2) 

6.75 965(10) 941(3) 	908(7) 881(3) 

5.55 982(5) 965(10) 941(3) 	899(7) 

3.04 984(9) 968(10) 3195N? 	900(4) 

1.94 979(9) 962(10) 937(2) 	895(4) 

1.11 978(10) 957(2) 905(1) 887(1) 

0.60 980(10) 959(5) 939(2) 	906(5) 

0.04 980(10) 960(5) 939(3) 	903(5) 

Sat. HCl 975(10) 925(6) 

3.59 

solution not 

equilibriated 

969(vs) 940(w—m) 900(s) 



Table 4a. Raman bands observed at lower frequencies for selected tungstate solutions,  

pH of solution \)(W - 0 - W)+ 0(W - OH) vibrations 1(:-.,(Iii = 0) vibrations 

9.13 332(3) 

7.70 495(3) 	442(1) 353(3) 

6.75 361(1) 

5.55 644(4) 	600(1) 447(2) 415(2) 	352(1) 

3.04 732(1) 	691(1) 666(1) 641(2) 619(1) 353(1) 

1.94 740(i) 	703(1) 657(5) 611(1) 358(i) 

1.11 651(1) 394) 	354(vw) 

Sat. HC1 427(vw)4Bands assigned 
as 	‘)(W - C1) 

3-59 

solution not 
equilibriated 

630(m,b) 350(m,b) 
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As the pH of the solutions decreased below 8, new bands 

were observed in the Raman spectra (Table 4). The fact that new 

bands were observed in the 400 to 750 cm.-1 range suggests that 

polymeric species involving W 0 - W bridges, and perhaps W(OH) 

groups, are being formed. As a new band of higher frequency 

(965 cm,-1) than those of [W04]2  (937 cm.-1) appears in the 

metal-oxygen double bond stretching region, the new species formed 

may have less multiple bonds per metal atom, by comparison with 

the vanadate case Since four vibrations assignable to tungsten-

oxygen double bonds are observed, there may be a number of 

different types of these bonds in the species present. 

At even lower pH values, between pH 2 and 6, further 

new bands were observed in the Raman spectrum, suggesting the 

existence of another polymeric species, in particular by virtue 

of the fact that new bands of higher frequency were observed in 

the region of the spectrum where vibrations of the bridging 
r,0  

systems W 	W would be expected; an even higher band (984 cm.-1) 

than before was observed in the metal-oxygen double bond stretching 

region. 

At fairly high acidities (pH 0 - 2), the bands mentioned 

immediately above remained, but appeared to be shifted slightly 

in position. If these shifts are real, and the trend of the 

spectra seem to suggest they may be, then it would appear that 

the basic structure has remained unaltered, and some slight 

perturbation has occurred to cause the slight shift. This could 
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be explained if the species existent in the solution was a 

protonated form of that which exists between pH 2 and 6. 

As the acid concentration was increased above those 

discussed in the preceding paragraphs, the solutions became 

exceedingly unstable and rapidly deposited a yellow solid of 

unknown composition. However, under conditions of very high 

acidity, such as those obtained by saturating a solution of sodium 

tungstate in concentrated hydrochloric acid with hydrogen chloride 

gas, the spectra were found to have changed considerably, having 

become much simpler again, It is believed that at these acid 

concentrations an oxychloro complex of tungsten exists (see 

Chapter 5). 

The data obtained above may be satisfactorily explained 

on the basis of the scheme proposed by Aveston (64). Thus the major 

species found to be present above pH 8 is the tetrahedral [W04]17  

ion. 

As the frequencies do not change at all over the pH range 

8 to 13, this suggests that the [11104]2-  ion is the only species 

present, and that protonated species of the form [HWO4] have 

no importance at these concentrations, Furthermore, the sudden 

change in the observed Raman spectra from those characteristic 

of [W04]2- to those characteristic of the pH 6 to 8 region, and 

1- thought to be due to [W1204.010 , indicates that there are no 

detectable intermediate species in the polymerisation, which 

presumably proceeds in one stage, 
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Between pH 6 and 8, the species present may be a mixture 

of [HW6021]5  and [W1204.1]10- ; as [H;021]5  only has importance 

at low concentrations (64), the spectra observed may consist only 

of the bands due to [W120,1]'° 

The change in the Raman spectra observed between pH 

6.75 and pH 5.55 suggests that at about pH 6 a new species occurs 

in the solution; this may be the [W12039]
6  anion suggested by 

Aveston (64), This species persists from pH 6 to pH 2. As there 

is again a sudden and sharp change between the spectra characteristic 

of the species present in the two pH ranges, it appears that again 

intermediate species have little import. 

The spectra of solutions with a pH below ,2 are very 

similar to those obtained for solutions with pH immediately above 

2, and it would therefore appear that the same basic species may 

be present. The slight shifts observed may therefore be due to 

protonation of the species existing above pH 2. If this latter 

species is assumed to be [W12039]
6 
 (64), the protonation may be 

represented 

(6 -x) - 
W12039 

6- 	x  H+ 	H W 03  x 12 9 

The fact that slow equilibria exist in the solution is 

demonstrated by comparison of the spectra of solutions with pH 3.59 

and 3.04 (Table 4). In fact these spectra were taken on the same 

solution; that on the solution with a pH of 3.59 was taken soon 

after preparation, and before equilibriation (see Experimental 

section), of the solution, while the spectrum of the pH 3.04 
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solution was taken after equilibriation. The spectrum taken before 

equilibriation showed only the bands expected for solutions in 

the pH 6 to 8 range, but after equilibriation, when in fact the 

pH of the solution changed somewhat, the spectrum was completely 

normal in comparison with its nearest neighbours. 

Summary. Raman spectra of sodium tungstate solutions were 

measured over the pH range 13 to zero. The abrupt changes between 

the spectra characteristic of the main tungstate species present 

suggest that intermediates are not formed in significant amounts 

during the transition from one major species to another, While 

the results did not allow any definite structural proposals to 

be made, except for the species present in the concentrated hydro- 

chloric acid solution, which will be discussed in full later 

(Chapter 5), they could be adequately accounted for on the basis 

of previously published data. 

Experimental. ThS solutions were prepared by dissolving sufficient 

sodium tungstats (general purpose reagent grade) in water to give 

a solution 1M in tungsten. The pH of the solution was then 

adjusted by the very slow addition of concentrated hydrochloric 

acid (sodium hydroxide in the case of the solution of pH 12.72) 

to the boiling solution; the solutions were allowed to cool from 

time to time, rediluted to the original volume, and the approximate 

pH taken. Addition of acid was stopped when the pH of the 

solution was approximately that required. The solutions were 

then transferred to stoppered polythene bottles and placed in an 
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oven maintained at 50°C for one week to equilibriate (64). They 

were then allowed to cool overnight, the accurate pH of the solution 

was taken, and the Raman spectra recorded. 

The accurate pH measurements were made using a Vibron 

Model 39A pH meter under the conditions indicated for vanadate 

solutions. The pH measurements taken during the preparation of 

the solutions were made on a Vibret portable pH meter with a 

lithium—glass electrode system similar to that used with the 

Vibron meter, again standardising with a buffer solution of 

pH 920. As before, all measurements were made at ambient 

temperature. 

The Raman spectra were taken as detailed in the General 

Experimental Section (Part III). 
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CHAPTER 4. CIS AND TRANS DIOXYMETAL COMPLEXES 

AND SOME TRIOXY COMPLEXES. 

General Introduction. While making a study of the species present 

in acid solutions of early transition metals (Part I, Chapter 5), 

measurements of the infrared and Raman spectra of dioxytetrafluoro 

complexes of molybdenum(VI) and tungsten(VI) (M2/M021%., NI = Na, 

K; M = Mo(VI), W(V1)) were taken to assist in identification of 

the species present in the hydrofluoric acid solutions of these 

metals. It was found that the spectra could be most satisfactorily 

explained by assuming that the anion had octahedral coordination 

of the central molybdenum or tungsten atom, with the two oxy 

ligands oriented cis to one another. In order to investigate 

the existence of cis dioxo systems more fully, to tabulate their 

main spectral features, and to find an explanation, if possible, 

for their existence when trans dioxo systems seem to have been 

the norm, it appeared necessary to study further these and other 

dioxy complexes of early transition metals. 

The oxyfluoro, chloro and oxalato complexes of 

molybdenum(VI) and tungsten(VI) are d°  systems and are colourless 

or pale yellow as no charge transfer bands are observed in the 

visible region. They are thus very suitable for study by the 

application of both infrared, and conventional Raman spectro—

scopic techniques using mercury arc excitation, which proved very 

important for the positive identification of the cis dioxo 
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configuration. Similar complexes of vanadium(V) are yellow, which 

restricted the use of Raman spectroscopy somewhat, but nevertheless 

some important information could be gained. 

Some measurements were also made on certain trioxo 

complexes to identify their spectral features, and Raman measure-

ments were attempted on some trans dioxo complexes. 

cis-dioxo complexes. Introduction. Dioxo-tetrafluoro complexes 

of molybdenum(VI) and tungsten(VI) have been known for some time, 

having apparently been first reported by Berzelius (70). Since 

then, a number of other oxyfluoro complexes of the metals have 

been prepared, the most recent reports being those of Schmitz-Dumont 

and Opgenhoff (71) in 1954, and Buslaev and Davidovich (72) in 

1965. Structural studies on these compounds seem to have been 

rather restricted; Kharitonov and Buslaev (73) have recorded the 

infrared spectrum of the compound K2W02F4., and concluded that, as 

the spectrum shows several bands attributable to tungsten-oxygen 

(doubly bound) stretching modes, the (W02) group is non-linear. 

The oxy-chloro complex Cs2Mo02C14.  was first reported by Weinland 

and Kn811 (74) and has recently been prepared by a different 

method (75); the infrared spectrum of the compound has been inter-

preted on the basis of a centrosymmetric (D4h) structure with trans  

oxy ligands (75). Early workers (76,77) have claimed the 

preparation of dioxyfluoro complexes of vanadium, and Santhyana-

rayana and Patel (78) have measured the infrared spectrum of the 

oxalato complex (NH33[V02(C204)2], first reported by Rosenheim (79), 
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but without making any structural deductions. 

Results and Discussion. The solid potassium oxyfluoro salts 

K2M02F4.H20 (M = Mo(VI) or W(VI)) were found to exhibit two bands 

attributable to metal-oxygen double bond stretching vibrations near 

950 am.-1 and 900 cm.-1, observable in both the infrared and Raman 

spectra (Table 5). A third band near 370 cm.-1  was also observed 

in both spectra which was assigned as a deformation mode of the 

metal-oxygen bonds; it was also observed when the fluoride ligands 

were replaced by chloride or oxalate. Unfortunately, these 

compounds are too insoluble in water for measurements to be made 

on aqueous solutions to determine whether the occurrence of two 

metal-oxygen stretching modes was in fact a solid state effect, or 

whether it arose from the symmetry of the molecule. However, the 

analogous sodium salts Na2M02F4, which may be prepared by a similar 

method to that used for the potassium salts (72), are fairly 

soluble in water; the solid state spectra of these compounds 

showed the three bands attributable to metal-oxygen vibrations. 

Further, these three bands were also observed in the Raman spectra 

of saturated aqueous solutions of the salts, when the strong 

band near 950 cm.-1 was found to be polarised, the slightly weaker 

band near 900 cm.-1 to be depolarised, and the moderate intensity 

band at 370 cm,-1 to be weakly polarised. The two higher 

frequencies could also be observed in the infrared spectra of 

aqueous films of the salts; the third band, near 370 cm,-1, could 

not be observed under these conditions owing to absorption of the 



Table 5. Vibrational frequencies and assignments for oxy species. 

Complex N 	/ 
Vs0102) 

1 a
s(M02)   6(M02) Q(M-X) 6(M -X) Other bands 

Na 2[MoO2Fc].H20 Fi 951(10)p 920(7)4 385(1') 502(2) 
449(1) 

293(1) 

i' 	' 
948m 912vs 

K2[Mo02F4].H20 R 949(10) 911(9) 382(5) 302(3) 

i.r. 960vs 917vs 403s 580vs 
549vs 
441vs 

(NH4)3[21002F5] F 946(10) 901(5) 

P/ 951(10)p 915(5)dp 

i.r. 953vs 887vs,b 410s,b 538vs,b 275s,b 
440vs 

(N114)[Mo02F3] R 965(10) 916(6) 

i.r. 951s 898vs 373w 554vs 280vs,11 747w (0Mo2F ) 
440w 

K[MoO3F2].H20 R 903(5) 371(1) 618(2) 295(4)  722(10) 	(0Mo20 ) 
505(2) 255(4) 

i:r. 904s 850vs 378m 452s 
44ovs 

295s 714s,b (JMo20) 



Table 5  (Cont.) 

Complex 's(M02) \)as(M02) S(MO ) 0(M X) 8(M K) Other bands 

(NH4)2[Mo03F2] R 905(10) 830(8) 369(2) 652(3) 830(8) (‘)ifo20) 

i.r. 910s 820vs,b 359m 465s 274vs,b 820vs,b (OMo0) 2 
 

K3[Mo20J1] R 971(10) 923(7) 387(1) 594(1) 301(2) 
502(2) 

i.r. 967sh 919sh 374m 560vs 309sh 
953vs 900vs 463s 285s 

(NH,.)5[Mo30,F,J.1120 i.r. 959s 894vs 374m 554vs 273vs,b 
435s 

K3[Mo4013F] R 947
929(4)

(10) 899(6) 361(2) 652vw 230(f) 750(f) 
555 m 
459vw 

i.r. 935vs 893vs 371w1 b 
842vs 

Na2NO2F4).H20 Rf 958(10)p 904(7)4 378(1) 305(1) 

i.r./ 955m 899vs 

K a[102F4].H20 R 961(10) 907(6) 379(2) 587(3) 31343 
520(1) 246(2 

i.r. 959vs 901vs 379w 587s 259s 
551vs 
465s 



Table 5 (Cont.2) 

Complex Os(M02) as(M02) 6(M02) (M —X.) 8(M X)Other bands 

K3[VO2F4] R a  928(10) 890(3) 351(2) 546(3) 210sh 
517(3) 

i.r. 920vs 883vs 362m 573s 340s 
549s 300m 
520vs 

No02C14]2—  1171 a  964(10)p 925(5)dp 392(1)dp 311(1)p 
I 

i.r: 960m 922s 

Cs2[MoO2C14] R a  919(10) 887(4) 

i,r. 919s 882vs 381s 319vs 234vs 

[NO2C14]2  R71 a  975(10)P 925(6)dp 427vw 336vw 
239vw 

Cs2[W02014] R a  935(10) 886(7) 

i,r. 937s 891vs 370m 315s 625w 
244vs 

K2[Mo03(0204)].2H20 R 901(4) 869(1) 722(10) 	(t) 	) Mo20 

i r. 903s 869vs 402s 735-
7
slb (0

M020
) 

K2[(Mo02(C204)(H20))20] R 960m 915w 

i.r. 962m 917s 



Table 5  (Cont.3) 

Complex \)6(M02)  Oas(M02) 5(M02) ,::,(M-X) (5(M -X) Other bands 

K2[W03(C204)].2H20 R 933(10) 878(4) 689(8)  (0w20)  
i,r, 934vs 877vs 387m 700s,b (),„ ,) ,y 2%., 

(NH4  )3[V02(02002] R a  906(10) 896(4) 
854(3) 

11/ a  905p 

i.ril  907s 879vs 

1..r. 917vs 865vs 388s 

K3[Re02(CN)J R b 785(2) - 489(4), 394(10), 
357(1 	(cyanide 
modes 

i—r. - 768vs 258m 2119vs, 2079w, 
477wy 469w, 
340m, 250m 

Mo03(dien) R/ 892(10)p 839(3)dp 317(7)dp 

R 871(10) 826(3) 359(1) 

i.r. 876sl b 825vsl b 380s 

i.r./ 898 obscured 

N.) 



Table 5 (Cont.4) 

Complex N;Is(M02) Oas(M02) g(M02) v(M-X) 5(M X) Other bands 

(NH4)3[MoO3F3] R 900(10) 824(8) 365(2) 652(1) 

i. 	. 902s 813vslb 371sh 460s 279s 
360m 452s 

K3[MoO3F3j i.r. 911s 872sh 363m 478s 284s 
840vs 

All spectra on solid state samples (mulls for infrared) or saturated aqueous solutions. 

Bands due to oxalate and diethylenetriamine not listed. Raman excitation at 4358 a 

except for a  (5461 ,(11) and b  (6328 2.). p = polarised, dp = depolarised Raman lines. 
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radiation by water. Thus the observation of three bands assignable 

to vibrations of doubly bound metal-oxygen groups in both the 

Raman and infrared spectra of these molecules is a function of 

the molecular symmetry rather than the crystal symmetry. The 

molecule of water which the potassium salts contain was found to 

be easily removed by heating the salt to about 130°C; no apparent 

decomposition of the samples could be seen, and the infrared spectra 

of the dehydrated materials also showed strong bands near 900 and 

950 cm.-1. Other workers have suggested that this water is present 

as crystal water rather than coordinated water (72). 

If it is assumed, as seems likely, that there is octa-

hedral coordination of the central, heavy metal atom, then there are 

two possible structures for these complexes. The structure with 

trans dioxo groups (Figure 5) is centrosymmetric and has D411  

symmetry; the cis form has C217  symmetry. For either structure, 

three modes primarily associated with vibrations of the (MO2) 

group are expected. These may be designated %)'s(MO2)Y 
the 

symmetric stretching mode; Oas(M02), the asymmetric stretching 

mode; and 5(M02), the deformation mode. For the Dal  structure, 

N)s(M02) spans the representation Alg  and would be expected Raman 

active only and polarised, while as(M02) (A2u) and E(MO2) (Eu) 

would be expected infrared active only. The Cry. structure has no 

centre of symmetry; ,Os(M02) and “M02) transform as A, and would 

be expected both Raman and infrared active, and polarised in the 

Raman, while(MO2  ) is B2
, again both infrared and Raman active, 

as  



0 

75. 

   

F 

 

0 

F 

 

F 

 

F 

trans form cis form 

symmetry D4ja  symmetry Caw  

Figure 5.  Possible structures of the octahedral [MO2F4]2—

(M = Mo(VI), W(VI)) complexes. 



but depolarised in the Raman. 

As the two bands assigned to metal oxygen stretching 

vibrations are observed in both spectra in both the solid state 

and aqueous solution, it appears that the complexes have the Cav  

structure with cis oxy ligands. The band observed near 950 cm.-1  

which is polarised in the Raman spectra of aqueous solutions, is 

assigned as the symmetric metal-oxygen stretching mode, 06(M02) (Ai ), 

the depolarised band near 900 cm.-1 as the asymmetric stretching 

mode, Oas(M02  ) (B2), and the 370 cm.-1  weakly polarised band as the 

deformation g(M02) (A1 ). The fact that 6(M02), which is an Al  mode, 

was only weakly polarised was also observed for similar 

deformations in the [V03]n
n- 

entity (see p. 48). Although the 

observation of both 6(M02) and &(M02) has been reported in the 

Raman spectra of uranyl complexes containing the trans UO2  group 

(80), the infrared spectra of aqueous solutions of these show only 

1)a.s(M02) (81), as the symmetry rules predict. 

A study of the fluorine-19 nuclear magnetic resonance 

spectra of these compounds would appear to provide further proof 

of the pis-dioxy configuration, the centrosymmetric trans form 

being expected to have all four fluorine nuclei in equivalent 

environments, while the cis form would be expected to have two 

nuclei in one environment (the two trans),  and two in another 

(in the same plane as the two oxy groups). Unfortunately, the 

complexes were insufficiently soluble in water to allow such 

studies. 
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Studies on the species present in very strong hydrochloric 

acid solutions of molybdenum or tungsten trioxide suggested that 

this is an anionic chloro complex [M02C14]2  (M = Mo(VI), W(VI)) 

(Part I, Chapter 5). It was found that addition of a solution of 

caesium chloride in concentrated hydrochloric acid to such a 

solution precipitated the compounds Cs2M02C14; the preparation of 

the molybdenum complex by this method has recently been reported 

(75). The infrared and Raman spectra of the solid complexes both 

showed three bands attributable to vibrations of the metal—oxygen 

system (Table 5) close to those observed for the oxyfluoro salts. 

Unfortunately, these oxychloro salts decompose in aqueous solution 

and thus studies on such solutions could not be performed; the 

spectra obtained for the hydrochloric acid solutions were used 

(Part I, Chapter 5). From the coincidence of the Raman and infrared 

bands it would appear that these compounds also have the C2v  

structure with cis dioxy groups. 	The previous interpretation of 

the infrared spectrum of the oxychloromolybdate(VI) complex on 

the basis of D411  symmetry (trans Mo02) (75) would therefore seem 

erroneous. 

The vanadium complex K3V02F4  also showed two bands 

attributable to doubly bonded metal—oxygen stretching vibrations 

at about 925 and 890 cm.-1, and also a band at about 355 cm.
-1, 

all three bands being observed in both the infrared and Raman 

spectra of the solid complex (Table 5), It is therefore proposed 

that this also has a structure with cis arrangement of the two 
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oxygen ligands. 

The infrared spectrum of the oxyoxalatovanadium complex 

(NH4)3[V02(C204)2] is complicated by the number of bands given by 

the coordinated oxalato groups. However, in the Raman effect 

coordinated oxalato groups seem to give only very weak bands, while 

bands due to vibrations of doubly bound metal oxygen groups are 

strong. It was thus possible to identify bands due to metal oxygen 

vibrations. This compound again showed three bands due to 

vibrations of the vanadium-oxygen system, observed in both the 

Raman and infrared spectra of either the solid compound or its 

aqueous solution- Thus it is suggested that this compound also 

has a structure involving a cis dioxy group, 

Although complexes containing trans dioxy groups are 

well known, as in complexes containing the trans Re02+  (82) and 

trans 0s022+ entities (53), there appears to have been little work 

on cis dioxy complexes. However, recent single crystal X-ray 

diffraction studies have shown that two oxycxalatomolybdenum 

complexes, the binuclear K2[(Mo02(C204)(H20))20](83) and the po/ymsric 

NaNH4[Mo03(C204)],2H20 (84) both have a cis arrangement of two, 

doubly bonded oxygen atoms, the metal atoms being linked by single 

oxygen bridges., 

trans dioxo complexes. Introduction, Compounds containing the 

trans Re02
+ 
and trans Os02

2+ 
entities are well known, and the 

r 
infrared spectra of complexes of the form LRe

V 
 02X4r- 	= pyridine, 

4  2  [0sVI0x r ethylenediamine, CN-) (82) and 	= CN, 0H-, Cl, 



79. 
1/ 	x 	/ xalate)2-  ) 03) have been measured. In all of these the 2 

asymmetric metal oxygen stretch (N;as(MO )) was found near 830 cm.-1 

and the bending mode (S(M02)) near 300 cm.-1. If only the local 

symmetry of the metal atom is considered with no regard for the 

spatial orientation of the bulk of the ligands, these all have 

Doh  symmetry. Consequently, the symmetric stretch (0s(M02)) would 

not be expected active in the infrared, and in fact has not been 

directly observed; its position near 800 cm.
-1 

however, has been 

inferred from observation of the (,)s(MO2)\)as(M02))  combination 

mode near 1600 cm.-1  in the infrared (53) 

Results and Discussion. As the position of the symmetric stretching 

mode (0s(MO2)) in trans dioxo complexes has only been inferred from 

infrared measurements, it appeared profitable to attempt Raman 

spectroscopic studies on such systems to try and obtain direct 

observation of this vibration. However, most of the complexes 

are coloured, which prevents study with conventional mercury arc 

techniques. Attempts were therefore made to obtain the solid state 

Raman spectra of some compounds containing trans dioxo systems, for 

example, K20s02C141  K20s02Br4, Cs2RuO2C14  and K3Re02(CN)4, by using 

6328 a helium/neon laser excitation. The compounds either 

decompose,or are not very soluble, in aqueous solutions, and thus 

solution measurements were not possible. Unfortunately, most of 

the compounds were unstable, being either thermally sensitive or 

photosensitive, and decomposed in the laser beam, with the 

exception of the rhenium complex K3Re02(CN)4. This compound is 
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known to have Doh  symmetry with two trans oxy groups from X-ray 

diffraction studies (85), and in accordance with the selection 

rules 0s(M0 2 ) only was observed as a sharp band at 785 cm.
-1; the 

infrared spectrum of the complex showed, in addition to bands due 

to the cyanide groups, two bands at 768 cm.-1  every strong) and 

258 cm.
--1  (medium), assigned as‘)as(M02)  and S(M02) respectively. 

1,2,3(cis) and 1,2,6 trioxo complexes. Introduction, Complexes 

of the type [M03X3]n-  with three doubly bonded oxygen ligands are 

rare, and the only examples found which were suitable for study 

by Raman spectroscopy were Mo03(dien) (dien = diethylenetriamine, 

H2NCH2CH2NHCH2CH2NH2), (NH4)3Mo03F3  and K3MoO3F3. Single crystal 

X-ray diffraction studies on the diethylenetriamine complex have 

shown this to have the cis (1,2,3) arrangement (Figure 6) of the 

three oxygen atoms (C3v  symmetry) (86). The infrared spectrum of 

the complex has also been measured (87); only one band, at 835 cm.-1, 

was definitely assigned as a molybdenum oxygen stretching mode. 

Results and Discussion. The Raman and infrared spectra of the 

Mo03(dien) complex were measured in both the solid state and in 

aqueous solution. Three bands were observed (Table 5) which were 

assigned to vibrations of the doubly bound oxygen ligands, about 

880 cm.-1  (strong, polarised in the Raman spectrum of the aqueous 

solution), near 830 cm.-1  (weaker, depolarised) and near 340 cm.
-1 

(medium, broad, weakly polarised). These observations are in 

accordance with the known C3v  local symmetry of this complex; four 

vibrational modes are expected for the MO3  group (2Ai  + 2E) all 
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of which are both infrared and Raman active. The observed bands 

f were assigned as: 880 cm,-1  , v50103) (Ail  Raman polarised); 

830 cm,-1, Oas(M03) (E, depolarised) and 1(M03) (A l 	E; a similar 

overlap of such deformations was also observed for vanadate 

species, see p.42 ). 

The Raman and infrared spectra of the oxyfluoro complex 

(NH4)3MoO3F3, and the infrared spectrum of the compound K3MoO3F3  

were found to be very similar to those of the diethylenetriamine 

complex (Table 5) which suggests these also have the cis 

configuration. (Raman spectra could not be obtained for the 

potassium salt; this may have been because of the amorphous powder 

form of the compound resulting from its method of preparation. 

Solution measurements were impossible as the compound decomposed 

in aqueous solution.) The spectra do not definitely exclude the 

possibility that the molecule has the 1,2,6 configuration. 

However, this structure, which has C2v  symmetry, would require six 

modes (3A, + 111B1  + 2B2) predominantly associated with the MO3  

group; of these, three (2A1 	B2) are essentially stretching modes, 

active in the infrared and Raman, with two polarised and one 

depolarised in the Raman. Although it is possible that the 

polarised band observed in the Raman near 900 cm.
-1 for 

(NH4)3MoO3F3  is an unresolved doublet, the C2v  configuration 

involves two trans oxy ligands which may be expected, by comparison 

with the spectra of Cs2[Re03013] (88) which is thought to have 

the 1,2,6 (02v) structure, to give a Raman polarised band near 
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850 em.-1, with a third oxy ligand cis to both, expected to give 

a Raman polarised band near 950 cm.-1, while a Raman depolarised 

band would be expected near 900 cm.-1  

Spectroscopic distinction between cis and trans dioxo complexes, 

Discussion. On the basis of the above work, and results obtained 

previously for trans dioxo complexes (53,82), it appears that the 

application of vibrational spectroscopy is a good method of 

distinguishing between cis and trans dioxo complexes. Firstly, the 

selection rules require that cis dioxo complexes should give two 

predominantly metal oxygen stretching modes which are active in 

both the infrared and Raman spectra, while trans dioxo complexes 

should give one Raman active, polarised band, and one infrared 

active band, these two bands not being coincident. This holds 

even for trans dioxo systems which in theory should give two bands 

in both spectra, for example, the molecule [0s02(0204)(0 \  111)2] 2- 

has c2v  symmetry (Figure 7) and would therefore be expected to 

give two metal oxygen stretching modes active in both the infrared 

and Raman. The infrared spectrum of this compound, however, shows 

only one band attributable to a metal-oxygen stretching mode (53). 

If this is assumed to be the asymmetric stretch, 0as(MO2)' as 

seems likely, then it may be that the dipole change involved 

in the symmetric stretch is too small to render the vibration 

observable, or that the local symmetry of the osmium (four singly-

bound oxygen atoms in the equatorial plane, two doubly-bound 

oxygens trans) approximates to D4h, when only the asymmetric stretch 
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Figure 7. Structure of the molecule [0s02(C204)(OH)2]2  

— symmetry C2v. 
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of the trans metal-oxygen double bond system is expected infrared 

active. 

The second means of distinction between the cis and trans  

configuration is found by examination of the frequencies. Compounds 

with cis dioxo groupings give metal oxygen stretches at higher 

frequencies (890 - 970 cm.-1) than those observed for trans dioxo 

systems (790 - 880 cm.-1), and often the band assigned as the 

symmetric stretch occurs at lower frequency than the asymmetric 

stretch for trans dioxo complexes, while it is the higher band for 

cis complexes. Similarly, the deformation modes for cis dioxo 

systems are of the order of 80 cm,-1 above those observed for trans 

dioxo systems. 

It is very difficult to generalise for trioxo systems, as 

only one example each is known for the 1,2,3 (cis) and 1,2,6 

configurations. However, it appears that 1,2,3 trioxo complexes 

should give two stretching modes at about 870 cm.-1  (Raman polarised) 

/ and 820 cm.-1  (Raman depolarised), the lower frequency band tending 

to be rather broad, while 1,2,6 complexes should give two Raman 

polarised bands at about 870 and 950 cm>-1 and a Raman depolarised 

band at about 910 cm.-1, all of the bands being both Raman and 

infrared active. 

These effects are summarised in Table 6. 

Applications. The above rules may be applied to a number of oxy 

complexes of molybdenum(VI) and tungsten(VI) to suggest structures 

for these. The spectra obtained are summarised in Table 5. 
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Table 6. Summary of activities and approximate frequencies (cm,-1) 

for doubly-bound oxy ligands in different configurations. 

N).(m0n ) ‘)as(a)n )  6 (mon  ) 

cis dioxo 950;i.r.+R(pol.) 900;i.r.+R(depol.) 380;i.r.+R(pol.) 

trans dioxo 790; R(pol.) 820; i.r. 300; i.r. 

1,2,3-trioxo 870;i.r.+R(pol.) 820(broad);i„r.+R(depol, ) 370;i.r,+R 

1,2,6-trioxo 940;i.r.+R(pol.) 910;i.r.+R(depol 	) 

870;i r.+R(pol.) 

R = Raman active 	pol. = polarised Raman band 

depol. = depolarised Raman band 

i.r. = infrared active. 
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The complex formulated as (N1-14)3Mo02F5  (89) was found to 

have infrared and Raman spectra very similar to those observed 

for M2MoO2F4 I = Na, K), and may reasonably be assumed to have 

the composition (NH4)2Mo02F4.N114F, such double salt formation 

being common with transition metal fluoro complexes, Similarly 

the compound (NH4)[MoO2F3] also gave spectra similar to those of 

M1Mo02F4  and presumably is polymeric, with cis dioxo groups, and 

possibly bridging fluorine ligands to give hexacoordination of 

the metal atom; the infrared band at 747 cm.
-1 may then arise from a 

vibration of the Mo - F - Mo groups. The compounds K2[MoO3F2].H20 

and (NH4)2[MoO3F2] both have very similar vibrational spectra. 

The bands at 910, 850 and 380 cm.-1 suggest that the compounds 

contain a cis dioxo group, while the strong infrared and Raman 

bands at 720 cm.
-1 are in the region where vibrations of bridging 

oxygen systems of the type M - 0 - M have been found (90); it 

thus appears that the compounds are polymeric with cis dioxo groups 

and oxygen bridges linking the units of the polymer. These spectra 

were also very similar to those obtained from the complexes 

K2[1603(0204)] (M = Mo(VI) or W(VI)) after elimination of bands due 

to the oxalate ligands, suggesting that these also have a polymeric 

structure with bridging oxygen atoms; this is confirmed by an 

X-ray study of the compound NaN114[Mo03(0204)].2H201  which has shown 

this to have cis dioxo groups and Mo - 0 - Mo - 0 - Mo 

chains (84)- Similarly, the compound K2[(Mo02(C204)(H20))20] 

has been shown to have cis dioxo groups (83), and gives spectra 
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characteristic of such systems. The spectra of the polymeric 

species formulated as K3Mo204F7  and K3Mo40,3F (72), and (NH4)5Mo306F1  

(89) suggest that these also contain cis dioxo groups. It would 

seem that early reports of Raman bands near 930 cm.-1  (polarised), 

870 cm.
-1 

and 370 cm.
-1 

from solutions of molybdenum oxy-maleate 

and -tartrate complexes probably indicate that these contain cis 

dioxo groupings (91). Finally it appears that the recent allocation 

of bands near 950 and 900 cm.-1 in the infrared spectra of octa-

hedral complexes of the form Mo02C12.1,2  (L = N1 N-dimethylformamide, 

N,N-dimethylacetamide, N,N-dibutylacetamide) to vibrations of a 

trans dioxo system (92) was erroneous on the basis of this work 

Bonding in dioxo and trioxo complexes. On the basis of this work, 

it appears that cis dioxo complexes have a wider existence than is 

generally realised, It would seem interesting to try and find an 

explanation for the formation of such systems when trans dioxo 

systems have been the accepted norm; this theory may enable one 

to predict whether a certain dioxo system should have the cis 

or the trans configuration. 

A possible clue to an explanation was thought to be 

that cis dioxo systems are formed by metals with d°  electronic 

configurations, whereas trans dioxo systems, for example trans 

Re02 and trans 0s022+ are formed by metals with d2 electronic 

configurations; exceptions to this are the actinide elements where 

trans MO2  systems are formed with d° metals, but there is the 

possibility that 5f orbitals are involved here. It is thought 
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that the existence of cis dioxo systems for d° metals and trans 

dioxo systems for d2 metals may be explained by a consideration 

of the 7 bonding overlap possibilities between metal d orbitals 

and oxygen p orbitals for the two configurations, using a scheme 

similar to that proposed by Ballhausen and Gray to explain the 

bonding in the [VO(H20)5]2+  ion (93). 

In the octahedral field created by the approach of six 

identical ligands, such as fluoride or chloride, to a metal atom, 

the five degenerate d orbitals split into a doubly degenerate set 

of higher energy (Figure 8), the eg  orbitals (dx2-y2' dz2), and 

a triply degenerate set of lower energy, the t2g orbitals (d xy 

dyz , d ). The eg  set are used in forming the six sp3d2  hybrid xz 

cr orbitals directed towards the apices of the octahedron, and need 

not be further considered; they will not affect symmetry consider-

ations. If the two ligands on the z axis are replaced by strongly 7E 

donating oxy ligands,it seems reasonable to suppose that these will 

approach closer to the metal atom than the other ligands because 

of multiple bonding between the two, and on purely electrostatic 

grounds the d orbitals would be expected to split further as 

the d and the d xy 	xz 

and dyz  orbitals is greater than the pairing energy of the electrons, 

then the two d electrons of d2 complexes will occupy the lowest 

(dxy ) orbital. Measurements of the magnetic moments of trans dioxo 

complexes of d2 metals of the type Cs2M02C14, (M = Ru(VI), Os(VI)) 

have shown that these compounds are diamagnetic (94), and there- 

shown (Figure 8). Now if the split between 
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fore that the two d electrons are in the lowest orbital. Only 

the dxz  and dyz  orbitals are suitably oriented in the trans 

configuration for p-d71  overlap between the oxygen and the metal; 

these two orbitals are shared by the two oxy ligands while the 

dxy  contains the two non-bonding electrons (Table 7 and ref. 95). 

For cis dioxo complexes, however, all three t2g  orbitals 

   

are suitably oriented for p71-d71  interactions between the oxygen 

and the metal; the strongly it donating oxy ligands have exclusive 

use of one "t2g"  orbital each (dxz for Ox, d for 0 ) and yz 

share the third (dxy  ). Thus the cis configuration is preferred 

over the trans if there are no metal d electrons present as it 

allows the greatest it overlap between the oxygen ligands and the 

metal. As three metal d orbitals are involved in metal-oxygen 

multiple bonding in cis dioxo complexes, compared to only two 

in trans complexes, the metal oxygen bonds will have more multiple 

character in the former case, and thus the higher frequencies 

observed for metal oxygen vibrations in the cis dioxo complexes 

are readily understandable. 

A good test of the validity of this theory would be to 

prepare dioxo complexes of one metal with the two d electronic 

configurations d
o and d21  and show that for the d

o case the two 

oxygen ligands are oriented cis to one another, while for the 

d2 case a trans configuration is found. From the above work, d° 

molybdenum systems with two oxy ligands have the cis configuration 

Lippard et al (96) have claimed from preliminary X-ray studies 
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Table 7.  Table of possible plt-dI  overlap interactions between 

the central metal atom and coordinating oxy ligands for various 

symmetries; metal-ligand bonds are along the Cartesian axes, 

which are also used to define the positions of the oxy ligands 

01  

overlap 

02  

overlap 

03 

overlap 

cis dioxo 	: 0 x 2p 	- d y 	xy 

2Pz - dxz 

0 y 2p 	- d x 	xy 
2pz  - d yz 

trans dioxo 01  z 2p 	- d x 	xz 
2p
Y 
 - d

Yz  

02 z 2p 	- d x 	xz 
2p y  - d yz 

1,213-trioxo Ox  2py  - dxy  

2P 	- dxz 

0y  2px  - dxy 
2pz  - d yz 

2p 	- d x 	xz 
2p
Y 
 - d

Yz 

1,2,6-trioxo 01  2p 	- d 

2p
Y 

	d
Yz 

02 2p 	- d 

2p 	d y 	yz 

0 2p - di  
2p 	- d z 	xz 
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that the d2 molybdenum(IV) compound formulated as K4[Mo(CN)4(OH)4]. 

1 41120  (97) in fact contains the trans dioxo complex DAo02(CN)/.1
4-  

but the infrared spectrum of this compound was found to show no 

strong bands attributable to vibrations of molybdenum-oxygen double 

bonds, as found previously (98). However, Peacock (99) has 

claimed the preparation of a dioxyfluoro complex of rhenium(VII) 

(d°), and stated that the number of bands observed in the infrared 

spectrum of this complex in the metal-oxygen double bond stretching 

region suggested that this may have a cis configuration of the 

oxy ligands, in contrast to the trans arrangement found for d2 

rhenium(V) complexes (85,88). 

A similar argument to that used for dioxo complexes may 

be applied to trioxo complexes, and on these grounds the 1,2,3 

configuration appears to be the preferred one for d°  metal 

complexes as it allows equal sharing of the metal "t2g" orbitals 

with the oxygen p
%  orbitals, rather than the unequal sharing 

involved in the 1,2,6 configuration (Table 7). 

General Summary. The existence of cis dioxo complexes of transition 

metals has been demonstrated, and their vibrational spectral 

characteristics tabulated. The Raman spectrum of a trans dioxo 

complex has been taken to detect the symmetric stretching mode of 

the linear oxygen-metal-oxygen grouping, and the spectral 

characteristics of such compounds have also been listed. The 

infrared and Raman spectra of some trioxo complexes have been 

recorded. These results have then been used to deduce probable 
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structures of a number of oxyfluoro and oxyoxalato complexes of 

molybdenum(VI) and tungsten(VI); most of these have cis dioxo 

groups in the structure, and many also probably have bridging 

oxygen atoms, although the complex anion [Mo03F3)3  is thought 

to be a 1,2,3 trioxo complex. In some cases the deductions have 

been confirmed by X-ray diffraction studies. Finally, an attempt 

has been made to explain the incidence of cis dioxo systems 

for d° metal complexes, and the trans configuration for d
2 

complexes, on the basis of the metal d orbitals available in 

these configurations for dn  - pn  interactions with the oxygen 

p orbitals. This theory also seems to favour the 1,2,3 configur-

ation for d°  trioxo complexes rather than the 1,2,6. 

/ Experimental. The monomeric salts Mi[MO2F4] kMI  = K, Na (see 

text); M = Mo(VI), W(VI)) and the polymeric potassium oxyfluoro-

molybdate complexes were prepared by the method of Buslaev and 

Davidovich (72), while the ammonium oxyfluoromolybdates were 

prepared as described by Mauro (89). The two complexes formulated 

as K3MoO3F3  and K2[MoO3F2].H20 were made by the method of 

Schmitz-Dumont and Opgenhoff (71). The compounds Mo03(dien) (87), 

K2[M03(C204)] (M = Mo(VI), W(VI)) (79) and K2[(Mo02(C204)(H20))20] 

(83) were also prepared by literature methods as indicated. The 

salt (NH4)3[V02(C204)2] was made by the literature method (78), 

except that it was crystallised from solution in vacuo over 

sulphuric acid rather than by using a current of air. 

Raman studies on solutions of sodium molybdate or tungstate 
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in very strong hydrochloric acid had shown that the species present 

were probably oxychloro complexes [M02C14]
2 
	(M Mo(VI), W(VI)); 

the caesium salts of these complexes, Cs2M02C14, were obtained 

by dissolving Na2M04  in concentrated hydrochloric acid, and 

saturating the cooled solution with hydrogen chloride gas. After 

filtering off the precipitated sodium chloride, the required 

complex was precipitated by the addition of a solution of caesium 

chloride in concentrated hydrochloric acid; while preparing the 

tungsten complex, it was important that any apparatus with which 

the complex would come into contact was first washed with con-

centrated hydrochloric acid, or hydrolysis would occur due to the 

film of water on the vessel, leading to deposition of a white 

solid, The compound K3V02F4  was formed by crystallising a 

solution of vanadium pentoxide in hydrofluoric acid containing 

excess potassium fluoride, and recrystallising the product 

successively from water and an aqueous solution of potassium 

fluoride. 

Potassium and caesium were estimated gravimetrically by 

precipitation as the tetraphenylboronates from a hot solution of 

the complex buffered to about pH2 with acetic acid, using a 10% 

excess of a dilute aqueous sodium tetraphenyl boron solution 

(this was prepared by dissolving 1.5 go sodium tetraphenylboron 

in 250 ml.. distilled water, stirring for five minutes with about 

1 g> of freshly prepared, alkali-free aluminium hydroxide, and 

filtering through a Whatman No. 42 filter paper, rejecting the 
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first 20 ml,). The precipitated potassium tetraphenylboronate 

was filtered on a sintered-glass disc, washed several times with 

a very dilute solution of sodium tetraphenylboronate and then 

three times with small volumes of water, and dried to constant 

weight at 105°C. This method did not give concordant or 

reproducible results for the oxyfluoro complexes for unknown 

reasons. Attempts were made to determine potassium by flame 

photometric techniques, and molybdenum by atomic absorption spectro-

scopy, on a Techtron Atomic Absorption Spectrophotometer. However, 

concordant and reproducible results could again not be obtained. 

Finally, acceptable figures for the molybdenum and tungsten contents 

of the dioxytetrahalo and oxyoxalato complexes were obtained by 

the Analytical Services Laboratory, Department of Metallurgy, 

Imperial College, using X-ray fluorescence techniques. Chlorine, 

nitrogen, carbon and hydrogen analyses were performed by the 

Microanalytical Laboratory, Department of Chemistry, Imperial 

College, and fluorine analyses by Alfred Bernhardt Mikroanalytisches 

Laboratorium, Max-Planck-Institut, Millheim (Ruhr), West Germany. 

Variable analyses were found for the polymeric and trioxo. 

fluoro complexes; the remaining analyses are summarised below. 

Ka[MoO2F4].H20. Found: Mot  32.0%; F, 25.2%; H20, 5.3%. 

H2K2Mo03F4  requires 	Mo, 32.0%; F, 25.3%; H20, 6.0%. 

K2[WO2F4].H20. Found: W, 46.4%; F, 19.8%; H20, 3.9%• 

H2K2W03F4  requires 	W, 47.4%; F, 19.6%; H20, 4.6%. 



K3[VO2F4], Found: F, 27.6%. 

K3V02F4.  requires 	F, 27.5%. 

Cs2[MoO2C14.]. Found: Cs, 51.3%; mo, 184%; Cl, 26.4%. 

Cs2MoO2C14  requires 	Cs, 49-6%; Mo, 17.9%; Cl, 26.5%. 

Csa[W02C14]. Found: W, 29.2%; Cl, 22.1%. 

Cs2W02C14  requires 	W, 29.5%; Cl, 22.7%. 

K2[Mo03(C204)].H20. Found: Mo, 29.9%; C, 7.8%; H, 0.7%. 

H2K2Mo08C2  requires 	Mo, 29.2%; C, 7.3%; H, 0.6%. 

K2[W03(C204.)].2H20. Found: W, 42.4%. 

H4K2W09C2  requires 	W, 42.4%. 

(N114)3[V02(C204)2].H20. Found: N, 12.5%;  C, 14.6%; H, 6.0%. 

111411C4y3011  requires 	N, 12.7%; C, 14.5%; H, 4,3%.  

Infrared and Raman spectra were taken as detailed in 

the General Experimental Section (Part III). 

97 
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CHAPTER 5 ACID SOLUTIONS OF METALS OF GROUPS VIa, Va AND IVa. 

Introduction. Most of the freshly prepared oxides of early 

transition metals in their highest valency state dissolve fairly 

readily in aqueous solutions of strong mineral acids, but very 

little is known about the nature of the solute species. Many 

authors claim that these high valency metals exist in such 

solutions in the form of oxy-cations of the general formula 

[MN00(N-2x)+.  Thus Nabivanets and Lukachina (100) claim the 

existence of [TiIVO]++, Rossotti and Rossotti (35) the existence 

of [VV004-, and many authors (e.g. 101 - 103) claim to have 

identified the molybdenyl cation [MoVI02]2+. Babko and Nabivanets 

also claim that the oxycation of molybdenum may be a trimer 

DA03otj2+ (104). Other reports claim that the species present in 

acid solutions, while being cationic, is in fact a hydroxy complex, 

such as [ZriV(OH)2]24-  (105,106) or [1010(OH)2]2+ (103), while 

Krishnan and Patel obtained evidence for the existence of a cationic 

perchlorato complex of titanium(IV), [TiIVO(C104.)]+  in perchloric 

acid solutions (107). Muha and Vaughan have shown by X-ray 

diffraction that for the compounds "MIVOX2.8H20" (111V = Zr, Hf; 

X = Cl, Br), the tetrameric structure identified in the solid 

state (108), having double hydroxy bridging groups between the 

metal atoms but with no doubly bound oxy groups or coordinated 

halogens, is probably retained in aqueous solution (109). Selbin 

has presented a review of transition metal oxy cations (110). 
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However, there are also many reports which claim that 

anionic species exist in acid solutions. These anionic complexes 

may take the form of oxy complexes, such as No0412  in 0 - 17% 

aqueous hydrofluoric acid (111) and isopolytungstates in fairly 

concentrated hydrochloric acid (64). Conversely, Keller has 

shown that fluoroniobate(V) salts dissolve in hydrofluoric acid 

to give either [Nb0F5]2-  or [NbF6]-  (112), and fluorotantalates(V) 

give [TaFe]-  and [TaF7]2  (113), the predominant species depending 

on the acid concentration, while Wendling (114) and Chauveau (115) 

have suggested that the species present in hydrochloric acid 

solutions of molybdenum(VI) is an oxychloro complex. 

The application of Raman spectroscopy would appear to 

be well suited to the investigation of the problem of determining 

what species are present in acid solutions, as oxy species have 

been shown in the previous chapters to give intense and 

characteristic Raman shifts. Preliminary investigations showed 

that the solutions obtained by dissolving the highest valency state 

oxides of early transition metals in mineral acids were usually 

either colourless or pale yellow, and thus mercury arc excitation 

of the spectra could be used. Hydrofluoric and hydrochloric acids 

were chosen for the study as they have no strong Raman spectra of 

their own, and the fluoride and chloride ions are good ligands 

for the stabilising of high oxidation states. Perchloric acid 

was also used, as the perchlorate ion, which gives a simple and 

readily identifiable Raman spectrum (116) is unlikely to coordinate 
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to the metal, and will therefore allow investigation of the 

possibility of uncomplexed oxy cations existing in the solution 

Sulphuric and nitric acids would have given strong, broad Raman 

bands of their own, and furthermore some of the solutions of 

the early transition metals in these acids were found to be 

unstable, and thus such solutions were not studied. 

Results and Discussion. 

(i) Group VIa metals. Solutions of chromium(VI) in the acids 

used were found to be too deeply coloured to permit study using 

conventional mercury arc excitation. 

hydrofluoric acid solutions. A number of solid oxyfluoro salts 

have been isolated from solutions of molybdenum or tungsten 

trioxide in hydrofluoric acid in the presence of potassium or 

ammonium fluoride (71,72,89), the species isolated being dependent 

upon the relative concentrations present, the cation, and the 

conditions of crystallisation. Nikolaev and Opalovskii, from 

studies of the solubility of molybdenum hexafluoride in various 

concentrations of hydrofluoric acid, coupled with analysis studies 

of the solution phase, deduced that the species present in the 

solutions were: H2Mo04  for acid concentrations of 0 to 17.2%, 

H2MoO3F2  from 17.2 to 34.7%. H2Mo02F4  from 34.7 to 61.8%, and 

MoF6  from 61.8 to 100% (111). 

It was found that the Raman spectra (Table 8) of solutions 

of molybdenum or tungsten trioxide, or of sodium molybdate or 

tungstate, in 5M hydrofluoric acid (1 w/v HF) were much simpler 



Table 8. Vibrational frequencies (cm.-1) and assignments for the oxy species found in 

acid solutions of Groups VIa and Va metals, and for related compounds. 

40/1=0) 8(a=0) )(M x) 8(m—x) 

cis-[Mo02F3(H20)]-  R 964(10)p 	933(6)dp 379(1) 277(2) 

(Mo03  in 5M-HF) i.r. 964(m) 	929(s) 

cis-[W02F3(H20)] R 962(10)p 	912(5)dp 382(2) 314(1) 

(Na2VO 	in 5M-HF) i.r. 961(m) 	908(s) 

cis-[MO02012(0Et2)2] R 963(10)p 	922(5)dp 255(2), 223(vw) 

(MoO2C12,2Et20 in ether) i.r. 958(m) 	918(s) 

cis-[Mo02C127(Me0H)2] R 960(10)p 	923(4)dp 408(1) 305(1), 225(0 

(MoO2C12  in methanol) i.r, 952(m) 	916(s) 

[Mo02012(H20)2](cis-Mo02) R 957(10)P 	924(5)4 380(2)dp 297(2)p, 224(vw)dp 

(Na2Mo04  in 6M-HCl) 

cis-[Mo02C14]2-  R 964(10)p 	925(5)4 392(2)4 311(2)p, 246(vw)dp, 
219(vw)dp 

(17e 2Mo04  in 	>12M-HC1) i.r 960(m) 	922(s) 

cis-N02014]2-  R 975(10)p 	925(6)dp 427(vw) 336(vw), 239(vw) 

(Na2w04  in 	>12M-1101) 



Table 8  (Cont.). 

%)(M=0) 8(11=0) 0(M x) S(M-X) 

Gaseous MoO2C12  36  i.r, 972 	996 453, 437 

[V0F4(H20)]-  R See text 1005(4) 259(2) 334(4) 

(V205  in 5M-HF) i.r. 989(sh) 	1001(s) 

[NbOF5]2  R 942(10)P 288(2) 658(1)p, 	613(1)P 264(vw)P 

(Nb205  in 5M-HF) 

[Nb0C15]2-  R 948(8)p 235(3)4 345(10)P 

(NbC15  in 	>12M-HC1) 

Solid Cs2[NbOCl5] R 924(5) 237(5) 330(10) 

i.r./ 928(vs) 231 ms), 339(sh), 327(sb) 180(m), 
219 mb) 167(ms) 

Ref. 119. 	/ Ref. 126. 	p = polarised, dp = depolarised. 
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than those reported for polymolybdates (51) or polytungstates (64), 

but nevertheless differed considerably from those of simple, 

tetrahedral molybdate (16) or tungstate (16,69) ions> The very 

strong, polarised band near 950 cm.-1 and the somewhat weaker, 

depolarised band near 920 cm.-1 may be assigned to metal-oxygen 

(doubly bonded) stretching vibrations. The fact that only one 

of these bands is polarised suggests that only one species is 

present; a mixture of two mono-oxy species would be expected to 

give two polarised bands. Furthermore, both bands are also 

observed in the infrared spectrum of the solution, with reversal 

of intensities (Table 8), thus, from the selection rules, excluding 

1 the possibility of tetrahedral [14002  (M = Mo(VI) or *VI)) ions 

in the solution. Polymeric ions were excluded on the basis of 

the simplicity of the spectra. 

The spectra are, in fact, very similar to those previously 

observed for aqueous solutions of the salts Na2M02F4  (M = Mo(VI) 

or W(VI )) (Part I, Chapter 4), although there are some shifts in 

the higher frequency lines. It appears from the coincidence of 

Raman and infrared bands that the molecule present does not have 

a centre of symmetry, and the similarity of the spectra to those 

of solutions of Na2M02F4  suggests that the molecules have two 

oxy groups cis to one another in an octahedral environment. The 

weaker, slightly polarised Raman bands observed near 380 cm.
-1 

may then be assigned as the deformation mode of these metal-

oxygen bonds, by comparison with the frequencies obtained for 
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this mode from other cis dioxy complexes (Part I, Chapter 4). 

Recent fluorine magnetic resonance measurements on 

solutions of Mo02F2  in water and in aqueous hydrofluoric acid 

have been interpreted as showing the existence in the solutions 

of monomeric species of the form [MoO2Fn](n-2)- (117). On this 

basis, it is suggested that the species present in 5M hydrofluoric 

acid solutions of molybdenum(VI) or tungsten(VI) are either 

[M02F2(H20)2] or [M02F3(H20)] (M = Mo(VI), *VI)). The small 

but real differences in the positions of the Raman bands of these 

1 
solutions and of solutions of [MOF4]

2- indicate that these latter 

ions are not the principal species in the acid solutions. It 

is also thought unlikely that NO3F212  ions are present as it 

was found that K2[MoO3F2].H20, prepared by the method of Schmitz-

Dumont and Opgenhoff (71), disproportionated in water to give the 

insoluble metal trioxide and [Mo02F4]
2-; further, the solid-state 

spectra of molecules with three mutually cis oxy groups tend to 

show broader bands than those observed for these solutions or for 

solid cis dioxo complexes, and the bands are found at somewhat 

lower frequency (Part I, Chapter 4)_ 

One fact may throw doubt upon the existence of coordinated 

fluoride ion in the acid solutions. In no case were bands 

attributable to metal-fluorine stretching modes observed in the 

Raman spectra of the solutions, although the weak bands observed 

near 300 cm.
-1 may have been metal-fluorine deformation modes. 

However, such stretching modes also could not be found in the 
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Raman spectra of the complexes [M0214]2 . Metal-fluorine 

stretching modes could not be found in the infrared spectra of 

the solutions owing to the broad and very strong absorption 

bands of water in the region where these modes are expected. 

It was found that for solutions of fluoro-species of comparable 

concentrations the intensities of the Raman bands ascribed to 

metal-fluorine stretches were greatest for Group IVa complexes 

and least for Group VIa species. This is presumably because 

the higher the group number, the less polarisable is the metal-

fluorine bond. No measurements were possible on solutions in 

more concentrated hydrofluoric acid solutions to see if the 

species changed,due to reaction of the acid with the Raman cell, 

which was noticeable after a short time at these concentrations. 

hydrochloric acid solutions. As indicated in the introduction, 

many workers have suggested that molybdenum exists in hydrochloric 

acid solutions in a cationic form. However, isopoly-species 

have been shown to exist in solutions of molybdates where the 

acid concentration is less than 2M (51), while isopolytungstates 

have been found to be present even in fairly concentrated hydro-

chloric acid tungstata solutions (64) It has also been suggested 

that solutions of molybdates in 2-8M hydrochloric acid may contain 

chloro complexes with a metal:chlorine ratio of 1:2 (114,115), 

while in more concentrated acid anionic chloro species are 

present (114). Aveston et al (51) reported the Raman spectrum of 
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molybdates in strong hydrochloric acid, but no interpretation was 

attempted. 

A summary of the Raman spectrum of a solution of sodium 

molybdate in 6M hydrochloric acid is given in Table 8, The bands 

observed at 957 cm:-1  (strong, polarised), 922 cm,-1  (medium, 

depolarised) and 380 cm.-1  (weak, depolarised) were assigned to 

vibrations of molybdenum-oxygen (doubly bonded) groups; the two 

higher frequencies were also observed in the infrared spectrum 

of the solution, indicating that the species present does not 

have a centre of symmetry. It was thought that the weak, polarised 

band at 297 cm.-1 was probably assignable as a molybdenum-chlorine 

symmetric stretching mode. 

As it has been suggested (114,115) that the species 

present at these acid concentrations has a molybdenum:chlorine 

ratio of 1:2, two possible configurations seem likely, namely, 

Mo02C12  (distorted tetrahedral, C217.) and octahedral Mo02C12(1120)2; 

formulations involving three cis oxy groups in an octahedral 

environment were rejected for the reasons given earlier, while 

it was thought that the presence of a species [MoO3C1] would 

probably give a polarised metal-chlorine stretching mode at about 

440 cm.-1, by comparison with the spectra of [CrO3C1]-  (118). 

The positions and relative intensities of the bands assigned as 

molybdenum-oxygen stretching modes suggest that an octahedral 

species containing two cis groups is present (Part I, Chapter 4), 

and therefore favour the octahedral structure and indicate that 
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this has cis oxy groups. Electron diffraction studies on gaseous 

MoO2C12  have shown this to have a monomeric, distorted tetrahedral 

(C2.v) structure (119), and infrared measurements of its fundamental 

frequencies (120) show these to be significantly higher than the 

frequencies observed for the solution. As no great change in the 

observed frequencies would be expected in going from the gas state 

to the solution state if the tetrahedral configuration were 

retained, this also seems to favour the octahedral structure for 

the species in solution. Further confirmation may be obtained 

from other facts.. Many organic reagents will extract molybdenum 

(VI) from solution in moderately concentrated hydrochloric acid 

to give solid species of the general form MoO2C12.L2  (L = e.g. 

diethyl ether, amyl alcohol, butyl acetate (121), methyl isobutyl 

ketone (122), trioctylphosphine oxide (123)), suggesting that 

the species in the solution is also of the form MoO2C12.S2  

(S = solvent molecule). This compound in the case where L = diethyl 

ether was obtained by ether extraction of the 6M hydrochloric 

acid solution of sodium molybdate, followed by evaporation of the 

dried ethereal layer to dryness in vacuo. The Raman spectrum 

of this compound in diethyl ether solution, by comparison with 

studies of Grignard reagents (124), showed that the ether molecules 

are coordinated to the molybdenum, and it was also very similar, 

after elimination of ether bands, to that obtained from the 

hydrochloric acid solution of sodium molybdate (Table 8). The 

Raman spectrum of a solution prepared by dissolving the solid 
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compound Mo02C12  (polymeric, see Ref. 120) in methanol also bore 

similarities to the acid solution spectrum. 

Thus it is proposed that the species present in 6M 

hydrochloric acid solutions of sodium molybdate is a neutral, 

oxychloro complex, [MoO2C12(1120)2], with octahedral configuration 

and containing two cis oxy ligands. 

As the concentration of the acid was increased to 12M 

or greater by saturating the solution with hydrogen chloride gas, 

the colour of the solution changed from light greenish yellow 

to a deeper yellow. At the same time slight shifts were noted 

in the observed spectra, the 957 cm,-1  Raman polarised band of 

the weaker acid solution shifting to 964 cm,-1, and the 297 cm.-1 

Raman band moving to 311 cm.-1, while the 924 cm.-1  infrared and 

Raman band remained unaltered in position. Wendling has suggested 

that at these acid concentrations, an anionic chloro complex, 

[Mo02C14]2- is present(114) This hypothesis has received some 

confirmation by the fact that addition of a strong solution of 

caesium chloride in concentrated hydrochloric acid to such solutions 

was found to precipitate the salt Cs2MoO2C14  (Part I, Chapter 4, 

and Ref. 75). Therefore it is proposed that the species present 

in 12M and greater hydrochloric acid solutions of molybdenum(VI) 

is the octahedral anion cis-No02C1412- although the presence of 

a species [Mo02C13(H20)]-  is not excluded by the above argument. 

It may be noted that the presence of [Mo02C14.]2  in these 

solutions also helps to confirm the octahedral configuration with 
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two cis oxy ligands proposed for the more dilute acid solution; 

both solutions gave very similar spectra, only slight shifts of 

frequency being involved, and therefore would be expected to 

contain very similar structural units. It would appear that, 

at a sufficiently high concentration of chloride ion, the two 

water molecules of the neutral species are displaced to give the 

anion.- 
increasing [C1] 

[Mo02C12(H20)2] + 2C1- 	 [M002C1J2-  + 2H20. 
dilution 

It is interesting to note that, instead of proceeding 

from anionic (polymolybdates) to cationic (Mo022 .+ aq.) as the 

acid concentration in the solution is increased, as has been 

suggested, the trend is anionic (polymolybdates), neutral 

(No02C12(H20)2j), back to anionic ([Mo02C14]2 ). 

Solutions of sodium tungstate in 6M hydrochloric acid 

gave complex Raman spectra owing to the presence of polytungstates 

as found by Aveston (64). However, in very concentrated hydro-

chloric acid, prepared by saturating a solution of sodium tungstate 

in concentrated hydrochloric acid with hydrogen chloride gas, the 

spectra became very much simpler (Table 8), and became in fact 

very similar to those obtained from molybdate solutions in very 

strong hydrochloric acid. Two bands assigned as tungsten-oxygen 

(doubly bound) stretching vibrations were observed in both the 

infrared and Raman spectra of the solution, and bands were also 

seen which could be satisfactorily assigned to tungsten-chlorine 

stretching vibrations. Addition of a strong solution of caesium 
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chloride in concentrated hydrochloric acid to a tungstate solution 

in saturated hydrochloric acid precipitated the compound Cs2NO2C14  

(Part I, Chapter 4). It is therefore suggested that the species 

which exists in solutions of sodium tungstate in very strong 

hydrochloric acid is cis-[W02C1,]2 . This would explain the 

simplification of the Raman spectra of very strong acid solutions 

compared to those previously observed for solutions of lower 

acidity containing isopolytungstates in the tungstate problem 

(Part I, Chapter 3). It may be noted that the concentrated 

hydrochloric acid solution is very unstable; hydrolysis, leading 

to the deposition of a film of, presumably, hydrated tungstic 

oxide, could be promoted by the film of water, adhering to newly-

washed vessels. Any apparatus with which the solution was to come 

in contact had first to be rinsed with concentrated hydrochloric 

acid. 

Thus it seems that both hydrofluoric and hydrochloric 

acid solutions of molybdates and tungstates contain monomeric, 

octahedral species with a cis arrangement of two, doubly-bonded 

oxygen atoms 

(ii) Group Va metals. Eydrofluoric acid solutions. Towards 

the end of the last century, many chemical studies were made on 

the salts which can be isolated from hydrofluoric acid solutions 

of vanadium pentoxide in the presence of alkali-metal or ammonium 

fluorides (76,77). Most of these compounds appear to contain 

V:0:F ratios of 1:2:3 or 1:2:4. Since then, however, very little 
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work appears to have been done on the problem; it should prove 

an ideal system for study by the application of infrared and 

laser-excited Raman spectroscopy, as the salts, which appear 

relatively simple from infrared measurements, are yellow in colour 

and photosensitive. 

The infrared spectrum of a solution of vanadium pentoxide 

in 5M hydrofluoric acid, which was yellow in colour, showed a 

strong band at 1001 cm.-1 with a shoulder at 989 cm.-1. The 

Raman spectrum showed a band at 1005 cm.-1 of moderate intensity; 

the presence of a spurious mercury line from the 5461 R arc 

source necessarily used may have obscured the 989 cm.-1 Raman 

band, if present. 

The high frequencies of the bands observed and the 

similarity of the Raman spectrum to that of solutions containing 

the [Nb0F5]2  species (112) suggest that the species present is 

a mono-oxy species with coordinated fluorine; although no bands 

attributable to vanadium-fluorine stretching vibrations could be 

found in the spectra, it seems very unlikely that no fluorine would 

be coordinated to the metal in acid of this concentration. The 

existence of the complex [V0F4(H20)]-  has been shown from fluorine 

magnetic resonance studies to be present in solutions of vanadium 

pentoxide in 48% hydrofluoric acid (37). It is suggested that 

this is also the main species present in solutions in 10% 

hydrofluoric acid. The weak infrared band at 989 cm.-1  may then 

be due to the presence of some [V0F3(H20)2] in the solution. 
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A structure involving two cis oxy groups in an octahedral 

environment seems unlikely, as such complexes show two fairly 

strong, well-defined bands in both spectra near 900 cm,-1  (Part I, 

Chapter 4) rather than a band with a shoulder near 1000 cm -1. 

However, the spectra may equally well be interpreted on the basis 

of a compound [V03F]2 . If this has C317. symmetry, as expected, 

then it should show two essentially metal-oxygen (doubly bound) 

stretching modes in both the infrared and Raman spectra. However, 

there are various arguments against this structure. Comparison 

with the spectra of [CrO3F] and [CrO3C1], where the two chromium-

oxygen stretching vibrations are observed at 910 and 946 cm.-1 

(118), suggests that the two metal-oxygen stretching modes observed 

here are too high in frequency to be due to a structure of this 

kind. Also, it seems unlikely that in hydrofluoric acid of this 

concentration, only one fluorine would be coordinated to the metal.. 

A tetrahedral structure of the form [V02F2] (C2v) would give 

metal-oxygen stretching modes in the required region of the 

spectrum, again by comparison with the analogous chromium complex 

[CrO2F2] (125). However, the band assigned as the bending mode 

of the vanadium-oxygen bonds (259 cm.-1) would be expected to occur 

at a much higher frequency for a structure of this form, as found 

for [V03]nn  (Part I, Chapter 1), and [Cr02F2] (125). Lastly, 

an argument against these two structures may be made from con-

sideration of the spectra. If the two vanadium-oxygen stretching 

bands observed in the infrared spectra were due to one species, 
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then both bands would be expected to be strongly observed in the 

Raman spectrum, with the 989 cm.-1 band the stronger of the two 

by comparison with the inversion of intensities between the spectra 

observed in the vanadate problem (Part I, Chapter 1). The 

interfering mercury line at about 990 cm.-1  is very sharp, and 

showed no asymmetry in the spectrum of the solution, suggesting 

that any band here is either very weak or not present. The Raman 

spectrum was run on a freshly prepared solution while the infrared 

spectrum was run on an aged solution. Thus the fresh solution 

may have contained the [V0F4(H20)]-  species only, thus giving only 

one vanadium-oxygen stretching mode in the Raman, and this species 

was partly hydrolysed to [V0F3(H20)2] on standing to give the 

two infrared bands, 

Solutions of niobium pentoxide in 5M hydrofluoric acid 

were found to give identical Raman spectra (Table 8) to those 

previously obtained for a solution of niobium pentafluoride in 

hydrofluoric acid of approximately the same strength (112). Thus 

it appears that the same complex, [Nb0F5] , results from the 

solution of either niobium pentoxide or pentafluoride in 5M 

hydrofluoric acid. 

Likewise, solutions of tantalum pentoxide in 5M hydro-

fluoric acid gave Raman spectra (Table 9) identical to those 

obtained from acid solutions of tantalum metal (113), which were 

1- interpreted on the basis of a mixture of [TaF6] and [TaF7]2  in 

the solution. No bands attributable to tantalum-oxygen double 
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Table 9 Vibrational frequencies (cm.,-1) and assignments for 

hexahalo species found in acid solutions of early transition 

metals. 

?,(R) (i  r.)a J5(R) 

Ta205  in 5M-HF 691(7)p 279(3) 

[TaF6]-[TaF7]2-  05  of [TaF6] 	4- 

E(Ta-F) in [TaF7]2- 

Ti02  in' 5M-HF 619(10)p 277(7)4 

[TiF6]2- 

Zr02  in 5M-HF 588p 

[ZrF6]2- 

Hf02  in 5M-HF 593(10)P 234(10)dp 

[HfFe]2- 

TaCl5  in 	>12M-HC1 312p 330 

[TaC16]- 

ZrCl4  in 	›.12M-HC1 329p 293 

[ZrC16]2- 

Also 651(8)p, arising from [TaF7]
2-. 

a Ref. 128. 
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bond stretching modes were observed. It is therefore suggested 

that the mixture of [TaF6] and [TaF7]2  ions also results from 

solution of tantalum pentoxide in 5M hydrofluoric acid. 

Eydrochloric acid solutions. Attempts were made to prepare 

solutions of vanadium pentoxide in hydrochloric acid of 2M to 12M 

strength to investigate the possible existence of the [V02]
+ 

cation found in perchloric acid solutions (35). Such solutions 

were, however, unstable, the vanadium apparently being reduced to 

the + 4 state, and they were not further studied. 

Solutions prepared by dissolving varying amounts of 

freshly prepared niobium or tantalum pentoxide in varying 

concentrations of hydrochloric acid were unstable, and rapidly 

deposited a white solid, presumably the hydrated oxide. However, 

solutions prepared by dissolving, at -10°C, the pentachlorides 

in hydrochloric acid saturated with hydrogen chloride gas, were 

sufficiently stable (^d1 hr.) to allow Raman measurements to be 

made. 

The Raman spectrum of the niobium solution showed a 

strong polarised band at 948 cm.-1 which could reasonably be 

assigned as a niobium-oxygen (doubly bound) stretching mode, and 

a very strong polarised band at 345 cm,
-1, probably due to a 

symmetric niobium-chlorine stretching mode. Addition of a solution 

of caesium chloride in concentrated hydrochloric acid to a solution 

of niobium pentachloride in concentrated hydrochloric acid 

precipitates crystals of Cs2Nb0C15; the infrared spectrum of this 
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has recently been reported (126) (Table 8). The Raman spectrum 

of this compound in the solid state was found to be very similar 

to that obtained from the hydrochloric acid solution (Table 8), 

This indicates that the species present in solution is also the 

oxychloroniobate(V), [Nb0C1s]
2- The presence of a strong band 

reasonably assigned as a niobium-oxygen (doubly bound) stretching 

mode in the Raman spectra of the solution and of the solid caesium 

salt, and in the infrared spectrum of the salt, together with 

the absence of bands attributable to vibrations of coordinated 

hydroxyl groups, would indicate that the suggestion of Kanzelmeyer 

et al (127) that the species present is a hydroxychloroniobate 

[Nb(OH)2015]2-  may be discounted, 

The solutions of tantalum pentachloride, however, showed 

no bands in the region where tantalum-oxygen double bond 

stretching modes would be expected. Only one band was observed, 

at 312 cm.-1  (moderate intensity, polarised), which was thought 

due to a tantalum-chlorine stretching mode. It is suggested 

that the species present is octahedral [TaCle] . For a molecule 

of this symmetry (Oh), three Raman-active modes (Aig  + Eg  + T2g) 

are expected, of which two are essentially stretching modes (Aig 

+ Eg),and one bending. The bending mode may have been too low 

in frequency to be observed, being obscured by the "tailing-off" 

of the exciting line; presumably the Eg stretching mode ('2) was too 

weak to be observed. The polarised band at 312 cm.-1 is there- 

fore assigned as the Aig  symmetric stretching mode (Ji ); in the 
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compound (Et4N)(TaC16) the infrared active, Tiu  asymmetric stretching 

mode (03) of [TaC16]-  has been identified at 330 cm.-1  (128). 

Thus from these measurements, it appears that for Group Va 

metals, the tendency to give species containing doubly bound 

oxygen groups falls off with increasing atomic number. Possibly 

this is because the increasing atomic size means that the outer 

valence electrons are more shielded from the nuclear positive 

charge, and thus the coordinated oxy ligands are less firmly bound, 

and may be displaced at a suitably high concentration of, for 

example, halide ions. Thus, while the [VOFJ species is found 

even in 48% hydrofluoric acid (37), Keller has found that the 

[Nb0F02  ion present in low concentrations of hydrofluoric acid, 

is replaced by [NbF6] when the acid concentration rises above 

about 30% (112), while an oxyfluoro complex of tantalum may only 

be formed at very low hydrofluoric acid concentrations (113). 

(iii) Group IVa metals. Hydrofluoric acid solutions. The Raman 

spectra of solutions prepared by dissolving the dioxides of 

titanium, zirconium or hafnium in 5M hydrofluoric acid showed no 

bands attributable to metal-oxygen vibrations, but did exhibit 

bands which were assigned as metal fluorine stretches (Table 9). 

The spectra were in fact identical to those obtained by Dean and 

Evans for aqueous solutions of the salts (NH4)2MF6  (M = Ti, Zr, Hf) 

(129). It is suggested that the species formed on dissolution 

of the oxides in 5M hydrofluoric acid are also the octahedral 

[MF6]2  anions. It may be noted that Dean and Evans also could 
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not identify absolutely the Raman active 	(Eg) mode in their 

solutions. The weak, very broad band observed at about 470 cm.
-1 

may be due to a librational mode of water (130). 

ydrochloric acid solutions. Titanium dioxide dissolves in hydro- 

1- 
chloric acid to give the chloro complex [TiClo

2  , and salts 

containing this anion may be precipitated from the solution. There-

fore the system was not studied further. 

A solution of zirconium or hafnium dioxide in fairly 

concentrated (about 8M) hydrochloric acid deposits the "oxychloride" 

MDC12.8H20 (M = Zr, Hf). Single crystal X-ray diffraction studies 

on the solid compounds have shown that these have a tetrameric 

structure containing eight bridging hydroxy groups (108); later 

X-ray studies showed that the compounds also possessed this 

structure in aqueous solution (109). Very concentrated aqueous 

solutions of the zirconium oxychloride complex showed only a very 

weak band in the Raman spectrum at 475 cm.-1, which is likely to 

arise from skeletal stretching modes of the bridging hydroxy groups; 

bands in this region have also recently been found for aqueous 

, 
solutions containing the Die,(OH)i2j

6+  ion (131), which also has 

bridging hydroxy groups (132). 

A solution prepared by dissolving zirconium tetrachloride 

in saturated hydrochloric acid at -10°C remains clear for about 

four hours before the precipitation of the oxychloride commences. 

The Raman spectrum of such a solution showed no bands in the 

metal-oxygen stretching region, nor weak bands at about 500 cm.
-1 
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but it did show a rather stronger, polarised band at 329 cm.-1 

and a further band at 237 cm.-1  (Table 9). These latter bands 

are in the region where metal-chlorine stretching modes are 

expected, and it is suggested that the species present in these 

solutions is the octahedral [ZrC1J2-  ion. The bands were assigned 

as: 329 cm.-1  (polarised), 0, (A,g); 237 cm.-1, 	(Es). For 

comparison, the Q3  (T1u) infrared active mode has been identified 

at 293 cm.-1  in the salt (Et4N)2(ZrC16) (128). Thus it seems 

that zirconium tetrachloride dissolves in hydrochloric acid to 

give initially the [ZrC16]2- complex, which is then hydrolysed to 

give the hydroxy bridged tetramer By using a high concentration 

of acid, this hydrolysis was retarded sufficiently to allow 

observation of the hexachloro species. 

(iv) Perchloric acid solutions of oxides of Group VIa, Va and 

IVa metals. Although all of the oxides studied were to some 

extent soluble in perchloric acid if the oxides were freshly 

prepared and hydrated, the solutions were mostly dilute or, in 

the case of molybdenum and tungsten solutions, photosensitive, 

and thus the results are somewhat inconclusive. However, in no 

case was it possible to detect the presence of oxycations of the 

form MOx+  or MOT+  (e.g. "titanyl" Ti02+  or "molybdenyl" Mo022+), 

which would be expected to give strong bands in the region of 

900 cm.-1. Although the 0, band of the perchlorate ion, [C104]-, 

occurs at 935 cm.-1  (116a), this band is sharp and thought unlikely 

to obscure all metal-oxygen stretching bands, which are usually 
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strong and, if present, should have conferred at least some 

asymmetry to the perchiorate band. Further, in no case was 

shifting or splitting of any of the Raman active perchiorate 

bands observed, which would be expected were there coordination of 

the perchiorate group to the metals. The spectra obtained could 

be satisfactorily explained on other bases. 

The Raman spectrum of a solution of sodium molybdate in 

M perchloric acid showed weak bands close in position to those 

found for isopolymolybdates (51), which would appear to be the 

species present. Solutions of molybdenum trioxide were too weak 

to exhibit Raman shifts. Similar solutions of sodium tungstate 

were very photosensitive, and decomposed in the mercury arc 

radiation before spectra could be recorded. 

Weak solutions of the hydrated oxides of niobium(V), 

tantalum(V), titanium(IV), zirconium(IV) and hafnium(IV) could 

be obtained in M perchloric acid. These solutions showed very 

weak Raman bands between 450 and 600 cm.-1  (apart from the 

perchloric acid bands), rather similar to those found for aqueous 

solutions of the compound Zr0C12.8H20. These bands may therefore 

arise from bridging hydraxy-groups of the type found in these 

"oxychlorides" (108,109). It is therefore suggested that the 

solutions contain polynuclear hydroxy-bridged species similar to 

[Zr4(OH)8]84", rather than oxy species such as [MNO ](N-2x)+ 

Summary. A study has been made of the species which are present 

in certain acid solutions of early, highest valency, transition 
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metals. The species which are proposed to be present are 

summarised in Table 10. Molybdenum(VI) and tungsten(VI) are 

believed to be present in hydrofluoric and hydrochloric acid 

solutions in the form of dioxyhalogeno complexes with cis con-

figuration of the oxy groups; in M perchloric acid, molybdenum 

probably exists as an isopolymolybdate. Hydrofluoric acid 

solutions (5M) of vanadium and niobium, and hydrochloric acid 

solutions of niobium probably contain monooxy halo species, while 

tantalum exists in both acids in the form of halo complexes. 

Zirconium was also found to exist in very strong (>12M) hydro-

chloric acid as a halo complex, and all of the Group IVa metal 

dioxides (Ti02, ZrO2, Hf02) dissolve in hydrofluoric acid to give 

hexafluoro species, [MF612 . Studies on solutions of certain of 

the oxides of Group IVa and Va metals in M perchloric acid 

suggest that the species present is probably a polymeric, hydroxy-

bridged complex. 

Experimental. The reagents used were all of AnalaR grade or its 

equivalent. 

Solutions of molybdenum and tungsten trioxides in hydro-

fluoric acid were prepared by digesting the commercially obtained 

oxides with 40% hydrofluoric acid in a polythene beaker on a 

steam bath until solution was complete, more acid being added if 

necessary. The resulting solution was then diluted 1 + 3 with 

distilled water. 

As the commercial oxides would not dissolve in hydrochloric 



Table 10. Summary of species present in acid solutions. 

Group VIa 

Mo 

3A - HF 	cis[MoO2F3(H20)] 	cis[W02F3(H20)] 

>12M - HC1 	cis[MoO2C14]2 	cis[W02C14]2- 

6M - HC1 	[Mo02C12(H20)2] 
cis-oxy groups 

M - HC104 	Isopolymolybdates. 

Group Va  

V 	 Nb 	Ta 

5M - HF 	[v0F4(H20)]- 	[Nb0F5]2- 	[TaF6] 	[TaF7]2- 

>12M - HC1 	 [Nb0C15]2- 	[TaC16]- 

M - HC104 	Hydroxy-bridged species 

Group IVa  

Ti 	 Zr 	 Hf 

[TiF6]2 	[ZrF6]2   5M - HF [HfF6]2- 

>12M - HC1 [TiC16]2- 	[ZrC16]2- 

6M - HC1 [Zr4.(OH)08+ m [Hf4(OH)8]8+ le 

M - HC104 	Hydroxy-bridged species similar to [Zr4(OH)8]8+  

122. 

Ref. 109. 
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or perchioric acids, solutions of molybdenum(VI) and tungsten(VI) 

in these acids were prepared by dissolving the corresponding 

sodium salt Na2MO4  (M = Mo(VI), W(VI)) in the acid Solutions of 

molybdenum(VI) in hydrochloric acid were prepared by boiling 

concentrated hydrochloric acid to give 6M ("constant-boiling") 

acid, and saturating this with sodium molybdate at room temperature 

by mechanical shaking with excess salt overnight. The resulting 

solution was divided in two, and one half was saturated with 

hydrogen chloride gas while being cooled in ice. Both solutions, 

one being a solution in 6M acid, the other in greater than 12M 

acid, were filtered. The solution of sodium tungstate in very 

strong hydrochloric acid was prepared by mechanically shaking a 

suspension of the salt in concentrated hydrochloric acid while 

passing a stream of hydrogen chloride through the solution. The 

resulting suspension was filtered, using apparatus previously 

washed with concentrated hydrochloric acid (see text). The 

perchloric acid solutions were prepared by gentle digestion of 

the sodium salts Na2MO4  with molar perchioric acid on a steam bath. 

Vanadium pentoxide was prepared by the gentle ignition 

of ammonium metavanadate in a silica crucible; rapid ignition or 

the use of a nickel crucible tended to give solutions of the 

oxide which were readily reduced. Solutions of this oxide in 

hydrofluoric acid were prepared by dissolving the oxide in 40% 

aoid using no heat, which tended to promote reduction of the 

vanadium. The solution was then diluted to the required acid 
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concentration. 

Hydrated niobium and tantalum pentoxides, and also the 

hydrated dioxides of titanium and zirconium, were prepared by 

alkaline hydrolysis of the corresponding chlorides, which were 

obtained as a solution in hydrochloric acid (titanium) or in the 

pure solid state. Solutions of these oxides in hydrofluoric acid 

were prepared by saturating 40% hydrofluoric acid with the oxide 

while gently heating on a steam bath, and then diluting; the 

commercially obtained dioxide was used for hafnium. Solutions in 

perchloric acid were prepared by digesting the oxide and molar 

perchloric acid for some time on a steam bath; the hydrated 

hafnium dioxide used here was obtained by alkaline hydrolysis of 

a solution of ammonium heptafluorohafnate(IV). 

Solutions of niobium(V), tantalum(V), and zirconium(IV), 

chlorides in hydrochloric acid were obtained by saturating 

concentrated hydrochloric acid, cooled in an ice-salt bath, with 

hydrogen chloride gas, and then dissolving the chloride in this 

while maintaining the cooling. The solutions were allowed to stand 

at about 30°C for about half an hour before measurement of the 

spectra in order that some of the hydrogen chloride would escape 

and not eject the sample from the Raman tube while in the spectro-

meter. The zirconium tetrachloride appeared to contain some iron 

impurity, and the solution had to be decolourised before measure-

ment by the addition of a few crystals of stannous chloride. 

The impurity thereby introduced was thought too little to give an 
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observable spectrum, and therefore the amount of iron originally 

present was also probably too little to interfere. The zirconium 

oxychloride complex ZrOC12.8H20 was prepared by dissolving 

zirconium tetrachloride in concentrated hydrochloric acid and 

diluting the solution with an equal volume of distilled water, when 

the complex crystallised out. The compound was recrystallised 

by precipitation from aqueous solution with concentrated hydro-

chloric acid, and after filtering was washed with 15% (1 + 1) 

hydrochloric acid, ethanol and ether and sucked dry. 

The oxyfluoro salts Na2[MO2F4] (M = Mo(VI) or W(VI)) 

were prepared by the literature method (72), using sodium molybdate 

or tungstate and more concentrated solutions. 

Raman and infrared spectra were taken as detailed in the 

General Experimental Section (Part III). The Raman spectrum of 

a solution containing the [SiF6]2-  anion was also recorded to 

ensure that none of the bands observed for the hydrofluoric acid 

solutions could be attributed to this complex, formed by attack 

of the Raman tube by the acid; it appeared that attack of the 

tubes, while noticeable, did not produce enough [SiF6]2- to 

interfere in the recorded spectra. 
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PART II. PEROXY COMPLEXES. 

CHAPTER 1. SPECTRAL ASSIGNMENTS AND CORRELATIONS  

FOR PEROXY COMPLEXES> 

Introduction. An excellent review of the present state of 

knowledge of transition metal peroxy complexes has recently 

appeared in the literature (133). From this summary it appears 

that there are essentially four different ways in which the 

peroxide group may function. In the majority of transition metal 

peroxy complexes the peroxide group is present as a coordinated, 

bidentate ligand, and this mode of coordination is well character-

ised. However, in certain cobalt complexes the peroxide group 

functions as a bridging group between two metal atoms (134-136), 

and this type of coordination has also been claimed for the 

rhodium complex [(CN)1.(H20)Rh(02)Rh(CN)4(H20)]4-  (137) and the 

rhenium complex [C15Re(02)ReC104  (138). One case is also known 

where the peroxide is present as a hydroperoxide, (00H), ligand 

(139). Finally, the peroxide has been shown to be present in 

certain complexes merely as hydrogen peroxide of crystallisation 

(140). The different modes of bonding of the peroxide in these 

complexes would be expected to yield different and quite 

characteristic vibrational spectra. Thus it was decided to record 

the infrared and Raman spectra of characteristic examples of each 

of these modes of bonding in the hope that the information thereby 

obtained would help in structure assignments for both these and 
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future new complexes. 

Bidentate peroxide complexes. The compound K2Mo0(02)F4.H20, 

where (02) represents a coordinated peroxide group, has been 

shown by single crystal X-ray diffraction studies to have the 

structure shown in Figure 9, which involves a bidentate coordinated 

peroxide (141), and Stomberg has also shown by X-ray diffraction 

that a large number of peroxy-chromium complexes have structures 

involving bidentate peroxide ligands (142), By comparison of 

the infrared and Raman spectra of a wide range of transition 

metal complexes, Griffith has shown that the occurrence of a 

bidentate peroxide group is quite common (140,143), and has 

postulated a "bent-bonding" scheme to explain the stability of 

the bidentate coordination of the peroxide group, despite the 

relatively small angle which this group subtends at the metal 

atom (143). 

The metal-peroxide group in these complexes forms an 

isosceles triangle which has local symmetry C2v. This would 

be expected to give rise to three vibrations of the system of 

symmetry species (2A, 	B2), which may be designated as %), (Al; 

0 - 0 stretching, r'i2  (Ai; symmetric metal-peroxide stretch), and 

03  (B2; asymmetric metal-peroxide stretch) (Figure 10). All of 

these modes would be expected to be both infrared and Raman active, 

but the A, modes should be polarised and the B2  mode depolarised 

in the Raman.  

In previous studies of complexes of this type, only 



128. 

Figure 9. 	Structure of the No0(02 )F4 ]2-  anion (141). 
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NJ,, 0 - 0 stretching mode (A1 ) 

symmetric metal-peroxide 49  

stretching mode (A1) 

%;3, asymmetric metal-peroxide 

stretching mode (B2) 

Figure 10. Approximate representation of the three vibrational 

modes expected for the metal-peroxide group in complexes containing 

a bidentate peroxide ligand. 
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the peroxide stretch, has been identified with any certainty 

/ near 880 cm.-1  0_40,143). The two metal-peroxide stretching modes 

approximate to metal-oxygen single bond stretching vibrations, 

although in the case of S)2  there is some 0 - 0 stretching character, 

and would therefore be expected to give bands near 500 cm.-1 where 

other metal-oxygen single bond stretching vibrations occur (32). 

In order to try to identify and tabulate the frequencies of these 

vibrations, it was decided to examine the spectra of a suitable 

complex, which should contain only one coordinated peroxy group in 

order to eliminate possible coupling between several peroxy groups 

coordinated to the same metal atom Unfortunately, all of the 

then previously reported monoperoxy complexes also contained 

either fluor°, carboxylato or organic ligands, all of which would 

give bands in the region where the metal-peroxide stretches would 

be expected, thus rendering unambiguous detection of these bands 

very difficult. Accordingly, it was decided to try and prepare a 

transition metal monoperoxy complex with ligands which would not 

give interfering bands. The titanium complex (NH4)3Ti02F5  has 

been well characterised (143); the corresponding chloro complex 

[Ti02C15]3 , if preparable, would be expected to fulfil the above . 

requirements, as the chloro ligands should not give bands near 

500 cm.
-11  and the complex contains no metal-oxygen multiple bonds, 

the stretching modes of which could obscure 

The action of hydrogen peroxide on complex chlorides of 

titanium(IV) has been shown to yield peroxy complexes (144). 
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However, all attempts to prepare the above complex as the potassium, 

caesium or pyridinum salt, essentially by precipitation from an 

acid solution containing [TiC16]2- and hydrogen peroxide, either 

gave the complex [TiC16]
2 or peroxy compounds of unknown 

composition which decomposed extremely rapidly, and often 

inflammably; the preparation of a peroxytetrachlorotitanate(IV) 

has only recently been indicated (145), although no preparative 

details were given. 

About this time a report was noticed in the literature 

of the isolation of the complex MI[Mo0(02)C14] (MI  = NH4, Rb, Cs) 

(146). Although this compound was formulated as having an oxy 

ligand presumably doubly bound to the central molybdenum atom, it 

was thought that the stretching vibration of this group would be 

higher in frequency than the expected position of the peroxide 

stretch (01 ), and would not complicate its determination. However, 

the main factor in examining this compound was the fact that it 

was expected to show no bands from the oxy or chloro ligands in 

the 500 cm.-1 region to interfere with the more important detection 

of Q2  and 03. 

The infrared spectra of the caesium and ammonium salts 

of this complex were recorded, and are given in Table 11. As 

expected, two bands were observed in the 500 cm.
-1 region, at 

533 and 585 cm.-1, which were presumably to be ascribed to 

02  and 03 of the Mo(02) system. Both bands were found, however, 

to have very nearly the same intensity and band shape, and thus 



Table 11. Vibrational frequencies and assignments for peroxy species. 

Vibrations of M(02) system 

M=0 E M=0 °M -X E M-X ‘')1  ‘)2 \,)3  

2[Mo0(02)014] i.r, 882s 532s 585s 933vs 222w 322s 
918vs 304s 

R a 889(2) 538(3) 589(1) 939(6) 229(3) 328(10) 193(5) 
927(3) 301(5) 

( 	) [Mo0(02)014] i,r. 891s 533s 585s 954vs 249w 324s 
919vs 310s 

K2[Mo0(02)114] i.r. 876w 563vs 597vs 972s 274vs 501vs 378,357 
856s 953sh 337m 

R a 881(f) 568(8) 601(1) 973(9) 263w 550(1) 337(10) 
958sh 458(1) 317 4) 

K2[Mo0(02)2F2] d  i—r. 869vs 535s 578s 938vs 283vs 518vs 
854vs 493s 

(N114)2[Mo0(02)2F2] R b  875(6) 542(7) obscured 950(10) obscured 328(8) 

K2[W0(02)F4] i,r. 905vs 601s 555vs 976vs 281vs 516vs 328sh 
954vs 303s 

R c 911(2) 598(5) 555(1) 984(10) 341(5) 
961(3) 

(NHa)2[WO(02)F4] 591(2) 968(10) 



Table 11.(Cont.) 

1 Vibrations of M(0) system 

Q
11=0 6m=0 °I.4-x. 6m -x Q; 02 03 

K2[Nb(02)F5] i.r d 929vs 547vs 497b 588b 299sh 
283s 

(N114)2[ITID(02)F5] R cil  912p 

K2[Ta(02)F5] i.r d 867vs 577s 513s 634m 278s 
2618 

R c  870(4) 584(3) 633(10) 285(3) 

(NH4)2[Ta(02)F5] R c/  863(5)p 570w 530w 630(10) 

(N114)3[Ti(02)115] icr 898s 524s 595vs 595 

R a 907(3) 531(2) 596 596(10) 283(3) 

(N114)3[Zr(02)F5] i.r. 839w 555w 480s,b 

K3[Cr(02)4] i.r.d 875vs 424vs 553vs,b 

R a 919(2) 422(7) 559(3) 
878(1) 

K3[Ta(02)4] i,r.d 807vs 552vs 618vs 
527vs 

R C 820s 620b 



Table 11.(Cont. 2) 

Vibrations of M(02) system 

\)M=0 &M.0 \)1fi-x SM-X ‘)i  %,)2  '1)3 

NA4[UO2(02)31.nH20 R a  839(2) 679(6) 614(1) 803(6) 
821(3) 

Na2[Mo203(02)4(1120)21 R b  865(10) 535(7) 584(7) 958(10) 324(7) 

(pyH)2[Mo203(62)4(H20)21 R b  910(10) 536(5) 570(3) 943(4) 320w 

(pyR)2[Mo203(02)6(H20)2j- b  
..2H202  R 910(10) 536(3) 570(3) 943(4) 320w 

also 874(4) due to H202  

K2D/203(02)4(H20)2] R 850(3) 563(5) 530(2) 958(10) 330(3) 

(pyH)2[W203(02)4(1120)21 R c  848(4) 557(6) 523(1) 957(10) 324(3) 

(WH)2[117203(02)4(H20)21- R ° 848(4) 557(6) 523(1) 957(10) 324(3) 
..H202  also 877(1) due to H202  

K4[V203(02)4] i.r, 888vs 548w 629vs 963vs 327w 
872vs 951vs 

Cr(02)2(NH3)3  i.r. 891vs 576m 631sh 
880sh 625m 

Bands due to ammonium or pyridinium ions, or to waters  not quoted. 
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Table 11 (Cont.3) 

a Raman excitation by helium-neon laser (6328 a) 

	

b Raman excitation by mercury arc 	(5461 a) 

	

Raman excitation by mercury arc 	(4)58 R) 

Ref. 143 

p = polarised, dp = depolarised Raman lines 

Raman measurements on crystalline solids or 

on II  aqueous solutions. 
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no arbitrary distinction could be made between .4)2  and Q3. The 

salts are deep orange in colour, and thus it was impossible to 

obtain the Raman spectra of them using normal mercury arc techniques. 

However, the solid state Raman spectra of these, and of other 

coloured complexes under study, were obtained using helium-neon 

laser excitation at 6328 .. The results showed that both the 

533 and 585 cm.-1  bands were observed in the Raman spectrum, and 

that the 533 cm.-1  line had approximately three times the intensity 

of the 585 cm.-1  line. Now the 02  mode of the Mo(02) system has 

symmetry species Ai  and would be expected to give a polarised 

Raman band. Previous experience had suggested that, in general, 

polarised Raman lines were more intense than depolarised lines 

arising from similar vibrations. On this basis it was thought 

that the 533 cm.-1 band would be polarised in solution and was 

therefore to be assigned to 02, the symmetric metal-peroxide 

stretch, while the 585 cm.-1  line was due to 03, the asymmetric 

metal-peroxide stretch. Unfortunately, the complex decomposes 

immediately on contact with water, and thus solution polarisation 

measurements could not be made to confirm this argument. 

It may be noted that in the case of the somewhat 

comparable complex ic[ptc13(c2H4)) 	\-4 and 	for the PtC2  

triangle were found at 1515, 401 and 490 cm.
-1 
 (147). 

Inspection of the results shows that two bands were 

observed in the infrared and Raman spectra of both salts of this 

complex at the high frequency end of the range where the metal- 
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oxygen double bond stretch was expected. This suggests, by 

comparison with the previous data (Part I, Chapter 4), that the 

complex may contain a cis dioxo system, in spite of the fact that 

the analysis corresponds to the formulation with one oxy group. 

Three facts argue against this possibility. Firstly, these bands 

have approximately the same relative intensity in both spectra, 

while for all of the cis dioxo complexes studied, an inversion 

of the relative intensities was found. Secondly, the sharpness 

of the Raman bands suggests that both bands are polarised, whereas 

a cis dioxo system should show one polarised and one depolarised 

band. Finally, the band assigned as the molybdenum-oxygen 

deformation mode, at about 225 cm.-1 y occurs well below the 

corresponding mode for cis dioxo complexes (about 380 cm.-1) 

It was thought that the split of the molybdenum-oxy stretching 

mode is a solid state effect, although this could not be confirmed 

by measurements on aqueous solutions for the reasons indicated 

above. It may be noted that similar splittings of this band were 

observed for the potassium salts of the corresponding fluoro 

complexes of molybdenum and tungsten.  

Measurements on oxy and unsubstituted peroxy complexes 

(Table 11) established without doubt the fact that bands in the 

500 cm.-1 region were characteristic of bidentate peroxy ligands. 

Although it was not possible to assign with certainty 02 and )3 

in peroxy fluoro complexes owing to the presence of metal-fluorine 

stretches in the 500 - 700 cm.-1 region, it has been noted that 
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these modes are exceedingly weak in the solid state Raman spectra 

of oxy fluoro complexes of metals of Groups VIa and Va (Part I, 

Chapters 4 and 5). Therefore strong bands observed in this region 

in the solid-state Raman spectra of the peroxy fluoro complexes 

were assumed to arise from metal-peroxide vibrations, and on this 

basis assignments were proposed for 02  and \'')/3  in these complexes 

(Table 11). It must be emphasised that such proposals were 

purely tentative and are subject to argument and reassignment. 

Thus bands in the 880 and 500 to 600 cm.-1  regions appear 

to be quite characteristic of bidentate peroxide groups. Although 

it might be possible to mistake 	for a stretching mode of 

metal-oxygen double bonds while investigating the type of 

coordination in a peroxy complex, the latter system would not be 

expected also to give bands in the 500 cm.
-1 region. 

The complex P(02)C1(C0)(PPh3  )2] (PPh3  = triphenylphosphine ) 

is also known to contain a metal - 02  ring (148), but with an 

0 - 0 distance significantly less than in the peroxide ion (149), 

and would seem to repay some attention; however, this was not 

studied as the many vibrations from the phosphine groups would 

make assignment of frequencies very difficult. 

After the completion of this work, a paper appeared in 

which it was proposed, on the basis of infrared evidence only, 

that for Cs2[Mo0(02)C14], \)12  is higher than 103  (145), but the 

Raman data reported here suggest the opposite order. 
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Bridging peroxides A large number of peroxydicobalt complexes 

have been reported in which it is assumed that the peroxy group 

acts as a bridge between the two metal atoms (134,135)_ These 

complexes have the general form [(NH3)5CoO2Co(NH3)5j4 Or 5+ (134)  

] 	(135 N,  or [(CN)5CoO2Co(CN)5 6 or 5- ) 	A single crystal X-ray 

diffraction study on the compound [Co2(02)( 	),J(NO3)5  was 

interpreted as showing that the peroxide group is located astride 

the line joining the metal centres (Figure 11a) (150), but in a 

later study of the corresponding sulphate, [Co2(02)(NH3)10j.SO4  

(HSO4)3, Schaefer and Marsh criticised these results and, on the 

basis of more numerous and refined data, proposed the structure 

shown in Figure lib for the sulphate, and suggested that this 

structure should be found in all of the bridging peroxides (136). 

These authors found that the four atoms Co - 0 - 0 - Co were almost 

coplanar. Thus the symmetry of the molecule approximates very 

closely to C2, and the predominantly 0 - 0 stretching mode 

(symmetry A) should be both infrared and Raman active, but, as in 

hydrogen peroxide itself, the dipole change during this vibration 

is likely to be small so that the band corresponding to this mode 

will be weak in the infrared. In fact, no band was observed which 

could be directly attributed to this mode in the infrared spectra 

of any of the complexes K6[Co2(02)(CN)101, [Co2(02)(NH3)101(V03)5  

or[Co2(02)( 3)10](SCN)4, even in very thick mulls, and a similar 

result was found by Vannerberg and Brossd (150). The solid state 
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Figure 11.  Possible structures for the g-peroxydicobalt 

complexes. (a) Ref. 150, (b) Ref. 136. 

140. 



141. 

Raman spectra (laser excitation) of the two decammines showed very 

weak and broad bands near 800 cm 1  which could have been the 0 - 0 

stretch, but which were thought more likely to be deformation 

modes of the coordinated amines, or modes arising from the anions. 

Owing to the very dark colour of the compounds, really satisfactory 

Raman spectra could not be obtained from them even with 6328 2 

helium-neon laser excitation. 

Hdroperoxide complexes. The only really established transition 

metal hydroperoxide complex is the cyano cobaltate K3[Co(CN)5(0011)] 

(139). This complex is very unstable, but the infrared spectrum 

of a freshly prepared sample showed, in addition to the bands 

attributable to cyanide modes or crystal water, bands at 1264(s), 

820(m) and 545(w) cm.-1 	These bands were attributed to, respective- 

ly, the 0 - 0 - H deformation mode, the 0 - 0 stretch, and the 

Co - 0 stretch of the coordinated hydroperoxide group; for comparison, 

in ammonium hydroperoxide, the 0 - 0 H deformation has been 

/ identified at 1100 cm.-1  and the 0 - 0 stretch at 836 cm.-1  k151) 

Unfortunately, the compound decomposes immediately on contact with 

water, and therefore could not be deuterated by recrystallisation 

from heavy water to confirm these assignments. Hydroperoxy 

complexes would therefore appear to give quite characteristic 

infrared spectra. 

It has been claimed that the compound formulated as 

(NR4)[UO2(0013)(C204)].3H20 contains a coordinated hydroperoxy 

ligand (152). When this preparation was repeated, the infrared 
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spectrum of the compound obtained showed no bands attributable 

to either a hydroperoxy ligand or to a bidentate peroxide. The 

spectrum was, in fact, identical to the spectrum of the complex 

(N114 ) 21(u02 ) 2 (02 )(020321 and the compound had analyses close to 

those required for the latter species. It is proposed that this 

compound is, in fact, a binuclear complex involving a bridging 

peroxide group. 

Recently, a rhodium peroxy complex has been isolated 

whose analysis corresponded to the formulation K4[Rh202(CN)e(H20)2] 

(137); the infrared spectrum of this compound was interpreted on 

the basis of it containing a bridging peroxy group as in the dicobalt 

complexes. The spectrum bears a remarkable similarity, however, 

to that given by the cobalt hydroperoxy complex. Further, the 

mode of preparation (by passing oxygen through a solution containing 

a cyanohydrido complex) has been shown in the cobalt case to lead 

initially to the formation of a hydroperoxy complex (153), and 

measurements of the oxygen uptake by the solution during the 

preparation of the rhodium compound have shown this to be 90% of 

that expected for formation of the hydroperoxy complex (approximately 

twice that required for bridging peroxy formation) (154). It seems 

that this complex and the reactions involved in its preparation 

would repay further study. 

Perhydrates. A few so—called "peroxy complexes" of transition 

metals merely contain hydrogen peroxide of crystallisation rather 

than coordinated peroxy or hydroperoxy groups. 
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Griffith has shown that the complexes which were originally 

formulated as triperoxides "pyH2M07" (M = Mo(VI), W(VI)) (155), 

are correctly formulated as (pyr)2[Mo203(02)4].2H202  and 

(pyH)2[W203(02)4].H202  (pyH = pyridinium, [C5H5171114.)2(140)  and 

in fact contain hydrogen peroxide of crystallisation; they are 

obtained by recrystallisation of the complexes (pyH)2  [M203(02)4] 

(M = Mo(VI), W(VI)) from hydrogen peroxide. 

The molybdenum and tungsten perhydrate complexes were 

found to have infrared spectra identical to those of the complexes 

(pyH)JM203(02)4] (M = Mo(VI), W(VI)) over the range 2000 to 

400 cm.-1 but their solid state Raman spectra showed an additional 

strong band near 880 cm.-1 due to the 0 - 0 stretch in the 

hydrogen peroxide of crystallisation; this band was not observed 

in the infrared because of the small dipole change involved. 

Summary» The infrared and Raman spectra of a large number of 

peroxy complexes of transition metals involving different modes 

of coordination of the peroxide group have been examined; it is 

believed that the results may help to deduce the mode of bonding 

of the peroxide group in an unknown complex. Thus complexes 

involving a bidentate peroxy group showed characteristic bands 

near 880, 600 and 500 cm.-1; the two lower bands were thought to 

be due to stretching modes of the metal-peroxide system, and 

empirical assignments were proposed for these modes in a range 

of peroxy complexes. Bridging peroxy complexes were found to 

show no strong typical infrared or Raman bands, while perhydrates, 
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although having no typical infrared bands, exhibited the 

characteristic 0 - 0 stretch of hydrogen peroxide (880 cm.-1) 

in the Raman effect. Hydroperoxy complexes gave characteristic 

bands;  close to those found in the hydroperoxide ions  at 1260 and 

820 cm.-1, and in addition the metal-oxygen band may also have 

been detected near 550 cm.-1. 

Experimental. The reagents used were either of laboratory general 

purpose or AnalaR grade and were used without further purification. 

The salts M2[Mo0(02)C14] were made by the method of 

Wendling et al (146). 

Cs2[Mo0(02)C14]. Found: Cl, 27,4%; (02)2-, 4.8%. 

0(02)C14Cs2Mo requires Cl, 25.7%; (02)2-, 5.8%. 

(NH4)2[Mo0(02)014]. Found: N, 8,5%; 	Cl, 43.8%; (02)2-, &7%. 

H2N20(02)C14.Mo requires N, 8..7%; 	Cl, 44.1%; (02)2-, 9.9%. 

The potassium salts of peroxy fluoro complexes of molybdenum, 

tungsten, niobium, tantalum and titanium, and also the perhydrates 

of, and the normal complexes, (pyH)2[M203(02)4] (M = Mo(VI), 

*VI)) were made by the methods described by Griffith (140, 143); 

as the infrared spectra obtained from these compounds were 

virtually identical to those previously obtained (140,143), the 

compounds were assumed fairly pure, and no analyses were 

performed. The ammonium salts, which were used for solution 

studies as they proved more soluble than the potassium salts, 

were prepared by similar methods, using ammonium fluoride instead 
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of potassium fluoride. The new complex (NH4)3(2r(02)F5) was made 

by dissolving freshly prepared hydrated zirconium dioxide (prepared 

by alkaline hydrolysis of the tetrachloride, Zr014) in 40% 

hydrofluoric acid, adding an excess of 30% hydrogen, peroxide, and 

then adding ammonium hydroxide solution, keeping the temperature 

of the solution below 0o0, until the pH reached 7. The solution 

was maintained at —5oC until the complex crystallised out. 

(NH4)3[Zr(02)F5].N20. Found: N, 14.2%; F, 33.1%; (02)2-, 10.6%. 

H14N30(02)F5Zr requires 	N, 14.5%; F, 32.7%; (32)2-, 11.0%. 

The complexes Cr(02) ( 	)3  (156), Na4[UO2(02)3].9H20 (157), 

K 4 [V203 (02 )4] (158), "(NH4)[UO2(0011)(C204)].3H20" and 

(NH4)2[(UO2)2(02)(C204)2] (152), K6[CO2(02)(01)10] (153), 

K3[Co(CN)500H].2H20 (139) were all made by the literature 

as indiCated. 

K4[V203(02)4]. Found: (02)2 , 30.4%. 

03(02)4K4V2  requires 	(02)2-, 29.5%. 

and 

methods 

(NH4)2[(1102)(02)(C204)2] Found: C, 6.3%; N, 3.6%; (02)2-, 3.4%. 

C4H8012(02)N2U2  requires 	C, 6.1%; N, 3.6%; (02)2-, 4.1%. 

"(NH4)[UO2(00H)(C204)].3H20" Found:' C9  5 .7%; N, 3.1%; (02)2-, 4.1%. 

C2111109(02)NU requires 	C, 5 .2%; N, 3.0%; (02)2-, 6.9%. 

K6[Co2(02)(CN)10].6H20. Found: C, 16.0%; H, 1.0%; N, 18.6%; 
K, 31.3%; (02)2-, 3-0- 

C10111206(02)N1oCo2K6  requires 	C, 16.0%; Hy 1.6%; N, 18.6%; 
K, 31.2%; (02)2-, 4.3%. 
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K3[Co(CN)5(00H)].2H20 Found: C, 16.3%; N, 18.6%; K, 30.8%; 

(02)2-, 7.5%. 
145C5H502(02)CoK3requires 	C, 16.0%; N, 18.7%; K, 31.3%; 

(02)2-, 8.5%. 

Professor N.-G. Vannerberg kindly donated the cobalt decammine 

complexes, as all attempted preparations of such compounds gave 

impure products. 

The peroxide percentages quoted above imply calculations 

on the basis of (02)2- for every equivalent of peroxide present, 

rather than the much used "active oxygen" content, that is on 

the basis of [0] for every equivalent of peroxide. The two are 

related by the simple equations- 

1 percentage of "active oxygen" = f percentage peroxide. 

Carbon, hydrogen, nitrogen and chlorine analyses were 

performed by the Mioroanalytical Laboratory, Department of 

Chemistry, Imperial College. Potassium and caesium were estimated 

gravimetrically as the tetraphenylboronates by the method detailed 

earlier (Experimental Section, Part I, Chapter 4). The peroxide 

in the complex was determined by dissolving a weighed amount 

of complex in a known volume of N/10 potassium permanganate, 

allowing the solution to stand in a dark cupboard for thirty 

minutes, and back-titrating the unconsumed permanganate with 

previously standardised ferrous ammonium sulphate solution; 

for the oxalato complexes, the calculations allowed for the fact 

that some of the permanganate solution would be consumed in 



reaction with the oxalate ligands. 

The spectra were measured as detailed in the General 

Experimental Section (Part III). 

147. 
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CHAPTER 2. PEROXYOXALATO COMPLEXES. 

Introduction. Studies on the peroxyfluoro complexes [M(02)F5]11-

(M = Ti(IV), Zr(IV)„ Nb(V), Ta(V); n = 2 or 3), [M0(02)F4]2-

(M = Mo(VI), W(VI)) and [Mo0(02)2F02  have shown the heavy metal 

atom to be seven coordinate, as the peroxy group in these 

complexes functions as a bidentate ligand (140,143). A large 

number of peroxyoxalato complexes of the early transition metals 

have been reported (133), but no structural measurements on such 

compounds were available. The aim of this research was to suggest 

structures for these complexes, in particular with reference to 

the coordination number of the central heavy metal atom. 

Results and Discussion. The complexes were found to be not very 

soluble in water, and previous studies had indicated that they are 

extensively dissociated in aqueous solution (143,159),  and thus 

spectroscopic studies on the solutions were not attempted. The 

solid-state infrared and Raman spectra of all of the samples were 

taken, with the exception of the Raman spectra of the uranium and 

titanium complexes, which were too deeply coloured to be studied 

using mercury arc excitation. These spectra are recorded in 

Table 12. 

From studies on a range of oxalato complexes of zirconium, 

Kharitonov et al (160) have shown that it is possible to 

differentiate between bidentate and monodentate oxalato ligands 

by infrared spectroscopy. By comparison with these results, 



Table 12. Vibrational frequencies (cm.-1) and assignments for peroxyoxalates 

Compound 
‘s)(M  = 0)  

bands 
M(02)bands oxalate modes 

‘), 91)7 ‘)2 \)8 °3 \9 11)4 1)1 o 9 °I 1 

K2[Mo0(02)2ox] i.r, 966 870 1715 1389 1252 900 790 543 515 
653 1689 530 467 
587 1667 

R 966 

K2[7)(002°x] i.r, 972 866,842 1718 1376 1319 908 794 567 526 
646,590 1669 1238 882 538 463 

R 972vs 542w 

1C2(Mo02(02)ox(H20)] i.r. 965s 866 1647 1379 1290 894 788 543 478 
912s 653 1248 529 469 

588 405 

R 962m 873 895 542 409 
909s 866 

K2NO2(02)ox(H20)].H20 i.r. 938vs 847 1639 1403 1269 874 801 524 509 
907vs 700 1339 1258 474 

602 
R 942vs 870vw 

910w 
(NH4)2[UO2(02)ox(H20)] i.r. 971 875 1634 1390 1272 891 798 587 499 

784 410 



Table 12.(Cont.) 

Compound 
(M  = o)  
bands 

M(02)bands oxalate modes 

'1/ 4)1 1' ' )7 ")2 ‘)8 ‘13 '')9 44 '110, 	i 1 

K3 [NI0(02 )0x3] a  i.r. 882 1703 1418 1246 897 788 54? 487 
5733E  1678 1363 1229 
568 

1C2[Ti(02)ox2(E20)] i.r, 840 1704 1387 1252 894 797 526 483 
614 1658 

a These measurements and measurements of Ref. 169 	These measurements only 

Only strong infrared bands reported; bands due to water or ammonium ion are not quoted. 
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and with the infrared spectra of a wide range of transition metal 

oxalato complexes (161) and the Raman spectra of tris-oxalato 

complexes of the Group IIIb elements aluminium, gallium and 

indium (162), it appears that the oxalato ligands in these peroxy 

complexes are all bidentate; the assignments and descriptions of 

the oxalate modes in Table 12followthose adopted in the latter 

two publications. 

Although the presence of a large number of bands due to 

the oxalato groups complicated the observed infrared spectra 

somewhat, these modes were found to be exceedingly weak in the 

Raman spectra, only the 	and 	modes being occasionally 

observed. Thus the Raman spectra could be used to identify the 

presence of the 0 - 0 stretching mode of the peroxide groupings, 

and also the presence of metal-oxygen double bond stretching 

modes where these occurred, these modes having been shown to 

appear strongly in the Raman spectrum. 

For most of the complexes, bands were observed in the 

infrared spectrum between 570 and 700 cm.
-1 which could not be 

satisfactorily assigned to vibrations of the oxalato ligands. 

These bands were assigned to stretching vibrations of the metal-

peroxide system, and thus, by comparison with the results of 

Part II, Chapter 1, it is suggested that the peroxide is present 

in these complexes as a coordinated bidentate peroxy ligand. 

Diperoxyoxalato complexes of molybdenum (163) and 

tungsten (164) were prepared according to literature methods; 
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their chemical analyses corresponded to the formulation 

K2[110(02)2ox], where "ox" represents a coordinated oxalato group. 

As already indicated, the infrared spectra suggested that these 

compounds contain both bidentate peroxy and oxalato ligands. A 

strong band was also observed in both the infrared and Raman 

spectra of the complexes near 970cm., in the region where 

metal-oxygen double bond stretching modes occur. This band was too 

high in frequency to be )3  of the oxalate groups, and furthermore 

these modes were not observed strongly in the Raman spectra of 

any of the complexes. Were the single oxygen atom present in 

these complexes as a bridging group between two metal atoms, it 

would be expected to show a band near 700 cm.-1  (90). The 970 cm.-1  

band was therefore assigned as a stretching mode of a metal-oxygen 

double bond in each of the two complexes. The central metal atom 

in these complexes therefore appears to be surrounded by one 

doubly bound oxy group, two bidentate peroxy groups, and one 

bidentate oxalato group, making it seven coordinate. 

A further series of compounds formulated as dioxymono-

peroxyoxalato complexes of molybdenum(VI), tungsten(VI) (165,166) 

and uranium(VI) (167) has also been reported. These compounds 

gave analysis figures corresponding to the compositions 

K2[Mo02(02)ox].H20, KJW02(02)ox].2H20 and (NH4)2[1102(02)ox].3H20. 

However, it was not clear whether the correct formulations involved 

coordinated oxy groups, for example, [Mo02(02)ox]2 .H20, or hydroxy 

groups, for example, No0(OH)2(02)ox]2-. The tungsten and 
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molybdenum complexes showed two strong bands in both the infrared 

and Raman spectra near 910 and 950 cm.-1  which were assigned as 

metal-oxygen stretching vibrations. The position of the 

frequencies and the alternation of intensities suggested that 

these complexes involved a cis-dioxo system (Part I, Chapter 4), 

but the symmetry of these species is likely to be so low that a 

trans dioxo system should also give two stretching modes in each 

spectrum. However, as discussed previously, Griffith has shown 

that for the complex [0s02(OH)2ox]2- only one infrared band was 

observed from the trans dioxo system instead of the two expected, 

and a similar case was expected here. The two bands were there-

fore assigned to vibrations of a cis dioxo system. As the peroxide 

and oxalate groups are both bidentate, the central metal atom 

would appear to be surrounded by two doubly bonded oxy groups, 

and one each bidentate peroxy and oxalato groups, and thus be 

six-coordinate. As most of the previous studies on peroxy com-

plexes had shown the metal atom to be seven-coordinate, this 

raised, the question as to whether these complexes may contain a 

water molecule coordinated to the metal to raise the coordination 

number to seven. Accordingly, dehydration studies were carried 

out on the complexes to determine whether all of the water they 

contained was readily removable under mild conditions, and there-

fore likely to be crystal water. The compound K2[W02(02)ox].2H20 

was found to give a weight loss on dehydration corresponding to 

the removal of only one molecule of water, while the molybdenum 
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complex K2[Mo02(02)ox],.H20 showed no weight loss under similar 

conditions. It therefore appears that these compounds retain one 

molecule of water in the inner coordination sphere of the metal, 

and should be correctly formulated as K2[1102(02)ox(H20)].nH20 

(M = Mo(VI), W(VI)), The diperoxy complexes were prepared in the 

anhydrous condition, and the question of coordination by water does 

not arise. 

The uranium complex (NR4)2[UO2(02)ox].3H20 showed only 

one band in the infrared spectrum attributable to metal-oxygen 

double bond stretching modes, while no bands directly assignable 

to metal-hydroxyl vibrations were observed. It therefore 

appeared that the complex has two doubly-bonded oxygen atoms 

trans to one another, as has been found for other uranyl complexes 

(168). Dehydration studies showed that the compound retained one 

molecule of water, which was presumably coordinated, and the 

correct formulation for the complex appeared to be the seven-

coordinate (N114)2[UO2(02)ox(H20)].2H20. 

Guerchais and Spinner have recently reported the 

preparation of the compounds MI[Nb(02)ox3].H20 (111  = NH4, K, Rb, 

Cs) (169). The infrared and Raman spectra of the potassium salt 

suggested that the complex possessed only bidentate peroxy and 

oxalato groups, and no oxy or hydroxy groups. The sample studied 

was prepared in the anhydrous state, precluding the possibility 

of coordinated water. The niobium atom in these complexes would 

therefore seem to be eight coordinate. 
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Finally, some studies were performed on the compleXes 

formulated as K2[M(02)ox2].nH20 (M = Ti(IV), Zr(IV)). The 

titanium complex was originally formulated as a dimer, 

(K2C204 TiO3)2.0203 2H20 (170), but Griffith later showed that 

it is monomeric and proposed the formula K2[Ti(02)ox2].nH20 (143): 

Theinfrared spectrum of this compound contained no bands which 

could be unambiguously assigned as titanium oxygen double bond 

stretching modes or vibrations of polymeric, oxygen-bridged 

chains of the type - Ti - 0 - Ti - 0 - Ti -2  but suggested that 

the peroxy and oxalato groups were bidentate. This would imply 

that the titanium was only six-coordinate in this complex; 

however, a dehydration study showed that one of the water molecules 

present in the compound as prepared could not be removed without 

decomposition.of the sample, It therefore seemed that the correct 

formulation for this complex anion was the seven-coordinate 

[Ti(02)ox2(H20)12 . The corresponding zirconium complex was believed 

to have been prepared by recrystallisation of the compound 

K2[ZrOox2] from hydrogen peroxide, but could not be obtained free 

of oxalatozirconate impurities. 

It is difficult to propose complete structures for these 

compounds. As both the oxalato and peroxy groupings are bidentate 

in the niobium complex [Nb(02)ox3]3- , this may have the dodeca-

hedral structure previously found for the tetraperoxychromate 

K3[Cr(02)4.] (142a), and may therefore be regarded as a derivative 

of the complex [Nb(02 N 3- )4] . The seven-coordinate species are 
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likely to have the pentagonal bipyramidal structure so often found 

for transition-metal peroxy complexes (133,141), with the peroxide 

group or groups lying in the plane of the pentagonal ring. 

The similarity between the proposed structures for the 

1 - complexes [1110(02)2ox]2  (M = Mo(VI), W(VI)) and [Ti(02)ox2(H20)]
2 
 1  

and the known structures of [Mo0(02)F4]2  (141), [Mo0(02)2F2]2  

and [Ti(02)F5]3  (143) suggested that mixed fluorooxalato species 

could possibly exist. Thus fluorine-19 nuclear magnetic resonance 

studies were carried out on aqueous solutions of fluoro complexes 

in the presence of oxalic acid. 

Aqueous solutions of the compound [10(02)F4]2  have been 

shown to have an "AB2C" type of fluorine-19 magnetic resonance 

spectrum (171). When oxalic acid was dissolved in such a 

solution, which was then warmed on a steam-bath, it was found 

that the AB2C spectrum obtained initially was slowly replaced by 

an AX spectrum (no quantitative measurements of position or relative 

intensity were made), suggesting that a species was present having 

two non-equivalent fluorine atoms, probably [W0(02)F2ox]
2
. A 

saturated solution of the compound (N114)3[Ti(02)F5] was found 

to be too dilute to give any resonance signals. However, a 

saturated aqueous solution prepared by warming this compound with 

a strong solution of oxalic acid gave initially an AX2  spectrum 

which finally changed to one in which a single fluorine resonance 

line was seen, apart from the line due to free HF2  ion; this 

suggests that two intermediate species of the form [Ti(02)F3ox]3 
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and [Ti(02)Fox2]3 may have been present. The fact that oxalate 

groups may apparently replace pairs of fluorine ligands in the 

known fluoro complexes helps to support the proposed structures 

for the oxalato complexes. 

Summary, Use has been made of infrared and Raman spectroscopy, 

and simple chemical studies, to suggest structures for a number 

of peroxyoxalato complexes of early transition metals. The 

titanium, molybdenum, tungsten and uranium complexes were shown 

to have seven-coordinate central metal atoms, and were thought 

to have a pentagonal bipyramidal structure with the peroxy ligand 

or ligands in the plane of the pentagonal ring. The niobium 

complex was shown to be eight coordinate, and may have a distorted 

dodecahedral structure. Finally, the close chemical analogy 

between these complexes and the corresponding fluoro complexes 

was demonstrated by using nuclear magnetic spectroscopy to show 

that mixed fluoro oxalato complexes probably exist. 

Experimental. The molybdenum and tungsten monoperoxyoxalates were 

made by the method of Rodriguez (166), while the diperoxides were 

made by recrystallisation of K2MO4  (M = Mo(VI), W(VI)) successively 

from an aqueous solution of oxalic acid containing one mole of 

acid for every mole of salt, and from 3 hydrogen peroxide. The 

uranium complex was made by Baskin and Prasad's method (167), 

the niobium complex by Guerchais and Spinner's method (169), and 

the titanium complex as described by Griffith (143)• Unfortunately, 

the compounds could not be recrystallised to increase their 
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degree of purity without decomposition. 

Carbon and hydrogen analyses were performed by the 

Microanalytical Laboratory, Chemistry Department, Imperial College. 

Potassium was estimated by precipitation as the tetraphenylboronate, 

as described earlier, and peroxide analyses were again performed 

by dissolution of the complex in N/10 potassium permanganate 

followed by back-titration of the unconsumed permanganate with 

ferrous ammonium sulphate solution; a correction was embodied in 

the calculations to allow for permanganate consumed by the oxalato 

ligands. As the samples were thought likely to decompose on even 

gentle heating, the water of crystallisation in the compounds was 

determined by measuring the weight loss of the finely ground sample 

on vacuum dehydration over phosphorus pentoxide at room temperature, 

measurements being taken until constant residual weight of the 

sample was attained. The analysis figures obtained are summarised 

below. 

K2[Mo0(02)20204]. Founds C, 	7.2%; H,  0.4%; (02)2-, 17.9%;  Kt 22-4- 

C205(02)2MoK2  requires C, 	7.0%; H, 	0. (02)2-, 18.7%; K, 22.8% 

K2[W0(02)2C204]. Found: C, 	6.2%; H, 0.0%; (02)2-, 14.1%; K, 18.2%. 

C205(02)2WK2  requires C, 	5.6%; H, 0.0%; (02)2-, 14.9%; K, 18.2% 

K2[Mo02(02)C204(H20)]. Found: C, 7.4%; H, 1.1%; (02)2-, 9.8%; 

K, 21.9%; weight loss on vacuum dehydration, 0.0%. 

H2C207(02)MoK2  requires 

Ky 22.7%; crystal water, 0.4. 

.2- 
C, 7.0%; H, 0.6%; (02  ) y 9.3%; 



159. 

K2NO2(02)C204(H20)].H20. Found: C, 5.9%; H, 0.5%; (02)2-, 6.8%; , 

K, 17.1%; weight loss on vacuum dehydration14.2%. 

f 
H2C207(02)WK2.H20 requires 	C, 5.4%; H, 0.9%; 02)

2-  
, 7.1%; 

K, 17.4%; crystal water, 4,0% 

(NH4)2[UO2(02)C204(H20)].2H20. Found: 0, 5.8%; H, 3.1%; N, 6.1%; 

(02)2-, 6.0%; weight loss on vacuum dehydration, 6.7% 

C2H10N207(02)U.2H20 requires 	CI  5.0; H, 3.0; N, 5.8%; 

(02)2-, 6.6%; crystal water, 7.5%. 

K3[Nb(02)(C204)3]. Found: (02)2-, 6.0%; K, 24.0. 

C6012(02)NbK3  requires 	(0 )2 , 6.3%; K, 23.2%. 

K2[Ti(02)(C2032(H20)].2H20. Found: C, 12.5%; H, 1.5%; 

(02)2 , 8.5%; K, 21.7%; weight loss on vacuum dehydration,8.8%. 

C411209(02)T1K2.2H20 requires 	C, 12.4%; H, 1.6%; 

(02)2-, 8.2%; K, 20.1%; crystal water, 9.3%. 

The solid state infrared and Raman spectra were taken 

as detailed in the General Experimental Section (Part III), 

although no infrared measurements were made below 400 cm. . 

Fluorine-19 nuclear magnetic resonance spectra were taken on a 

standard Varian Associates HR spectrometer, using a radio 

frequency of 56.4 me/sec, 
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PART III. 

GENERAL EXPERIMENTAL SECTION, 

All of the Raman spectra presented in this thesis were 

measured on a standard, Cary model 81 Raman spectrophotometer. 

Most of the spectra were obtained using a conventional mercury 

arc excitation source, wherein the lamp is shaped around the 

sample compartment in the form of a helix. For colourless 

solutions or white crystalline solids, the 4358 R (blue) line, 

isolated by cylindrical neodymium solution and yellow Wratten 

filters mounted just within the lamp, was used as the exciting 

line, while for yellow samples the 5461 	(green) line was used; 

in the latter case a yellow gelatine filter only was used, and 

spectra were taken with water in the sample cell to discover the 

positions of spurious lines from the source. As noted in the 

text, some Raman spectra on coloured samples were obtained using 

helium-neon laser excitation at 6328 R. These measurements were 

performed by the Applied Physics Corporation, Monrovia, California, 

and no information on the technique of measurement or the sample 

cells used was known, The Raman spectra were, in the main, 

measured from 200 to 1000 cm.
-1, occasionally to 1100 cm.

-11  

using double slits, although in some cases measurements were 

also made from 100 - 200 cm.
-1 using single slit only. 

Polarisation data on solutions were got by recording 
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the spectra with the exciting radiation polarised firstly parallel, 

and then perpendicular, to the direction of viewing of the 

scattered radiation, this polarisation being obtained by means 

of filters inserted around the sample cell. For samples which 

were either insufficiently soluble in, or decomposed by, wate, 

thus preventing solution measurements, the position of polarised 

Raman lines in the spectra of the solid samples was inferred by 

their sharpness and intensity relative to other bands. 

For solution measurements, the sample was contained 

in a standard, 5 ml., Cary tube; for the mounting of solid samples 

a conical tube of the type described by Busey and Keller (16) 

was used. Solutions were centrifuged before measurement. 

As Meloche and Kalbus have pointed out that anomalies 

may be observed in the spectra of samples contained in pressed 

alkali halide discs (172), all of the infrared spectra of solid 

samples were obtained using a mull technique. 

For infrared spectra between 4000 and 400 cm.-1y the 

samples were mulled in dry Nujol (liquid paraffin), with dry 

hexachlorobutadiene being used to cover the range 1500 to 1200 cm, -1 

wherein Nujol itself absorbs. Spectra of thick films of these 

two mulling agents were also taken to identify their absorption 

bands in the spectra of samples. The mulls were contained between 

polished potassium bromide discs for measurement; no reference 

sample was used. These spectra were measured on a Grubb Parsons 

"Spectromaster" grating instrument. 
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Infrared spectra in the 400 to 200 cm.-1 region were 

taken using vaseline mulls of the samples contained between two 

polythene plates 1 mm, thick; for these measurements a sample 

of the vaseline used contained between two of the polythene plates 

was placed in the reference beam. Any pair of plates which had 

been used was rejected, and not cleaned and re-used. Again, a 

spectrum of vaseline with just polythene plates in the reference 

beam, was taken to eliminate any absorption bands which might 

be observed in the spectra of samples due to different thicknesses 

of vaseline in the two beams. The spectra were taken on a Grubb 

Parsons DM4 grating instrument, which was continuously flushed 

with a stream of dry air. 

The infrared spectra of aqueous solutions were taken 

between 1200 and 800 cm.-1, below which background absorption by 

water prevents, further measurement, by placing a drop of the 

sample solution onto aKRS-5 (thallium bromide/iodide) disc, and 

placing another disc on top, no spacers being used, thus obtaining 

a thin film of solution upon which the measurements were made 

No cells were used in the reference beam, although occasionally 

an attenuator comb was placed in this beam to compensate for 

background absorption of the discs and water; in cases where 

the comb was used, the gain of the instrument's amplifier was 

increased to compensate for the reduced intensity of radiation 

reaching the detector. These aqueous solution spectra were 

taken mainly on the Grubb Parsons Spectromaster instrument, 
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although some measurements were made using a Perkin Elmer PE 237 

grating instrument, when a polystyrene film 0.07 mm. thick was 

used to calibrate the spectra. 

The technique of "attenuated total reflectance" (A.T.R.) 

has been used with some success to measure the infrared spectra 

of aqueous solutions of phosphates (173), calcium nitrate (174), 

and cerium(IV) nitrate (175), when bands at as low a frequency 

as 600 cm.-1  were detected. With the transmission technique 

used to record the spectra reported here, observation of bands 

occurring below about 850 cm.-1 appeared very difficult due to 

the strong background absorption of water. It therefore appeared 

worthwhile to investigate the possible application of A.T.R. to 

the systems being studied. 

The A.T.R. unit used was one of the Research and 

Industrial Instruments Ltd. units, specially designed to fit the 

Spectromaster instrument. The approximate optical layout is 

illustrated in Figure 12. Light from the source is reflected by 

the plane mirror P1  onto the toroidal mirror T1 , which focusses 

the radiation onto the front face of the hemicylinder; in this 

case both KRS-5 and silver chloride hemicylinders were used. The 

sample, S, is contained in a cavity in the hemicylinder holder, 

and is in contact with the back face of the hemicylinder. Due to 

the high refractive index of the material used, the radiation is 

totally internally reflected from the back face of the hemi-

cylinder. For some reason believed connected with the propogation 
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Figure 12. Diagram illustrating the optical system of the 

Research and Industrial Instruments Ltd. A.T.R. unit. 
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of standing waves at the interface between two media (176), the 

radiation penetrates a short distance into the sample solution; 

Fahrenfort has shown that the spectrum of the reflected radiation 

is very similar to the infrared absorption spectrum (177). The 

radiation is refocussed by the second toroidal mirror T2, and 

is then reflected by the plane mirror P2  into the monochromator 

of the instrument. 

A number of oxalato complexes of transition metals were 

prepared by crystallising mixtures of aqueous solutions of a 

transition metal salt, potassium oxalate, and oxalic acid in the 

calculated proportions. The infrared spectra of the solid 

complexes, and also of saturated aqueous solutions of the compounds 

obtained by transmission methods, using KRS-5 discs, and by 

A.T.R. methods, using both KRS-5 and silver chloride hemicylinders, 

were recorded The solution spectra obtained by both methods 

were almost identical, with perhaps slightly better resolution 

being obtained by transmission methods; the A.T.R. method did 

not permit the detection of bands occurring at lower frequency 

than about 800 cm.-1, such bands being also detectable in the 

simple transmission spectra. In view of the time taken to 

adjust the A.T.R. unit before each measurement, it was not thought 

worthwhile to use the technique to record any of the spectra 

presented in this thesis. 
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