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I. Introduction 

This review is concerned with the neglected class of inorganic 
compounds which contain ions of the same element in two different 
formal states of oxidation, Although the number of references cited in 
our review shows that many individual examples of this class have been 
studied, yet they have very rarely been treated as a class, and there has 
never before, to our knowledge, been a systematic attempt to classify 
their properties in terms of their electronic and molecular structures. 
I n  the past, systems containing an element in two different states of 
oxidation have gone by various names, the terms “mixed valence,” 

nonintegral valence,” “mixed oxidation,” “oscillating valency,” and 
“controlled valency” being used interchangeably. Actually, none of 
these is completely accurate or all-embracing, but in our hope to avoid 
the introduction of yet another definition we have somewhat arbitrarily 
adopted the phrase “mixed valence” for the description of these systems. 

The concept of resonance among various valence bond structures is 
one of the cornerstones of modern organic chemistry. The most important 
feature of resonance among degenerate or near-degenerate structures is 
that the states resulting from the resonance have properties quite 
different from those expected of any one of the structures taken separ- 
ately. Thus, for example, the pentamethinium ion requires the two 
degenerate structures 

< I  

H H H H H  

and 
H H H H H  

+ I I I I I  
(CHs)zN=C-C=C-C=C-N(CHa)2 

for an adequate description of its ground state, and, as a consequence of 
the resonance interaction between them, has a deep green color. On the 
other hand, either of the structures taken alone would be expected to 
have the color of 1,3,5-hexatriene, i.e., would be colorless. In  this 
example, the resonance and the consequent green color spring from the 
fact that the nitrogen atoms can assume two valencies, 3 + and 4 + and 
are in equivalent positions in the ion so that on interchanging the nitrogen 
valencies, anequivalent structure results. There is ample reason to believe 
that exactly similar results would follow if a molecule could be synthe- 
sized in which the nitrogens were replaced by, say, Fe(I1) and Fe(II1). 
Thus it seems dear from the dramatic effects of resonance in organic 
chemistry that one can expect unusual properties in inorganic materials 
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possessing the same metal ion in different oxidation states, properties 
not to be found in the salts of either oxidation state taken separately. 

Occasionally one finds examples of mixed valence among the inorganic 
nonmetals (the triiodide ion contains iodine atoms with formal valence 
zero and minus one). However, it is easily understood that by far the 
largest number and greatest variety of such compounds to be encountered 
in chemistry involve the transition and B subgroup metal elements, since 
many of these elements can exist in a variety of oxidation states. It is 
paradoxical, then, that  the revitalization of transition metal chemistry 
brought about by the successes of the crystal field and ligand field 
theories has not been extended to the area of mixed valence compounds 
and their properties. It is the aim of this article to carry the renaissance 
of inorganic chemistry into this neglected area. 

Mixed valence systems are, or should be, of great interest because 
their properties are rarely just the sum of the properties of the two metal 
ions taken separately ; as with resonating organic molecules, there 
frequently is an "interaction" between the metal ions which results in 
the most dramatic changes in the physical properties of the system. 
Thus, as examples, Wv'03 and LiWvO3I are insulators whereas the 
mixed valence compound Li,W~W~2,03 is a conductor, the crystals 
K4Fe11(CN)e and Fe',11(S04)3 are pale yellow whereas KFeT1lFel'(CN)e 
is deep blue, and paramagnetic substances may become ferromagnetic or 
diamagnetic, all by changing the oxidation state of a part of the metal ions 
in the system by one or more units. Thus, for those interested in the 
interrelationships between electronic structure, molecular structure, 
electronic spectra, electronic conduction, and molecular magnetism, the 
mixed valence systems offer a class of compounds unique in chemistry. 
As would be expected, a study of such mixed valence systems suggests a 
close correlation between their color, crystal structure, magnetism, and 
electronic conductivity, which hopefully will allow one to predict aspects 
of all the above properties, after determining any one of them. 

The most obvious and striking feature of many mixed valence 
compounds is the presence of intense absorption in the visible region of 
the spectrum, not present in compounds containing either valence state 
alone. Thus, whereas the colors of almost all Fe(II1) and Fe(I1) com- 
pounds are colorless, pale orange, or pale green, the color of almost all 
mixed valence systems simultaneously containing Fe( 111) and Fe( 11) is 
deep blue to black. And there is another paradox here, for although the 
blue-black systems are being actively ignored today in the midst of a 

1 In  this work, the Roman numeral which follows an  atomic symbol refers to 
the formal oxidation state of the metal ion, and is not to be confused with similar 
numerals used differently by atomic spectroscopists for the same purpose. 
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flurry of quantum mechanical activity on the pale orange ones, in the 
dark ages of the prequantum mechanical days, when no one could guess 
the explanation for the color of the Fe(II1) ion, there was presented a 
very reasonable rationale for the deep blue color of Prussian blue, 
KFe1*1Fe’1(CN)6. Because the deep colors of mixed valence systems were 
so unexpected, they could not be ignored for long, with the result that an 
explanation of the effect was presented with which we today can find 
little fault. 

Thus, Wells (759) ,  describing with great insight the very dark colors 
of various Au(I),Au(III), Sb(III),Sb(V), Fe(II),Fe(III), and Cu(I), 
Cu(I1) chromophoric groupings, wrote : 

“The chromophore groiiping that has been presented here is a very curious 
thing. In the cases of Au(1)-Au(II1) and Sb(II1)-Sb(V) there is a difference of two 
iinits of valency, while with Fe(I1)-Fe(II1) arid Cu(1)-Cu(I1) thcre is a differcnce 
of only one unit, and, furthermore, these four pairs of valencies are all different. 
It is particularly remarkable that the three chlorides, CsC1, SbCla, and SbC15, 
which constitute one of the examples of the chromophore grouping, are all of them 
colorless compounds. 

It seems possible that the action of this chromophore may be explained by 
exchanges of negative electrons betwcen the atoms that differ in valency. It is 
supposed that in passing from one valency to another an atom gives up or takes 
on one or more electrons, arid, if it  is assumed that tho atoms of a metal in two states 
of valency in the same molecule, instead of retaining fixed individual valencies, 
continually make these exchanges of electrons, it  may be supposed that light, 
passing through such molecules, is in some way affected, so that colors or opacity 
are produced.” 

As the reader will find on reading ahead, in a good many systems so 
little work has been done on this phenomenon that we can add little today 
to what Wells wrote over 45 years ago. It is interesting to note that 
Wells’ idea predates the pioneering work of Bury (116) on resonance in 
organic dyes by over 10 years. 

The history of mixed valence chemistry goes far beyond the work of 
the twentieth century chemists, beginning with the synthesis in 1704 of 
one of the first coordination compounds, Prussian blue (572). The early 
history of the mixed valence phenomenon can be clearly seen as consist- 
ing of two phases. In the first earlier phase, we have the slow recognition 
of the mixed valcnce color phenomenon and an appreciation of the 
conditions which must prevail for its appearance. Thus, as early as 
1847, Berzelius (63) described the blue-black ink derived from tannin- 
containing gall nuts as a double salt of Fe(I1) and Fe(II1) ions, similar 
to the other blue iron salts then known to contain these ions simultane- 
ously. Werner (764)  also commented on the extraordinary colors and 
metallic sheen of certain Pt(II), Pt(1V) oxalate complexes he newly 
synthesized, comparing their colors to that of the tungsten bronzes and 
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hydroquinone, the common denominator in all these systems being the 
simultaneous presence of oxidizing and reducing species. Hofmann (365) 
followed shortly thereafter with convincing evidence that the blue color 
of Prussian blue and other iron cyanide complexes was due to the 
presence of iron in two different oxidation states in the molecule. The 
significance of the mixed valence phenomenon to the colors of certain 
iron-containing minerals was later elucidated by MacCarthy (470) ,  who 
explained that the presence of Fe(I1) and Fe(II1) in minerals leads to 
deep colors, black if the mineral is anhydrous, blue if it is hydrated. I n  
addition to these few examples, a long list of citations can be made of 
the appearance of transient dark colors in the course of oxidation and/or 
reduction of many transition metal compounds. 

In the historical second phase, the seemingly logical inferences are 
drawn that in fact the different valences are not uniquely fixed, one to 
each ion, but oscillate rapidly in a mixed valence system, and that the 
result of this unique valence oscillation is a unique absorption of light, 
i.e., color. Thus, in 1915 Hofmann and Hoschele (366) suggested that the 
blue color of “cerium-uranium blue,” a mixed oxide of U02 and CeOz, 
was the result of the valence oscillation, 

Cei”OaU1v Ce:l*OsUVI 

and coined the phrase “constitutive coloration” t o  describe this and other 
systems having colors which are not the sum of the colors of their 
components, but unexpectedly appear only on the union of these 
components : 

“It is necessary that the distributiori of oxidation states within the molecule can 
exchange under the influence of light so as to produce the light absorption and hence 
the color. This situation occurs most frequciitly in  inorganic chemistry when the 
same element is present in different valence states in the same molecule.” 

Wells (759) shortly after, and without reference to the work of the 
Germans, came to the same conclusion quoted above, proposing in 
addition that the “spontaneous electronic activity” present in mixed 
valence compounds must also result in enhanced electrical conductivity. 
This latter conclusion of Wells made understandable the earlier work of 
Streintz (688),  who found that white, yellow, red, and gray powders do 
not conduct electricity, whereas the deeply colored ones may show 
metallic conduction. Biltz (69 )  soon followed with an article outlining the 
origins of the colors of various inorganic materials, giving space to mixed 
valence colors and many examples of compounds wherein the same 
element occurs in two different oxidation states, and also to the situation 
wherein two different elements are present in di ffercnt oxidation states. 
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This latter collection of examples is complicated by the possibility that 
the color change on mixing arises not from an oscillation of valence 
between different metal ions, but instead from a change in the ligand 
field about one of the components on going into the mixed crystal. Thus, 
the combination 

COO (red) + Si02 (rolorless) --f CoO/Si02 (blue) 

is given as an example of the formation of a mixed valence, constitutive 
coloration. However, the red-to-blue color change given above could 
reasonably be interpreted as that expected for Co(II) in an octahedral 
site of Coo going into a tetrahedral site of SiOz. The question raised here 
can obviously be settled by a study of the electronic spectrum, but until 
this is done there remains an ambiguity, which we take as an example of 
the fact that not every color change observed on mixing can be attributed 
to the mixed valence phenomenon. 

Finally, the work of Stieglitz (687) must be mentioned as being of 
historical importance, for he expressed the thought that  the deep color 
of many inorganic substances was intimately connected with the inter- 
atomic oxidation-reduction tendency of the compound. Thus, in mixed 
valence systems, he pointed out that intense colors can result from 
photochemical oxidation-reduction, the electrode potentials permitting, 
and that there is no compelling need to introduce an oscillation of the 
valences. As we shall see later, these two views are simply the extreme 
solutions of the same general problem, and many mixed valence systems 
can be found which support each of the two seemingly opposite positions. 

Up to the present time, mixed valence phenomena have not very 
often been considered in the wider context, of theories of spectroscopy 
and the solid state, but rather as peculiar occurrences occasionally met 
with here and there, their consequences here having no relationship to 
their consequences there. In  fact, as we shall illustrate, mixed valence 
is found in a tremendous number of places, and it is hoped that a system- 
atic study of the electronic phenomena related to its occurrence will 
serve to unite many seemingly unrelated facts. I n  Table I we list a 
number of the scientific areas in which mixed valence is encountered, 
together with examples. In  a great many cases, the mixed valence 
introduces profoundly new effects. 

Our first task is to cast the older, qualitative description of the 
mixed valence phenomena into a more modern, qualitative quantum 
mechanical one, relying heavily on ligand field theory. The accent here 
will be on the relationship between electronic spectra, electronic 
structure, and molecular structure. Following this, we will consider the 
experimental results a t  hand and attempt to apply our quantum 
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theoretical generalizations to them. Hopefully, by proceeding in this 
way, with all the data gathered in one place, we will uncover unexpected 
relationships and generalities, and, by pointing out where more work is 
needed, stimulate the completion of this work. 

TABLE I 

AREAS IN WHICH EXAMPLES OF MIXED VALENCE CAN BE FOUND 

Area Example 

Metal-metal bonding 
Nonstoichiometry 
Coloration of' glasses 

Biology 
Reaction intermediates 

Spot bests, qualitative 
analysis 

Solid state 

Electronic conduction 
Magnetic interactions 

Minerals 
Photochemistry, 
photography 

Metals in molten salts 
Iritermetallics 
Polyhalides 
Unusual oxidation states 
Statistical mechanics 

Electrochemistry 
Superconductivity 
Dyes, pigments, inks 
Valence isomerization 

[TaeC11~1~~ 

Blue color of silicate glasses 

Hemocyanin 
Fe(OH)2 (colorless) --+- 

Fe" + Fe1'I(CN)6+blue 

Self trapping, color centers, 

Controlled valency spinels 
Ferromagnetic double 
exchange (LaMnO3) 

Biotite, Fe304 
Iron oxalate blueprint 

uo,-, 
containing iron 

air 

air 
(blue) ---+ Fe(OH)3 (brown) 

solution 

Na in NaCl ( ? )  

reaction, phosphotungstous 
acid images 

Ri in BiI3 
In'InI"Te2 

Cs2SbCl6, GaC12, Pb203 
Entropy-induced defect 

AgO electrodes, Pb2O3 
Tungsten bronze, AgzF 
M0308, w308, Prussian blue 
Cu"Ta'"03 = Cu'TaV03 

1; 

structures and shear phases 

II. Theory of Mixed Valence Effects 

Our theory of mixed valence effects begins with a simple one-electron 
theory of the electronic structure of mixed valence systems, and then 
goes on to discussions of the electronic spectra, resistivity, and magnetic 
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interactions in such systems, followed by a few words about geometry 
and valence. The theory of mixed valence will use the concepts of ligand 
field theory as a basis, and is phrased in very broad and general terms. 
This is because there are very little quantitative data available on mixed 
valence compounds, and consequently very little need as yet for a detailed 
theory. The theory as outlined, however, is sufficient for drawing 
important preliminary qualitative conclusions about the electronic 
structures of these materials, and offers a foundation for a valuable 
classification scheme. 

A. THE WAVE FUNCTIONS AND MIXED VALENCE CLASSIFICATION 

Our initial concern is with the delineation of the mixed valence wave 
functions, the prime value of which is as a qualitative measure of the 
extent of delocalization of the valence shell electrons. Although these 

FIG. 1. A hypothetical mixed valence system consisting of the redriced metal 
ion a t  A, and six oxidized metal ions at the equivalent U sites. The lignnds are not 
shown. 

wave functions will not actually be used in a direct calculation of excita- 
tion energies, they can be of use in estimating other spectral properties, 
such as relative excitation energies, the number of excited states and 
their ordering, and spectral intensities. The extent of delocalization also 
correlates with the resistivity of mixed valence solids and their magnetic 
properties. 

Consider the set of seven metal ions having the geometrical arrange- 
ment shown in Fig. 1 .  The metal ion in site A differs from those in the B 
sites not because of their relative geometrical arrangement, but because 
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the fields of the ligands, not shown, are supposed to be of different 
strengths and/or symmetries a t  the two sites. All the B sites are equi- 
valent. Let us also suppose that the ion in the A site is of formal valence 
I11 [Ti(III), say] and that the ions in the B sites are all of formal valence 
I V  [Ti(IV), say]. 

Neglecting explicit mention of the ligand wave functions, the ground 
state wave function of the system in zeroth order may be taken as 

( 1 )  

where is the wave function of the trivalent ion in the A site, and the 
&: are the wave functions of the quadrivalent ions in the B sites. On 
transferring one electron from the A site to the B site, the A site and B 
site wave functions will change their oxidation state labels by +(I) and 
-(I), respectively, yielding excited state wave functions, which may be 
written as : 

( 2 )  

There will be six Y k ’ s ,  each with numerical coefficients C, chosen to 
normalize Yk and chosen to guarantee that Yk will transform according 
to one of the representations of the appropriate symmetry point group. 

Suppose also that one of the Yk’s, say Yl, has a symmetry appropriate 
for mixing with Y;, i.e., Y; and YL belong to the same representation. 
The ground state, Yo, will then be taken as the linear combination 

I11 I\’ I\’.. % = ** *u, *& 3% 

I\’ I\’. . 
yr, = *i\’ c Ckj *B, *s, **;:I - . * *K 

3 

Yo = d- i=2Yo + aYl 

= zil- a ** *B, *BZ **2 + 2 111 1v I V . .  c clj@*;:. * .*2’-. 4 3 ;  
3 

where nllr is defined as 

and similarly for the other rJjj’s. Thus, 

1v IV IV I V  
TI%, = *L:*BZ*B4*B6*Bd (4)  

where 1 / N  is a normalization factor. 
At this point let us presume for simplicity that the reduced species 

in any site consists of one electron outside of a closed shell, so that we 
may take 

I\‘- C’ I\’ - c 

111 - c * 111 - C‘ 

*A - 4 A  ; $I%, - 41b 

( 6 )  *.i - 4.4 $A ; $11~ - b) dQJ 
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where +c represents the wave function for the closed-shell core, and +* 
is the only orbital outside the core. Using the above relations, one finds 

The prefactor +;*+gJ rrBJ is simply the product of all the closed-shell core 
functions, K ,  and can be carried along from this point onward without 
further comment. Thus, 

We recognize the wave function in Eq. (8) as describing the optical 
electron in a molecular orbital written as a sum of atomic orbitals spanning 
both A and B positions. Notice that, since the A and B sites are distin- 
guishably different and no symmetry operation will take a wave function 
centered on A into one centered on B, the two fragments 4: and 
xi Clj4zJ must have the same symmetry if they are to be mixed. That is, 
the only Yl which will be mixed in with Y,!, must have its sum of GJ 
orbitals transform like the orbital. Thus the electron will be delocal- 
ized from A onto the B sites only if the orbitals on A and B have the same 
point group symmetry, a result already well known in molecular orbital 
theory. 

For normalized wave functions, the value of a' can be derived to be 

from the solution of the secular equation which expresses the mixing 
between Yh and Yl, I n  this equation, V is the mixing matrix element 
(Yhl VI Y l )  and El is the energy of Yl above !PA. With an appropriate 
change of the zero of energy, the energies Eo and El may be taken as 
approximately the valence state ionization potentials of the reduced 
ion at  A and the reduced ion a t  B, respectively. 

One sees from Eq. (9) that, as El approaches zero, both a and v'l - a' 

approach ( N d 2 ) / 2 ,  whereas, for very large EL, a tends to zero and 
y / C a '  to one. Thus if El is large, then a is small, and Eq. (8) reduces to 
the zeroth order Eq. ( 1 )  for the wave function of the system in the ground 
state, but Eq. (8) becomes more appropriate the smaller is El and the 
larger is a. A large value of El may come about either hecause the ions in 
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the two sites are of different elements, or because the sites differ in ligand 
field strength or ligand field symmetry. Inasmuch as this review 
considers only mixed valence compounds in which the oxidation states 
involved are those of the same element, nonzero values of El will be 
associated only with differences in ligand field strength and/or ligand 
field symmetry. 

We now propose a mixed valence classification scheme which is 
based essentially upon the strength and symmetry of the ligand fields 
about the metal ions, and their relationship to the value of a appropriate 
to a particular system. By definition, in a class I system, the ions of 
differing valence are in sites of very different symmetry and ligand field 
strength, so that E, is large and a approaches zero. I n  a class I system the 
simple product function of Eq. (1) is used to describe the ground state. 
An example of a class I system would be a mixed valence cobalt com- 
pound in which the Co(II1) ions were in octahedral ligand fields with 
low-spin configurations, and the Co(I1) ions were in tetrahedral ligand 
fields with high-spin configurations. 

On the other hand, if the Co(I1) and Co(II1) ions are in exactly 
equivalent sites, so that El is zero and CL = ( N d / 2 ) / 2 ,  then the system 
is class 111, and the molecular orbital description, Eq. (S), is needed for 
the ground state of the system. Class I11 mixed valence systems can be 
further subdivided into classes 111-A and 111-B, depending upon 
whether or not discrete polynuclear ions can be distinguished in the 
crystal. An intermediate classification, class 11, is defined for cases in 
which delocalization does take place ( a  > 0 ) ,  but the two types of site 
are still distinguishable, and so the optical electron does not spend equal 
times on them. As an example, a class I1 system might have both oxidized 
and reduced cations in octahedral sites, but with the metal-ligand 
distances shorter a t  one site than at  the other. It is not easy to draw a 
precise demarcation between classes I and 11, but, in the vast majority 
of cases, class I1 systems have a t  least one ligand which bridges the two 
ions of differing valency, whereas in class I systems the metal ions are 
either removed from one another by two or more ligands which are 
relatively non-interacting, or have very different coordinations. 

A further point arising from Eq. (9),  and relevant to our selection of 
compounds as examples of mixed valence, is that a can become large not 
only when El is small, but also when V becomes large. It is for this 
reason that we have, with very few exceptions, excluded sulfides, 
arsenides, and all other compounds in which there is likely to be extreme 
metal-ligand covalency. I n  many single valence examples of this type, 
electron delocalization can occur with such a small expenditure of 
energy that the resulting low-frequency absorption bands and high 
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electronic conductivity would be difficult to distinguish from that to be 
ascribed to mixed valence interaction. Our approach to mixed valence 
systems is thus predominantly an ionic one, in which electron delocaliza- 
tion, if it  occurs, involves primarily the metal ions whose valences are 
under discussion, and the ligands to a much smaller extent. 

The motivation for the classification scheme outlined above sprang 
from our observation that each of the classes as defined exhibits certain 
easily recognized physical properties which are characteristic of that  
class. Thus, by a measurement of a single property which is characteristic 
of one of the four classes, many of the other physical properties of the 
system can be guessed, or become understandable. Because compounds 
with properties common to more than one class are rare, the classification 
scheme is of rather greater utility and has been used extensively in the 
discussion of the mixed valence compounds (Section 111). 

B. MIXED VALENCE SPECTRA 

Since we are neither capable nor desirous of calculating spectra in a 
review of this kind, our goal is to present some generalizations which, 
although they are phrased in the form of a theory, in fact were arrived 
a t  by a study of the experimental results reported in the literature. Thus 
our effort here is to rationalize “the truth” in terms of a simple model 
which, by its generality, will be of use in the discussion of the spectra of 
a wide variety of mixed valence compounds. 

Our fundamental concern in this section is with the mixed valence 
electronic transition, 

where fl plays the same role for the excited state that u does for the ground 
state. It is electronic transitions of this sort that comprise the mixed 
valence absorption spectrum in all three classes. Because the classifica- 
tion scheme is based essentially on geometry, and since the nuclei in the 
excited state will be considered as fixed in the ground state configuration, 
the ground and excited states of mixed valence transitions are assumed to 
belong to the same mixed valence class. 

A study of the literature shows that in systems which are known by 
their crystal structures to be mixed valence class I (m = /? = 0 ) ,  the mixed 
valence absorption bands fall at frequencies higher than 27,000 cm-l, for 
they are almost all colorless. Those class I systems that do show absorp- 
tion in the visible invariably contain a colored ion as a constituent, their 
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visible spectra being merely sums of the spectra of the const,ituent ions, 
and nothing more. Virtually all the colorless class I systems involve 
nontransition metal ions, which are quite stable in the ground state as 
M" and Mn+2, but which are relatively unstable in the Mn+l,Mn+l con- 
figuration of the mixed valence upper state. Actually, a mixed valence 
absorption has never been observed in a class I system, so there is no 
evidence as to where in the spectrum it might be found. 

In  contrast, the class I1 mixed valence systems are characterized by 
an absorption band in the visible region of the spectrum (14,000-27,000 
cm-') which is absent in the spectra of the constituent ions taken 
separately. In the simplest approximation, the energy of this transition is 

(11) 

where EA and E B  are the changes in internal energy a t  sites A and B, 
respectively, on transferring an electron from A to B, and Emad is the 
Madelung energy expended in moving the optical electron from A to B 
in the electrostatic field of all the other charges in the crystal. This last 
term can be calculated from a cycle in which adjacent ions are removed 
from the crystal to infinity, an electron transferred adiabatically between 
them, and the ions then returned to their sites in the crystal. The two 
internal energy terms in Eq. (1 l ) ,  however, correspond to the ionization 
potential and electron affinity of sites A and B, respectively, and as yet 
cannot be estimated or measured for inorganic complexes. Inasmuch 
as a class I1 mixed valence transition is a photochemical oxidation- 
reduction, the possibility of somehow adapting half-cell potentials to the 
estimation of the internal energy terms is attractive. However, it  should 
be mentioned that the only application of such potentials to mixed 
valence systems resulted in the incorrect valence assignment for the 
ground state of Prussian blue (754).  

Although the various contributions to the energy of the lowest- 
frequency mixed valence absorption band in class I1 compounds cannot 
yet be interpreted in detail, certain other features of the spectrum are 
more readily understood. It seems clear that in class I1 compounds, even 
though a and /3 are nonzero, the perturbation of the wave function can be 
sufficiently small so that constituent ion absorptions can still be recog- 
nized, albeit not at  exactly their normal frequencies. Thus the 29,000 cm-' 
transition characteristic of the SbII'CI, group is identified at  31,000 cm-l 
in the blue class I1 compound Cs,SblllSbVC1,,, and the 50,000 cm-l 
charge transfer bands of the [Fe11(CN)6]4- ion are observed a t  this 
frequency in the class I1 compound KFe"IFeI' (CN),. Because of this, 
the electronic spectrum holds promise for resolving ambiguities in the 
ground state valence configurations of many class I1 mixed valence 

hv = E A  + E B  + E m a d  
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compounds. Similar constituent ion absorptions can be found in the 
infrared and Mossbauer spectra of class I1 compounds. For example, 
the v 3  stretching frequency of the [SbVCl,]- ion in Cs,Sb1*xSbVC112 is 
shifted only 5 cm-l from its position in RbSb"C1,. 

A second interesting point, which also follows from the slight 
perturbation of the constituent ion levels in class I1 systems, involves the 
remaining mixed valence spectrum. For illustration, consider the d- 
orbital pattern of a hypothetical class I1 Cu(I),Cu(II) complex in which 

Y Y X 
I 
/ I  I 

x- cu -x- C P -  x 
I I ; i X 

x-c;u=-x 
I 

FIG. 2. The molecular orbital scheme for the hypothetical class I1 mixed 
valence system Cu1Y~X2Cu"X~, showing how the energy difference between the 
two mixed valence transitions 2 and 1 is equal to the crystal field transition A in 
cu"x2Y2, etc. 

the Cu(1) is in square coordination with two X and two Y ligands, and 
Cu(I1) is in square coordination with four X ligands (Fig. 2 ) .  I n  such a 
simple system there will be four mixed valence absorption bands, 
labeled 1, 2 ,  3, and 4. The point of interest here is that the energy differ- 
ence between mixed valence transitions 1 and 2 will be equal to the first 
crystal field excitation energy of the Cu(1I) ion in the Cu(1) ion site, 
i.e., transition A (dx2 - yz + dz2) in the oxidized ion. Similarly, mixed 
valence transition 3 will appear displaced from transition 1 by the 
Cu(I1) crystal field excitation B (dxz ,dyz  + dz2).  Thus in this case, the 
entire crystal field spectrum of the oxidized ion, Cu(II), in the reduced 
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ion site (A) appears in the mixed valence spectrum, shifted from where 
it ordinarily would appear by the energy of the lowest mixed valence 
transition. Other samples exist where t,he mixed valence spectrum 
consists of the crystal field spectrum of the reduced ion in the oxidized ion 
site, or of combinations of both kinds of spectrum. However, not all 
crystal field states will necessarily appear in the mixed valence spectrum, 
since many of the excited crystal field configurations require two- 
electron excitation when attained from the mixed valence ground state. 
Only one example of the shifting of the crystal field spectrum by the 
mixed valence excitation energy has so far been reported (591). 

The intensities of electronically allowed transitions in class I1 
systems are another interesting aspect of mixed valence spectra. In an 
electronically allowed transition, the orbital Cj Cmj &, of the upper state 
must transform differently under the operations of the symmetry point 
group than does &Clj+&, so that CjCmj+:, cannot mix with 4.4*, and 
thus /3 is zero. The intensity of such an electronically allowed mixed 
valence transition is proportional to the square of the transition moment 
integral, 

where g is the orbital degeneracy of the transition, and M is the electric 
moment operator. By neglecting overlap distributions between the 
A and B sites, the x component of Eq. (12) can be reduced to  

in which xj is the x coordinate of the j th  site. Exactly similar equations 
hold for the y and z moments. The utility of Eq. ( 1  4) lies in the fact that, 
if the system is sufficiently regular geometrically so that the Clj’s and C,’s 
are determined by symmetry, and the xj’s are known from a crystal 
structure determination, ci can be obtained from a measurement of p ;  
p is calculated from the equation 

p2 = 9.17 x lO-‘J edlogh (15) 

in which E is the molar extinction coefficient of the mixed valence 
absorption band at  wavelength A, and p 2  is measured in em2. 

There is one complication worth considering here, and that is the 
case where there are two types of orbital a t  each B site, call them 
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+ ( z ~ ) ~ *  and +(x2 - Y ~ ) ~ * ,  say. The possibility then arises for a transition 
involving the two types of orbital, leading to the transition moment : 

The transition moment integral in Eq. (17) is one between atomic 
orbitals on the same atom, and can be zero even though the selection 
rules predict an allowed transition between Yo and Y,. This is possible 
because the selection rule allowing a transition between Yo and Ym 
guarantees that the intensity generated in one part of the molecular 
system is not canceled by that in another part, but by itself does not 
guarantee that the intensity within this part of the molecular system is 
not itself zero. Inasmuch as the intensity of an electronically allowed 
mixed valence transition does depend upon u, it can readily be appreci- 
ated that there can be no intense ( E  2 4000) mixed valence absorption 
unless +** and some &, have a nonzero overlap. 

That highly hydrated mixed valence compounds have only the pale 
color of their constituent ions, but become more deeply colored as the 
water is removed, is one of the mixed valence facts of life. This is under- 
standable, since water is not a bridging ligand and would promote the 
formation of a class I system when present in large proportions. However, 
as the water is removed, the empty sites must be filled by ligand anions 
which can bridge two metal ions and thereby turn the compound into a 
more deeply colored class I1 system. 

Polynuclear mixed valence anions, cations, and neutral species in 
which the sites of all metal ions are equivalent are classified as 111-A. 
The interpretation of the spectral properties of class 111-A systems 
differs from that of class I1 systems, for in class 111-A the distinction 
between A and B sites is lost completely, so that E, = -Es, and Emad is 
zero. The excitation energies in class 111-A are instead dependent upon 
ligand field splittings and molecular orbital resonance integrals, just as 
they are in an ordinary polynuclear complex having metal-metal bonds. 
Also, unlike class 11, there will be no recognizable constituent ion 
spectra in class 111-A compounds. 

Class 111-B systems are metals and as such show an absorption edge, 
usually in the infrared, and are opaque with a metallic reflex in the visible 
region. 

In  a broader sense, there is really nothing unique about mixed 
valence systems, for mixed valence properties are to be expected in any 
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system containing simultaneously an oxidizable and a reducible species 
in close contact. Thus, transition metal sulfides may have many proper- 
ties in common with class I1 mixed valence systems, for the excitation 

S2- + M(II1)  + S- + M(I1) 

may be thought analogous to the excitation 
N(I1) + M(II1)  -+ N(II1) + M(I1) 

in a mixed valence system. The difference between these two examples is 
one of degree only, for if the N and M ions are of the same element and are 
in identical ligand fields, then the energy difference between N(I1) + 
M(II1) and N(II1) + M(I1) will be as small as zero, whereas no such state- 
ment can be made for S2- + M(II1) versus S- + M(I1). 

The relationship of inorganic mixed valence systems to the organic 
charge transfer complexes is also a close one. In  fact, the charge transfer 
complex quinhydrone is mentioned in Biltz's early article on inorganic 
mixed valence systems (69). The unexpected deep black color of quin- 
hydrone was correctly seen by Biltz to  be a consequence of having formed 
a crystal containing an intimate mixture of the oxidized material 
(benzoquinone) and the corresponding reduced material (hydroquinone), 
in every way equivalent to the formation of a deep blue color in crystals 
which contain Fe(II1) (an oxidized material) and Fe1r(CN)6 (a reduced 
material). 

C. MAGNETISM AND ELECTRON TRANSPORT 

The magnetic and electron transport properties of mixed valence 
compounds are closely related to one another, and the wide variations 
observed in their behavior give further weight to our proposed classifica- 
tion scheme. In particular, we can make operational distinctions between 
class I and class I1 compounds on the basis of these properties in a 
way not possible from a knowledge of the crystal structure alone. 

In  a class I mixed valence material, the electrons which distinguish 
the valence of one ion from another are so firmly trapped that virtually 
no magnetic coupling between partly filled shells on adjacent metal ions 
is possible, and these substances are paramagnetic down to very low 
temperatures. Thus a class I compound such as C O ~ ' C O ~ ~ ~ O ~  will have a 
molar magnetic susceptibility precisely that expected for a mixture of 
one mole of Co(I1) in tetrahedral coordination and two moles of Co(II1) 
in octahedral coordination. That electron transfer can occur only at the 
expense of a large amount of energy also means that class I materials are 
electrical insulators. 
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At the opposite extreme, when u in Eq. (9) has its maximum value, 
the odd electrons responsible for the mixed valence occupy a band 
spanning the entire cation sublattice (we are ignoring the possibility 
that they have any appreciable density on the anion sublattice, as 
mentioned above). I n  such a case, two electrons occupy each state of the 
energy band up to the Fermi surface so that, with completely filled inner 
shells and in the absence of a magnetic field, each atom has no net spin, 
and atomic moments exist only through induction by an applied field. 
By Lenz’s law, such moments give a diamagnetic susceptibility, but for 
collective electrons there is a further possibility that an applied field 
might alter the populations of the electron states, producing what is 
known as temperature-independent Pauli paramagnetism. If each cation 
contributes either zero or two electrons to  a band, then the band will be 
either completely empty or completely filled, and in either case the 
material will be an insulator. However, by their very nature of being 
mixed valence, the cations in class 111-B materials will contribute, on 
the average, an intermediate number of electrons to the band, filling it 
only partially. Thus class III-B mixed valence materials will show 
metallic conductivity. The class III-B tungsten bronzes are good 
examples of these mixed valence effects, for they have temperature- 
independent paramagnetic susceptibilities and metallic conductivities. 
A second type of magnetic behavior in class III-B systems is described 
below. 

The possibility of ferromagnetic ordering between the local magnetic 
moments in transition metals was first considered by Zener (812) ,  who 
proposed that, in the metallic state, it was the conduction electrons 
which coupled the d-shell moments together. Since, according to Hund’s 
rule, the lowest energy configuration within each d-shell has the spins of 
all of the unpaired electrons parallel, if the conduction electrons are to 
carry their spins unchanged from atom to atom, they must move in an 
environment of parallel spins, i.e., the moments of all the atoms must 
point in the same direction. Contrasting the Heusler alloys, which are 
conducting and ferromagnetic, with MnF,, which is an antiferromagnetic 
insulator, Zener concluded that ferromagnetism would never occur 
in the absence of conduction electrons (812).  Shortly afterwards, 
the properties of a series of metallic mixed valence manganites, 
La,_,Sr,Mii:l~Mn~V09, were investigated by Jonker and van Santen 
(392, 393), and these have since become the classic examples of Zener’s 
“double exchange” phenomenon. The relationship between ferro- 
magnetism and conductivity is brought out most clearly by a simple 
example. In  contrast to the metals described above, between each 
manganese ion in the perovskite structure of La,-,Sr,Mn~f_T,Mn~VO, 
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there is an oxide ion, through which any electron transport must occur, 
although, as we have noted several times, the initial and final states of 
electron transfer are assumed to have very little unpaired spin density 
on any intervening ions. This is equivalent to saying that we could write 
wave functions for systems such as those described by Eqs. ( 1 )  and (2) as 
if their metal-ligand electronic configurations were Mn.i1102-Mniv and 
MniVO2-MniIr. The magnetic exchange energy of such a system is given 
bY 

where H is the Hamiltonian for the entire system, and Eo is the energy 
associated with the initial states, assumed degenerate. The dominant 
term of the exchange integral contains a product of wave functions 
#A( I)+,( l)+o(2)+B(2), suggesting that one visualize the electron transfer 
from one manganese to the next as a transfer of electron (2) from the 
oxygen to the Mniv ion with a simultaneous transfer of electron ( I )  from 
Mni1' to  the oxygen; a connection between ferromagnetic coupling and 
electronic conductivity is thus apparent. That the interaction in a mixed 
valence compound is ferromagnetic arises in the following way. Of the 
two antiparallel electron spins on the oxide ion, Hund's rule predicts 
that tfhe oxide ion electron with spin parallel to those of the 3d3 Mn (IV) 
ion will be transferred the more readily, leaving behind the electron of 
opposite spin. Similarly, the 3d4 Mn(II1) ion will transfer an electron to 
the 0- ion which has a spin opposite to that remaining on 0-. The net 
result is that the manganese ions are coupled via the oxide ligand only 
if the spins on the two metal ions are parallel, i.e., in ferromagnetic 
alignment. 

If the magnetic exchange energy in the system discussed above is 
Em, the "extra" electron, when placed on one of the manganese atoms, 
will oscillate between them with a frequency 

v = 2Em/h (19)  

and will have a diffusion coefficient 

D = a2E,/h 

where a is the cation-cation separation. Using the Einstein relation 
between electrical conductivity, u, diffusion coefficient, and the number 
of ions per unit volume, n, 

u = ne2D/kT (21) 

u = ne2a2E,/hkT (22)  

one then finds that 
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If we further assume, along with Zener and Heikes (814),  that Em- kT,, 
where T, is the ferromagnetic Curie temperature, then the resistivity a t  
this temperature for a typical cation-cation separation of 3 A is approxi- 
mately ohm cm. As we shall see, the resistivities of a number of 
class 111-B mixed valence materials a t  room temperature are in order of 
magnitude agreement with this estimate. The number of charge carriers/ 
cc in a class 111-B metal is estimated simply from the density of the 
material and the difference in the formal oxidation states of the cations 
involved in the mixed valence. 

We now want to consider the magnetic and electrical properties of 
the intermediate, mixed valence class I1 materials. Mott (519) was the 
first to point out that there should exist some critical interatomic 
separation at  which the types of molecular orbital (or band, in the limit 
of an infinitely extended lattice), which we have set up, are no longer 
the best approximation for treating the interactions between cations. 
For large interatomic separations, a Heitler-London approach, which 
assigns a fixed integral number of electrons to each cation and does not 
permit polar states as does the molecular oribital model, would have to be 
used. This argument was originally proposed to account for the fact that  
transition metal oxides like NiO, with incompletely filled d-shells and 
bridging anions separating the cations, are not metals but insulators. 
As will be discussed below, i t  is this model which is most appropriate to 
class I1 materials. 

Zener assumed that the two configurations Mn11102-Mn1V and 
Mn1’02-Mn”’ were indistinguishable, which is equivalent to setting 
El = 0 in Eq. (9), so that the system belongs to class 111-B. If this were 
not the case and the “extra” electron were trapped by lattice polarization 
(Mn“I-0 and Mn”--O bond lengths different), further work must be 
spent in rendering the bond lengths equal so that electron migration can 
occur. This activation energy corresponds t o  A G ,  the change in Gibbs free 
energy of the system, and the diffusion coefficient would then be : 

D = a2v,e-AG/kT (23) 

Heikes and Johnston (351), who first derived expressions for the so-called 
“hopping model,” identified vo with the lattice vibration frequency, and 
values obtained from their work on lithium-doped mixed valence transi- 
tion metal oxides are of the expected magnitude (about 1013 sec-I). 

The temperature dependence of conductivity implied by Eq. (23) is 
that of a semiconductor, and we thus expect this type of electronic 
activity in class I1 substances. Inasmuch as class I1 compounds have 
relatively low conductivities as compared with class 111-B compounds, 
according to Eq. (22), they will have correspondingly weaker ferro- 
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MEAN VANAOIUM VALENCE 

FIG. 3. The resistivity of mixed crystals of MgVY04 and Mg2VIV04 as a func- 
tion of the mean valence of the vanadium ions (581) .  

magnetic interactions. Thus they will remain paramagnetic down to 
much lower temperatures than will class 111-B materials, and a t  low 
temperatures may go either ferromagnetic or antiferromagnetic, 
depending upon the relative strengths of the interactions between like 
and unlike valences. 

TABLE I1 

CONTROLLED VALENCY SEMICONDUCTORS 

Host 

Ni"0 
Mn"S 
CaTiIVO 3 
BaTi'"03 
CaMn"03 
LaMn"'0 3 
LaFe11103 - TTT- - 

V a 1 en c e 
introduced 

Crystal 
lattice 

Rock salt 
Rock salt 
Perovskite 
Perovskite 
Perovskite 
Perovskite 
Perovskite 
n .  1 bpinei 

FeFO3 SnOz Fe" Hematite 
TiIV0z Taz05 Ti111 Rutile 
MgWV104 Crz03 WV Wolframite 

a In each of these systems, the dopant cation is thought 
to replace the cation listed first in the formula of the host 
crystal. 



TABLE I11 

CHARACTERISTICS OF THE FOUR CLASSES OF MIXED VALENCE COMPOUNDS 

Class I Class I1 Class 111-A Class 111-B 

(1) Metal ions in ligand fields 
of very different 
symmetry and/or 
strength, i.e., tetra- 
hedral vs. octahedral 

( 2 )  a = 0; valences very 
firmly trapped 

(3)  Insulator; resistivity of 
1010 ohm cm or greater 

(4) No mixed valence 
transitions in the 
visible region 

(5)  Clearly shows spectra of 
constituent ions, IR, 
UV. Mossbauer 

(6) Nagnetically dilute, 
paramagnetic or 
diamagnetic to very 
low temperatures 

(1)  Metal ions in ligand fields 
of nearly identical 
symmetry, differing 
from one another by 
distortions of only a few 
tenths a 
guishable, but with 
slight delocalization 

(3) Semiconductor; resis- 
tivity in the range 
10-10' ohm em 

(4) One or more mixed 
valence transitions in 
the visible region 

( 2 )  a > 0;  valences distin- 

( 5 )  Shows spectra of 
constituent ions at  very 
nearly their normal 
frequencies 

(6) Magnetically dilute, with 
both ferromagnetic and 
antiferromagnetic 
interactions at  low 
temperatures 

( 1 )  Metal ions indistinguish- 
able but grouped into 
polynuclear clusters 

( 2 )  a maximal locally 

(3) Probably insulating 

(4) One or more mixed 
valence transitions in 
the visible region 

( 5 )  Spectra of constituent 
ions not discernible 

(6)  Magnetically dilute 

(1)  All metal ions indistin- 
guishable 

( 2 )  a maximal ; complete 
delocalization over the 
cation sublattice 

(3) Metallic conductivity; 
resistivity in the range 
10-'-10-6 ohm cm 

(4) Absorption edge in the 
infrared, opaque with 
metallic reflectivity in 
the visible region 

( 5 )  Spectra of constituent 
ions not discernible 

(6) Either ferromagnetic 
with a high Curie 
temperature or 
diamagnetic, depending 
upon the presence or 
absence of local 
moments 



MIXED VALENCE CHEMISTRY 269 

Among the mixed valence manganites (392, 393), the connection 
between composition, Curie temperature, and resistivity is well estab- 
lished, and, in other systems in which the concentrations of two valence 
states can be varied, the conductivity also varies strongly (Fig. 3). 
Verwey and co-workers (730) have successfully altered these concentra- 
tions in a great many oxides, producing what are known as “controlled 
valency semiconductors.” As illustrated in Table 11, the addition of an 
insulating dopant to an insulating host crystal can alter the mean valency 
of the host’s cations so as to render the system class I1 mixed valence and 
semiconducting. 

The characteristics of the four classes of mixed valence compounds 
are compared in Table 111. 

D. MOLECULAR GEOMETRY 

Inasmuch as the class of a mixed valence compound is intimately 
related to its crystal structure, the a priori prediction of the class of a 
mixed valence compound is equivalent to the a priori prediction of its 
crystal structure, a feat to which we can only aspire. The only mixed 
valence species upon which one can readily perform a calculation is the 
Hg molecule-ion, which, from very complete calculations ( j a r ) ,  would 
appear to be class III-A. A simple calculation on this molecule-ion 
reveals the two factors of importance in determining whether any mixed 
valence system will belong to class I11 or to a class of lower symmetry. 

The total energy of the ground state of Hg in various configurations 
was calculated, using as a basis nine s-type Gaussian orbitals on each 
proton, scaled to reproduce a Slater orbital with an effective nuclear 
charge of 1.414. In the first configuration (Fig. 4),  the proton is situated 
0.89 A from each of the protons in H, (internuclear separation, 0.74 A) 
and the two electrons are localized within the H, molecule. With the 
electrons still localized, the H, molecule is then stretched from 0.74 A to 
0.89 A internuclear separation, raising the total energy by 24 kcal/mole 
and making all three protons equivalent. In  the third configuration, the 
valence oscillates with the electrons moving over all three nuclei, and the 
total energy is then lowered by 135 kcal/mole. 

This example of the H: molecule-ion illustrates the two opposing 
factors which must be considered in any problem of mixed valence 
geometry: (a) the reorganization energy which must be expended to 
stretch and/or compress certain bonds so as to make all the sites equi- 
valent, and (b) the resonance energy stabilization which acrues from the 
oscillation of valence. If the second factor is larger than the first, then the 
system will belong to class III-A or III-B, whereas, if it is smaller than 
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the first, then the system will belong to class I1 or I. As explained in the 
previous section, if the reorganization energy is of the order of thermal 
energies, then the valence may oscillate via a hopping process. 

Other attempts to predict which class a pair of mixed valence metal 
ions might prefer are frustrated by the fact that unusual coordinations 
can result in mixed valence compounds. Thus, for example one would 
ordinarily guess that Cu(I),Cu(II) systems would be class I or 11, for 
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\ 
\ 
\ 
\ 
\ 
\ 

\,-1.2686 A.U. 

0.74 A 0.89 A 0.89 A 

FIG. 4. The relative effects of reorganization and resonance on the total 
energy and geometry of the H i  mixed valence molecule-ion. 

these ions in general have very different coordination symmetries. 
However, in KCu$2u1'S3, all the copper ions are in identical regular 
tetrahedral sites, a geometry never found for Cu(I1) salts. There are other 
examples of unexpected geometries in class I11 systems. 

I l l .  Survey of the Elements 

An indiscriminate study of mixed valence chemistry rapidly takes 
one from the simple salts and oxides into the realm of sulfides, tellurides, 
arsenides, and a vast array of other intermetallics. In  an effort to keep 
this review of manageable length, we have arbitrarily ignored all but a 
very few compounds of this latter group, concentrating instead on the 
mixed valence oxides, halides, cyanides, and other simple salts, as well 
as coordination compounds. Many of the properties of mixed valence 
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compounds described in Section I1 can also be found in mixed metal 
complexes, such as KMnI'FeI'I (CN),, which also have been ignored in 
this review. Similarly, we have neglected mention of all thermodynamic 
properties of mixed valence compounds, and have paid only slight atten- 
tion to areas such as mixed valence kinetic and mechanism studies, fused 
salt chemistry, and the defect solid state. 

In general, a mixed valence compound is most readily identified as 
such by its formula. However, there are certain difficulties in this, since 
in many cases the proposed formula is little more than a statement of 
analytical results, and a poor analysis might mistakenly turn a single 
valence material into a mixed valence one. A second problem, which 
arises most especially with oxides, it  that of mixtures mistaken for pure 
mixed valence materials, and we mention this possibility wherever it 
seems advisable. Our emphasis throughout is first on structure, since 
this enables one t o  make a preliminary estimate of a compound's mixed 
valence class, and then on electronic properties as enumerated in 
Section 11. 

The order of presentation follows that of the Periodic Table, starting 
with the first-row transition elements, followed by the second- and third- 
row transition elements considered jointly, the groups 111-A, IV-A, and 
V-A elements, and finally the lanthanide and actinide elements. 

A. TITANIUM 

The most extensively studied titanium mixed valence compounds 
are the oxides. That they provide a good example of the sensitivity of 
physical properties to stoichiometry is demonstrated by Verwey's early 
work on TiO, (727), which has a resistivity of 1O1O ohm cm when 
x = 2.000, decreasing to 10 when x = 1.999, and to 1.2 for x = 1.995. 
In  addition to studies of the optical and electrical properties of TiIVOs 
containing small amounts of Ti(III), interest in the titanium mixed 
valence oxides has centered on the structures of the numerous oxides 
intermediate between Ti,O, and Ti02, although it is unfortunate that 
rather less attention has been devoted to their physical properties. 

The first X-ray phase analysis of the titanium-oxygen system, by 
Ehriich (216), uncovered four phases with homogeneity ranges TiOz,oo- 
Ti0 1. Ti0 l.so-TiO 1. 85, Ti0 ,,-Ti0 QB, and Ti0 1.25-Ti0 o. o .  After 
some disagreement (15, 349) as to whether the composition variation 
was due to random removal of some of the oxygen atoms or addition of 
extra titanium atoms to the parent TiOs, rutile lattice, it  is now recog- 
nized that in the x =  1.65-1.80 range there are a t  least seven stable 



272 MELVIN B. ROBIN AND PETER DAY 

oxides, all with the general formula Ti,Oen-l, with n = 4-10 (28). 
Members of the series with n = 1 , 2 ,  and 3 are also known. The occurrence 
of such “homologous series” or Magneli phases (474)  among mixed 
valence transition metal oxides is quite frequent, and further examples 
are described in the sections on vanadium, niobium, and molybdenum 
and tungsten. I n  each case, blocks of the parent lattice structure (here 
rutile) are interrupted by regions of higher cation concentration, which 
can be thought of as resulting from the “shearing” (738) of one block 
past another. I n  the present example, blocks of the rutile (MO,) structure 
are interleaved with layers of corundum (M203)  structure. In  the rutile 
structure, TiO, octahedra are joined through their corners and edges, 
but, in an oxide such as Ti,09 (18)  (Fig. 5 ) ,  every fifth TiOH in one 

0 0  oo 0 0 0  0 0  00 0 0 Ti(m) 
a. a, . @ crrm, 

00 B O O  0 0  0 oo B O O  
0 0  

0 

FIG. 5 .  The crystal strncturc of Ti509 and the isostructural compound 
CrZTi309, viewed along [loo] (18). 

direction is joined to one of its neighbors by sharing one of their octa- 
hedral faces. The distance between the face-sharing pairs of titanium 
atoms in Ti,OB is 2.81 A, compared with 2.58 A for the closest metal- 
metal distance in Ti203, which has a corundum structure in which the 
Ti06 units share both faces and edges. While there is no conclusive 
evidence that this series of oxides could be described as class I1 mixed 
valence systems of the sort Ti~!!,Tii1102,-l, there are two pieces of evi- 
dence that make the suggestion plausible. First, i t  has proved possible to 
isolate several mixed oxides of Ti(IV) and Cr(III), isostructural with the 
above homologous series, which have the general formula TiAy2Cri1102,-, 
(8). Thus each block of rutile lattice, regardless of its size, accommodates 
only two chromium ions, and the question is whether these are randomly 
distributed or, as seems more likely, located in the face-sharing pairs of 
octahedral sites at the ends of each rutile block (the circled atoms in 
Fig. 5 ) .  ESR or static susceptibility measurements would settle the 
question if they could show whether or not the Cr(II1) ions were mag- 
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netically coupled in pairs. The second piece of evidence bearing on the 
pairing of Ti(II1) ions in Tin02n-l has to do with a set of magnetic 
susceptibilities determined by Ehrlich (216) on samples which, in the 
light of the more recent structural work, may have been phase mixtures. 
Measurements were made a t  -183OC and +20°C only, but the form of the 
plots of molar susceptibility against composition a t  the two temperatures 
suggests that, when 12: = 1.95-2.00, the Curie-Weiss law applies. When 
larger amounts of Ti(I1I) were incorporated in the Ti02 lattice, the molar 
susceptibility fell rapidly, and Ehrlich calculated that, in the region of 
TinOpn_ formation, the antiferromagnetic interaction between the 
Ti(II1) ions was as marked at -183°C as in Ti,O,, as might be expected 
if the magnetic Ti(II1) ions were in face-sharing pairs. If we are right in 
regarding the shear structures of the TinOtnPl compounds as sheets of 
corundum-like Ti203 separating blocks of rutile TiO,, the mixed valence 
interaction is between cations situated in octahedra which share edges 
rather than faces. Because all the metal ions, regardless of valence, 
are in octahedral sites, the Tin02n-l compounds are catalogued as 
class 11. However, more physical measurements will be needed before 
the picture can be made more precise. Although the Tin02n-1 oxides 
are all dark blue to black, the facts that Ti,O, is violet because of the 
d-d transitions of the octahedrally coordinated Ti(II1) ion (16) ,  and also 
that the Ti~?,Cr~"Ozn-l compounds are "graphite gray" (16) ,  mean that 
no simple conclusions about the interaction absorption in these com- 
pounds can be drawn from the qualitative reports of their colors. 

Although its formula fits the Ti7102n--I sequence, Ti,05 has a structure 
in which rutile and corundum fragments cannot be distinguished. Two 
forms of Ti30, exist, a high-temperature modification (anosovite), 
whose structure was determined by Zhdanov and Rusakov (815) ,  and a 
black modification stable a t  room temperature, investigated by Asbrink 
and Magneli (26) .  These phases provide an interesting contrast, for 
anosovite appears to be a class 111-B system with all the TiOe octahedra 
having somewhat similar distortions and all sharing six edges with their 
neighbors, whereas in the low-temperature phase there are three ways 
in which the octahedra, although similarly distorted, share edges with 
their neighbors. In  anosovite there are no exceptionally close metal- 
metal contacts but, in low-temperature Ti,05, one pair of titanium atoms 
per unit cell is separated by only 2.61 A, and other metal-metal distances 
are intermediate between this and 3 . 1  A. Thus the system is class 11, 
although the valence distribution cannot be uiiambiguously defined. 

Since small deviations from stoichoimetry in TiO, due to traces of 
Ti(II1) darken the color of this white pigment, and are therefore 
extremely important to the paint industry, a number of optical studies 
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of reduced TiOo have been reported. Weyl (385) suggested that the dis- 
coloration of rutile on firing was due to reduction of some of the cations, 
and found that a similar result could be achieved by doping the rutile 
with pentavalent ions. Working with medium and strongly reduced 
rutile crystals, Cronemeyer (169) found a very broad absorption band 
near 10,000 cm-l, whose intensity was proportional to the room 
temperature conductivity of the samples. An equally broad band also 
occurs a t  nearly the same frequency in samples containing only very 
small concentrations of Ti(II1) (735). These results, as well as muchof the 
earlier work on the optical and electrical properties of reduced Ti02 (306), 
were interpreted on the assumption that the defect centers were oxygen 
vacancies acting as doubly charged donors. That the correct description 
involves interstitial Ti(II1) ions is shown not only by the structural 
studies of the Ti,Oo,-l compounds, described above, but also by a good 
deal of ESR work (235,136, 805). Reduced and niobium- and tantalum- 
doped samples of TiOz were studied, as well as centers produced by 
y and ultraviolet irradiation, and in all cases the “extra” electrons were 
found trapped on titanium atoms, as shown also by the presence of weak 
hyperfine structure due to titanium nuclei with spins 512 and 712. To 
explain the results of his electrical conductivity, Hall effect, and thermo- 
electric power measurements on reduced rutile single crystals, Frederikse 
(260) therefore started from the assumption that, a t  very low tempera- 
tures, nearly all the electrons were self-trapped on cation sites by 
polarization of the surrounding lattice. The traps are sufficiently shalIow 
to be thermally ionized, however, and so, a t  higher temperatures, 
conduction occurs in a narrow 3d band associated with the titanium ions, 
which is equivalent to a class III-B mixed valence system. This conclusion 
was broadly confirmed by recent high-temperature conductivity 
experiments over a wide range of oxygen pressure (76) .  If the energy 
required to discharge a trapped 3d electron into a conduction band is 
indeed within the range of thermal energies, there must be some doubt 
whether the system should be described as class I1 or III-B in our 
classification. Strictly speaking, therefore, the criteria of the classifica- 
tion ought to be applied a t  absolute zero. 

Compounds which are more likely to belong in class III-B a t  all 
temperatures are the alkali metal (17, 739) and lanthanum (111) 
titanium bronzes, Na,Ti408 and La(2,s+Z,Ti03. Both series are said to 
form blue-black or black electrically conducting crystals with a metallic 
luster, but no detailed optical or conductivity experiments have been 
reported. A series of manganese titanates, Mn~~+,,Ti~t:_,,Ti~‘O~, with 
spinel structures (459) might be class I1 or III-B mixed valence systems, 
according to the distribution of the cations. An X-ray study of the 
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x = 0.48 compound showed that the tetrahedral sites were exclusively 
occupied by Mn(I1) (as indeed they are in MnTi204 and Mn2Ti04), 
suggesting that Ti(II1) and Ti(1V) occupy the octahedral sites, but 
conductivity measurements have not been made on this apparently 
class III-B system. 

In addition to the many Ti(III),Ti(IV) oxides, one oxide containing 
Ti(I1) and Ti(II1) has been reported. Both Ti0 and LiTi02 crystallize 
in rock salt lattices, and mixed crystals Li,Ti:12,Tid110 can be 
prepared in which x lies between 0 and 0.5, and the cations are ran- 
domly distributed. The room temperature resistivity rises mono- 
tonically from 5 x ohm cm for TiO, which is in any case a metal, up 
to 2 ohm cm for LiTi02. Thus there appears to be no enhancement of 
conductivity over that of Ti0 due to the presence of the mixed valences. 

Interaction absorption between Ti(II1) and Ti(1V) has been detected 
in aqueous solutions as well as oxide lattices. Partial oxidation of sky 
blue Ti(II1) solutions in 12 M HCI gives a deep purple coloration, which 
was studied by Jorgensen (395). The spectra of such solutions were said to 
be a superposition of the d-d bands of the Ti(II1) ion (at 15,100 and 
17,400 cm-l) and an intense new absorption band a t  20,200 cm-l, which 
also had a shoulder at  16,100 cm-l. Furthermore, absorption in the 
near-ultraviolet was very much intensified compared with single valence 
solutions. Arguing from the known formation constants of the Ti(II1) 
and Ti(IV) chloro complexes, it was suggested that the interaction com- 
plex might be [Ti111C1]2+[Ti'vC16]2-, but there is no direct evidence that 
this is so. In  20 yo sufuric acid a 1 : 1 Ti(III),Ti(IV) interaction complex 
is also formed, with an absorption maximum a t  21,200 cm-l (298), but 
is destroyed by higher concentrations of acid. 

B. VANADIUM 

The vanadium mixed valence compounds whose structural and 
electronic properties have received the greatest attention are the oxides 
intermediate between V203 and V,05. Hoschek and Klemm (370), who 
were the first to make a systematic study of the system, identified three 
mixed valence phases, a (V01,s0-V02), a' (V02-V02.2), and /3 (V01.65- 
VO1.R), in addition to V203, which has a structure similar to corundum, 
and V205,  whose structure is based on very distorted octahedral V 0 6  
units (36) .  It is not immediately obvious whether the intermediate 
phases should all be formulated as V(III),V(V) compounds or whether 
the mixture of valences is V(III),V(IV) for compounds in the range 
V01,5-V02, and V(IV),V(V) in the range V02-V02,5. This problem has 
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attracted the attention of a number of investigators (318, 370, 437), who 
have attempted to resolve the dilemma by performing magnetic 
susceptibility measurements. However, since many of the compounds 
are strongly antiferromagnetic, such measurements are not easy to 
interpret without a detailed knowledge of the signs and magnitudes of 
the magnetic interactions between ions of like and unlike valence states. 

The V02-V,05 phase region was examined in greater detail by Aebi 
( 3 ) ,  who found evidence for only one intermediate compound, with a 
formula V 0 2  li, i.e., VliOI3, and a structure which was considered to  be 
derived from that of V,O, by the regular removal of one third of the 
planes consisting solely of oxygen atoms (276).  It is interesting that, of 
all the vanadium oxides, only products with compositions between V20,  
and V,Ol, are good oxidation catalysts, a result which may be explicable 
in terms of the ease with which oxygen atoms can migrate through 
channels in the lattice of V e 0 5  (276) .  V,O1, forms needles of the same 
blue-black color as V 0 2  ( 3 ) .  It is antiferromagnetic, with a Neel 
temperature of 154°K (437) ,  above which it behaves as a semiconductor 
having a conductivity and activation energy not very different from 
V , 0 5  (318). Below the Neel point, the conductivity increases approxi- 
mately 10-fold, in contrast to VO, and V203,  which at their Neel points 
undergo a transition from the metallic to the semiconducting state, 
accompanied by a decrease in conductivity of about five orders of 
magnitude. Above the Neel point in VUOl3, the effective magnetic 
moment per paramagnetic vanadium atom is either 2.13 B.M. (437) or 
1.95 B.M. (318) compared with either 2.16 B.M. (437) or 3.10 B.M. (318) 
for 1’0, above its Neel point. The very large divergence between these 
results, not to mention the difficulty in interpreting effective magnetic 
moments for substances having very large Weiss constants, makes it 
unprofitable to consider their significance any further. That the phase is 
paramagnetic arid the conductivity low seem to indicate that in the 
ground state the valences are trapped. Alternative valence structures, 
V l V $ L 1 0 , 3  or V;ViVOl3, can be written, in both of which the two 
valence states are present in the stoichiometric ratio 2 :  1. A closer 
examination of Aebi’s structure shows that there are indeed two types of 
metal ion sites present in this ratio, and Cillis’ view (276) of the structural 
relationship with V , 0 5  leads to the conclusion that the minority sites 
are most likely to be occupied by the pentavalent ions. A neutron 
diffraction study of the magnetic ordering in this lattice would be of 
great value. 

In the phase region labeled C( by Klemm (370),  a series of more accurate 
X-ray studies (13, 14, 18) has revealed the existence of a homologous 
series of Magneli shear phases, Vn02n--l ,  isostructural with the titanium- 
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(IIIJV) series based on the rutile and corundum structures. Members of 
the series with 4 < n < 8 have been identified. The two magnetic studies 
(318, 437) again disagree on the precise effective moments of these com- 
pounds, but agree that they lie in the range 2-3 B.M. and that all 
except V,Oll and V i o l ,  are antiferromagnetic, with Neel temperatures 

FIG. 6.  The Nee1 temperatiires and resistivity-temperature curves of various 
vanadium oxides (402) .  

somewhat lower than that of VOz. The two exceptions remained para- 
magnetic down to the lowest temperatures studied (BOOK). The com- 
pounds, which arc all blue-black (23), behave as semiconductors, although 
with widely and apparently randomly varying resistivities and activa- 
tion energies (402) ,  as shown in Fig. 6. On feature apparent from this 
figure is that, among the mixed valence phases below their Neel tempera- 
tures, only V,Oi has a conductivity more than one order of magnitude 
greater than the single valence compounds V 2 0 3  and VOz below their 
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Neel temperatures. Furthermore, a t  temperatures above their magnetic 
transitions, none of the mixed valence compounds conducts better than 
either V 2 0 3  or V02, although a t  all temperatures they all conduct better 
than V205. It is therefore safe to  say that, even when their spins are 
disordered, these remain class I1 systems. A further mysterious feature 
of the resistivity results is that, although one of the Magneli phases 
(V,Oi)  does undergo a discontinuous resistivity change at  the Neel 
temperature, V500 shows no change in resistivity with magnetic order- 
ing. Possibly this is connected with the fact that, for a given temperature 
above the Neel points of all the Magneli phases, there is a very marked 
alternation in conductivity with increasing size of the rutile-like slabs : 

vzo3 * VaOs < v407 > v 5 0 9  < vsoii ) v7013 ~ ‘ 0 2  

Clearly this interesting system deserves a very careful study. 
There exist a number of V(IV),V(V) minerals, usually designated by 

the blanket term “vanadyl vanadates.” The unit cell dimensions of 
several have been reported (601),  but no other detailed structural or 
physical data are available. 

The lower mixed valence oxides of vanadium have been of greater 
interest to metallurgists than to chemists. Oxygen dissolves inter- 
stitially in vanadium, yielding a number of different phases up to 
VO,,,; (see Stringer (692) for a review). Vanadium monoxide is stable 
over a wide range of composition, since defects can occur a t  either cation 
or anion sites (13, 35, 641). Although stoichiometric VO has been shown 
to undergo a semiconductor-metal transition (35)  at  the Neel point, as do 
V203 and V 0 2 ,  no physical properties of nonstoichiometric samples have 
been reported. 

There exist two series of alkali metal vanadium bronzes with the 
general formulas A,V205 and A,V30n, the structures of which have been 
determined by Wadsley (736, 737).  Both contain double strings of 
octa,hedra sharing edges, and strings of octahedra distorted so much that 
they might almost be regarded as trigonal bipyramids. Since the formulas 
of the bronzes are continuously variable over wide limits, these two types 
of coordination can hardly correspond to the distribution of the valences 
in a class I or class I1 system, although in the compound LiV205, where 
there are equal numbers of V(1V) and V(V) ions, this may well be the case. 
The latter compound contains two types of vanadium site (267),  around 
one of which the oxygens approach more closely than around the other. 
LiV205is also said to be blue, the characteristic color of V(1V) surrounded 
by oxygen atoms, so that there may be a smaller degree of mixed valence 
interaction in this class I1 compound than in the other bronzes. The 
first electrical measurements on the vanadium bronzes were made by 
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Flood (253),  but more recently Ozerov (554) and Sienko (661) have 
studied these compounds. Ozerov found that, a t  room temperature, 
single crystals of Nao.,,V205 in the form of black needles showed very 
anisotropic resistivity, p being 0.046 ohm cm along and 20 ohm cm 
perpendicular to the needle axis. When measured between 400" and 
600°C a compressed pellet of the same material behaved as a semi- 
conductor, not a metal like the tungsten bronzes of comparable sodium 
content. Sienko also reports that Nao,33V205 is a semiconductor, but 
with a room temperature resistivity and activation energy much lower 
than Ozerov's. The compound's magnetic susceptibility a t  room 
temperature is an order of magnitude higher than that of any sodium 
tungsten bronze, and actually agrees with expectation for a full spin-only 
contribution from the appropriate number of trapped V(IV), 3dl ions. 
As in the tungsten bronzes, there is no detectable Knight shift in the 
'Li or W a  NMR spectra (273), so the mixed valence electrons are 
confined to the vanadium-oxygen framework. Since the observed g 
factors in the ESR spectra (1.96) are close to that reported for V(1V) in 
other compounds, we may confidently describe the vanadium bronzes 
as weakly trapped class I1 systems. Unfortunately, no hyperfine lines 
due to electron coupling with the 51V nuclei could be detected in the ESR 
spectra. 

The mixed valence vanadium oxide whose electronic structure is 
known in greatest detail is probably the black crystalline hydrate first 
prepared by Glemser (283) by reducing a suspension of V,O, in con- 
centrated ammonium chloride solution with zinc for several hours. 
Glemser gave the compound, which has an effective vanadium oxidation 
state of 4.66, the formula V,05(OH)4, but a careful reexamination of 
the preparation under a variety of conditions suggested (59) that it 
should rather be written V6020H12. An X-ray powder photograph was 
compatible with a tetragonal unit cell. The electronic structure of this 
compound has recently been the subject of some magnetic studics (60, 
701). First the intensity of the ESR spectrum of a powdered sample was 
measured as a function of temperature and shown to obey Curie's law 
between -150" and +300"C. Thus by comparison with a sample of 
diphenylpicrylhydrazyl, the concentration of paramagnetic centers 
could be calculated and compared with that expected from the formula 
if the compound contained two V(1V) ( 3 d l )  and four V(V) (3d0)  ions per 
mole. The agreement was excellent (nabs = 1.4 x l0 lS  spins/mg, 
ncalc = 1.9 x 10l8 spins/mg). Assuming that the V(1V) ion lies in a field 
of tetragonal symmetry with dxy(b,) lowest in energy, the observed g 
values (1.970 and 1.920) could be fitted by excitation energies E,(dxzdyz) 
- Eb,(dxg) and Eb,(dz2 - y2) - E,,(dxy) of 10,000 cm-l and 15,000 cm-', 
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respectively, if the vanadium spin-orbit coupling constant was taken as 
150 cm-l. Hence the relative ordering of the 3d orbitals of the V(1V) ions 
is b2 < e < b ,  < a,, suggesting a tetragonally compressed octahedral 
environment. The spin-spin and spin-lattice relaxation timcs ( t 2  and t l )  
of the ESR signal in Glemser’s oxide were measured by two independent 
methods, one involving rapid modulation and the other progressive 
saturation of the signal. The two methods agreed that f ,  is virtually 
invariant with temperature, and that t ,  varies only a little, both being 
in the region of lop7 sec. Theobald (701) assumed that exchange played 
the dominant part in the relaxation processes, and, from the line width 
of the signal, calculated that the exchange integral J was large enough 
(3000 MHz) to act as a thermostat so that t ,  did not vary with tempera- 
ture, and was close to t,. As a result of these experiments we therefore 
have the beginnings of a very satisfying view of the class I1 mixed 
valence interaction in Glemser’s hydrate, but without a complete 
structure determination there is little more to be said at this stage. One 
point of great interest in relation to the role of water in mixed valence 
interactions (see subsection E on iron) is Theobald’s statement (701) 
that the exchange interaction in other anhydrous vanadium(IV,V) oxides 
is almost zero. 

Glemser’s compound is probably a hydrate of one of the reduced 
isopolyvanadic acids. Further examples were prepared and their formulas 
characterized by Ostrowetsky (549, 550) in a comprehensive survey of 
the mixed valence chemistry of V(IV) and V(V) in acid and alkaline 
solutions. Above pH 10, no mixed valence absorption could be detected 
but, between pH 7 and 10, spectrophotometry revealed the existence of 
a single polyanion which was isolated as a dark gray-green sodium salt, 
Na3[V,015H] .6H,O. I n  weakly acid solutions, six polyanions corre- 
sponding to varying degrees of reduction of [V:o028]fi- were identified, 
although only two, formulated by Ostrowetsky as [VyVa:’026H]4- and 
[VxV:’024H]4-, are at all stable. Since these anions almost certainly 
retain the V10028 skeleton, whose structure was determined by Evans 
(227) ,  they are probably better written as [VIoO2,H,I4- and 
[V,o02sH,]“. The others, which have V(V)/V(IV) ratios of 8 / 2 ,  6/4, 5 / 5 ,  
and 4/6, are formed only within very narrow ranges of pH, temperature, 
and concentration, and readily disproportionate into [V:;,028H2]4- and 
[V1’O]2+ or into mixtures of either of thc latter and the 7/3  and 3/7  
compound, according to their composition. The spectra of all these 
compounds, which vary in a most interesting way with degree of reduc- 
tion, are collected in Fig. 7 .  Excepting the 5 / 5  and 4/(i compounds, they 
all have absorption maxima in the 13,000-20,000 cm-’ region. In energy 
and width, these bands resemble the ligand field bands of vanadium(IV), 
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but, because they are at least an order of magnitude more intense, should 
probably be assigned as mixed valence absorptions. Their significance is 
not likely to become apparent until more is known of the structures of 

1000 

k 
W > 
d 
Lu 

c- z 
750 

Lu 
I, 
U LL 

8 u 
z 

u 
c- 
X 
w 

500 

z 

250 

0 
25 20 (5 

FREQUENCY, CM-1 x 103 
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V(V)/V(IV) ratios (550) .  

the polyanions. In  particular, we have no information at this stage on 
whether the valences are trapped by distortion of the appropriate 
number of vanadium sites or, indeed, whethcr some are class I1 and 
others class 111-A, exccpt for the two compounds with no intense low- 
energy absorption, which must surely be class I. The low molar extinction 
coefficients of the mixed valcrice absorption bands in all cases indicate a 



282 MELVIN B. ROBIN AND PETER DAY 

rather firm trapping of the valence. ESR measurements on glassy 
solutions would certainly help to decide the question. Another intriguing 
question is the exceptional stability of the 713 and 317 anions, for which 
the structure (227) of the parent ion [Vlo0,8]G- suggests no obvious 
explanation. 

The only other vanadium species detected in solution, which might 
be mixed valence, appears as an intermediate in the reaction between 
V(I1) and V(1V) in acid perchlorate solutions (530) .  A dark color, which 
developed much more rapidly than the rate of the overall reaction to 
produce V(I I I ) ,  was shown to be due to the formation of the ion 
[VOV]", identified by the author as a hydrolytic dimer of V(II1). 
However, the intensity of the absorption (elllax calculated as 6800 at 
23,200 cm-') suggests that a V(II) ,V(IV) class I1 system is formed. 

C. CHROMIUM 
A discussion of the mixed valence compounds of chromium is 

hampered by the fact that this element can assume integral valences 
from 1 + to 6+. Thus, whereas Cr,08 is clearly a mixed valence compound, 
the formula of KCr30H, for example, could be written as either 
KCr;'Cr"'O,, KCr''Cr'Cr1'O8, or KCr:08, for all four oxidation states, 
3+, 4+, 5+, and 6+, are known for chromium. Although there are experi- 
ments (optical absorption, magnetic susceptibility, X-ray structure 
analysis, etc.) which will distinguish between these alternatives, they 
have not always been performed as yet and hence limit our discussion 
to the more obvious mixed valence compounds. 

In contrast to titanium and vanadium, chromium forms mixed 
valence halides as well as oxides, two types of mixed valence chromium 
halide (Cr,X3 and Cr,X,) having been reported. The halides Cr,Br, and 
CrJ, are formed as brown-black solids in the thermal degradation of the 
appropriate tetraphenylchromium halides, (C,H,),CrX (352).  Cr,F, is 
formed as green translucent crystals from both the oxidation of CrF, and 
the incomplete reduction of CrF, (693). Since CrF, is yellow-green and 
CrF2 is blue-green, and since the refractive indices of Cr2F5 are inter- 
mediate between those of CrF, and CrF,, there appears to be no low- 
lying mixed valence transition in this material. As a class I substance, 
Cr2F, should therefore be an insulator. The crystal structure of Cr,F, 
(Fig. 8) shows the expected trapping of the chromium valences as Cr(T1) 
and Cr(III) ,  for one half of the chromium ions are found at the centers of 
almost regular fluoride ion octahedra with an average Cr-l? distance of 
1.89 8, whereas the other half occupy tetragonally distorted octahedral 
sites with four Cr-F distances a t  1.96-2.01 8 and the remaining two 
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at  2.57 A (683). That these are to be identified with Cr(II1) and Cr(I1) 
ions, respectively, follows not only from the Cr-F distances but also from 
the structures of CrP, and CrF, themselves, which contain, respectively, 
octahedrally and tetragonally coordinated chromium ions. Steinfink and 
Burns (683) explain that the three 3d electrons in the Cr(1II) ion occupy 
nonbonding t,, orbitals, but Cr(I1) must place its fourth 3d electron in 
an antibonding dz2 orbital, thereby extending the octahedron in the z 

FIG. 8. The crystal structt~re of class 1 CrZFs. In this substance, the Cr(II1)-F 
distances in a Cr"'F6 octahedron average 1.89 & 0.01 A, whereas the neighboring 
Cr"F6 octahedron is distorted, as shown by the arrows, four of the Cr(I1)-F 
distances being 1.98 A and the other two being 2.572 A (683) .  

direction. Osmond (546) suggests that, according to qualitative super- 
exchange considerations, the chains of cations in Cr,F, should be ferro- 
magnetically aligned in the (001) direction with neighboring chains 
coupled antiferromagnetically , resulting in an overall antiferromagnetic 
ground state. There are no experimental data on this point. 

The oxides of chromium present a bewildering array of possible 
mixed valence compounds. Extrapolating from what very little is known, 
one can say, in general, that the ions involved in mixed valence chromium 
oxides are almost always Cr(V1) and Cr(II1) in appropriate ratios, and 
that, since Cr( VI )  appears aiways as a tetrahedrally coordinated species 
whereas the 3d3 configuration of Cr(II1) prefers octahedral coordination, 
the oxides will be class I systems. The discussion begins with the better 
known oxides and then proceeds to the more speculative materials. It 
should be mentioned that, although little is known of the intermediate 
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chromium oxides, they have a great commercial value as catalysts for 
the polymerization of olefins. 

Suchow et al. (695) were the first to point out that, although the 
chromium in KCr30B has an average valence of 5+, their preliminary 
crystal structure suggests that two of the chromium ions are of one type 
and one of the chromiums of another, suggesting in turn the formulation 
of the compounds as KCrlrCr"I08 with the Cr(II1) ions in octahedral 
coordination and the Cr(V1) in tetrahedral coordination. Wilhelmi (775, 
777) confirmed this view, demonstrating that the Cr(II1) ions are in very 
nearly octahedral coordination with Cr-0 distances averaging 1.97 A, 

Q 

(a 1 (b)  

FIG. 9. The relative orientations of Crv'04 tetrahedra and Cr"'O6 octahedra 
in the class I substances (a) Cr5O12, and (b) KCr308 (775, 778). 

and that the Cr(V1) ions are surrounded tetrahedrally by oxide ions at 
an average distance of 1.60 A, as in Fig. 9. Klemm (428) pointed out that 
the question of the chromium valences in KCr3OB might also be answered 
by a measurement of the magnetic susceptibility, for magnetically 
dilute KCr,V08 would have an effective moment of 3.00 B.M., whereas 
KCrz1Cr11108 would have an effective moment of 3.87 B.M.  His measure- 
ments yield an effective magnetic moment for KCr308 which varies from 
4.09 to 4.36 B.M. over the temperature range 90"-295"K. Applying a 
correction for temperature-independent paramagnetism gives an upper 
limit of 3.97-4.23 B.M., which does not disagree with that expected for 
the Cr(III),Cr(VI) mixed valence formulation of KCr30B. The material 
is black and said to have a very high electrical resistivity (777). Wilhelmi 
(779) reports that the lithium and cesium salts of HCr30B similarly 
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contain octahedral Cr11106 and tetrahedral CrV104 groups sharing 
corners. 

The alkaline earth chromium oxides, Mi1Cr,08, form another class 
of compounds in which the chromium has an average valence of 5+. 
Alternatively, one can write a mixed valence formula for the compound, 
M~1Cr:vCri11024, which has a Cr(VI)/Cr(III) ratio of 2, as in KCr308. 
Surprisingly, the evidence seems to be in favor of the single valence 
formulation, for not only do Ford and co-workers (256-258) and others 
(278) point out that Ca3Cr,08 has a powder pattern very much like that of 
Ca3(PVO4),, but Klemm (640) finds an effective moment of 1.7 B.M. per 
chromium ion in Ba3Cr208, where the pentavalent formula requires 
1.73 B.M. and the mixed valence formula requires 2.24 B.M. Ford et al. 
and Vasenin (723) also describe the preparation of the oxides Ca2Cr,0,, 
CaCr,O,, Ca4Cr3OI0, and Ca,Cr,015, the last three of which are green, 
as is also Ca3Cr,08. Only a combination of optical, magnetic, and X-ray 
studies can settle the question of the chromium valence in these com- 
pounds, 

Bashilova’s (45)  thallium chromate T1,Cr,08, if taken as a salt of 
Tl(III), is analogous to the calcium salt mentioned above, for i t  can be 
written as either T1~I1Cr~O8 or TI~11Cr~1Cri11024. Bashilova, however, 
maintains that it is the thallium mixed valence oxide, TIxTlr11Cr~108. 
The latter formulation would be diamagnetic, whereas the other two 
would have effective magnetic moments of 1.73 B.M. and 2.24 B.M., 
depending on whether the chromium is, respectively, CrfV) or Cr(III), 
Cr(V1). 

Because of the difficulty of preparing pure intermediate chromium 
oxides, it seems probable that, of the large number of different anhydrous 
chromium oxides reported in the literature, a significant fraction will 
prove to  be mixtures, or are in fact the same compound masquerading 
under different stoichiometries. The list of intermediate chromium 
oxides encompasses the following : Cr205, Cr304, Cr305, Cr308, Cr,Og, 

Cr3,0g3, in addition to many “nonstoichiometric” materials of the 
formula CrO,, which are not easily expressed as small whole number 
ratios of chromium and oxygen. 

The materials described by Schwartz et al. (647) as Cr308, and by 
Simon and Schmidt (664) as Cr5013, are crystallographically identical, 
according to later work by Glemser and co-workers (281, 282), who feel 
that the formula Cr5013 better fits their analytical data. Cr5013, as 
prepared by the thermal decomposition of CrO,, is a black substance and 
has a magnetic susceptibility consonant with the mixed valence 
description Cr~1CrXv013 (8), although it has been said that its ESR 

cr509, Cr5012, Cr5013, Cr5019, cr6015, Cr7018, Cr8015, CrfiOZl, and 
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spectrum is characteristic of the Cr(II1) ion (596). Rode et al. (596) first 
proposed that Cr,O,, was really Cr,Ozl, and later work by Lorthioir and 
Michel (468) has confirmed Cr,Ozl as a product of the thermal decom- 
position of 0 0 , .  According to their study, CrgOBl in water gives Cr(II1) 
and Cr(V1) ions in 1 : 3 ratio, and has a magnetic susceptibility compatible 
with its formation as Cri11Cr,V1021. 

CrgO12, also reported as Cr,O, (281),  is one of the few chromium 
oxides for which a crystal structure has been determined. Wilhelmi (778) 
found that Cr,Ol, contains structural units much like those found in 
KCr30g, i.e., octahedrally coordinated Cr(II1) ions sharing ligands with 
tetrahedrally coordinated Cr(V1) ions. The structure is built up of 
Cr,018 units (Fig. 9),  in which the Cr(V1)-0 distances in the tetrahedral 
sites are 1.65 a on the average, and the Cr(II1)-0 distances in the 
octahedral sites average 1.97 A, as was found in KCr30,. Although this 
oxide is black, possibly suggesting a class I1 spectrum, its electrical 
resistivity is reported to be 1 .78  x 10’” ohm cm at 360°C and 72 atm 
oxygen (446), as expected from the class I crystal structure. Cr,Olz is 
ferromagnetic, with a Curie point a t  about 80°C (597), above which i t  
shows an ESR signal attributable to the Cr(II1) ion (596). An apparently 
related hydrated oxide, Cr,O,, .3H20,  is formed as a brown precipitate 
on mixing a solution of Cr11’C13 with Ag,CrV104 (292). 

Chromium dioxide, CrO,, presents a rather curious picture of con- 
flicting claims, for, although CrOz has been said not to have a homo- 
geneity region and to be quite stoichiometric (22, 647), materials ranging 
from CrO,,H, (133) to CrOz,14 (776) have been described in the literature 
as “CrOz.” Moreover, whereas Chapin et al. (776) have studied the 
electrical conductivities of samples in the range CrOl.so-CrOz,oz and 
explained their quasi-metallic nature ( p  is approximately 3 x lop3 
ohm cm) on the basis of a d-band model involving Cr(1V) ions, Kubota 
(446) claims that the extraordinary conductivity results from the 
presence of Cr(II1) and Cr(1V) ions in the rutile crystal lattice. In support 
of the mixed valence formulation, Rode et al. (596) interpret the ESR 
spectrum of CrO., above its Curie point (1  19°C) as showing that the oxide 
is a Cr(III),Cr(VI) compound. The saturation magnetization of CrO, 
at 0°K yields an effective moment of 2.07 B.M. per chromium atom (325), 
whereas Cr(1V) is expected to have an effective moment of 2.83 B.M. 
The decision as to whether CrO, is a mixed valence oxide or simply 
contains Cr(1V) clearly cannot be made without further physical 
measurements. 

The hydrated material formed by mixing an aqueous solution con- 
taining Cr(II1) with one containing [Cr” IO4I2- presents a situation related 
to that discussed above for CrO,. According to King and Neptune (423), 
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the mixing of Cr(I1I) and [Cr”04]2- in acidic solution leads to the forma- 
tion of a l : l complex ion, [Cr11C1r’I04]+, probably with sharing of 0x0 
and/or hydroxyl ligands. Interestingly, the stoichiometry of this complex 
was determined, using its interaction absorption band a t  14,300 cm-’, 
thereby showing that a class I1 absorption can occur in a Cr(III),Cr(VI) 
system. Krauss and Gnatz (440) confirmed the 1 : 1 nature of this complex 
by a conductivity titration, but also showed that the precipitate from the 
solution has the composition H4Cr30s -xH,O (xis continuously variable), 
which can be formulated as either H,Cri’OE.zH20 or H4Cr~11CrV108. 
xH,O. Aten et al. (32)  showed conclusively that the latter formulation 
is the proper one by mixing a solution ofradioactive Cr(II1) with inactive 
[Cr’104]2- ion, dissolving the H4Cr3OE so formed, and precipitating and 
counting the [CrO4I2- as PbCr04. As the PbCr04 showed less than 17, 
of the original activity, it is clear that the two types of chromium in this 
substance at  no time were equivalent as they would be if they were all 
Cr(1V). Formulations of H4Cr308.xH,0 as a compound of Cr(1V) also 
demands an effective magnetic moment of 2.83 B.M. per chromium, 
whereas the calculated effective moment of the mixed valence compound 
is 3.16 B.M., in excellent agreement with the experimental value of 
3.15 B.M. (440) .  The same dark brown material forms at  the cathode on 
electrolysis of a 25 % solution of Cr03 in HC104 (450). 

Sisler and co-workers (201, 669) have shown that liquid ammonia 
will partially reduce Cr03 to a mixture containing, among other 
things, the brown polymeric materials [Cr11’(NH3)3],,(CrV104)3n and 
[Cr111(NH3)3N02CrV104]n, both of which are postulated to  be class I 
systems with the Cr(II1) ions in octahedral and t.he Cr(V1) ions in 
tetrahedral coordination, the two being joined by 0x0 bridges. 

The thermal decomposition of chromyl chloride, Cr’102Cl,, leads to 
the formation of a number of polychromyl chlorides having the general 
formula (Cr02),C12, where n is equal to 3, 4, 5, or 7 (479).  Although 
a mixed valence formula for these substances can be written 
(Cr”Cr~~,021EC12), little is known of their physical properties, other than 
that they are brown-black in color and sensitive to moisture. 

The formates and acetates of chromium offer further examples of 
class I mixed valence systems. Trivalent chromium forms a very stable 
trinuclear cationic species having the general formula [Cr;”( RCOz)6- 
(H20),I3+, where RC0,- is an acetate or formate anion. Combinations 
of this trinuclear cation with chromium-containing anions yield salts 
(292), such as : 

[ C ~ ~ ” ( ~ C ~ Z ) ~ ( ~ Z ~ ) Z I Z ~ ~ ~ ~ ~ ~ ~ I ~  

[ C ~ : ” ( R C ~ Z ) ~ H Z ~ ) Z I  [CrV1(RC02)sl 

[Cr~ll(ltCO~)~(HzO)~]CICrvlO~~ 6H2O 
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That the above are class I systems seems evident from the fact that they 
are all green, the color of the single valence compound : 

[Cr~*'(RC0z)dH~O)zl (RCOda. 4HzO 

Recoura (579) reports the preparation of the dark brown sulfates 
K2nCr~r1(CrVr04)n(S04)3, where n = 1, 2 ,  and 3. They are also most 
likely class I systems. 

D. MANGANESE 

As with most of the other elements of the first transition series, the 
most important examples of mixed valence in manganese compounds 
involve oxide lattices. At one time it was suggested (208a) that there 
existed a continuous series of oxides with formulas intermediate between 
MnO and Mn02, of which no less than eleven had been reported between 
1862 and 1907! Very few of these nonstoichiometric oxides have survived 
the passage of time and closer scrutiny, and we shall therefore concen- 
trate attention only on those based on stoichiometric phases. Of the 
latter, Mn,04, the mineral haussmannite, is the best known. When 
heated in air to 1000"C, all manganese oxides and hydroxides are con- 
verted to Mn304, which forms as black crystals with a metallic sheen, 
or as a dark red powder when finally divided. I ts  electrical conductivity 
was studied many years ago (181, 731) ,  using compressed pellets. 
Although behaving as a semiconductor, the fact that i t  is much less 
conducting than Fe,O, at room temperature led de Boer and Verwey 
(181) to suggest that it was a normal   pin el,^ MnTVMni104 or Mn"Mni1'04, 
and not of the inverse type Mnr'(Mnr1,Mn1")O4 or Mn1rr(Mnr1,Mn1r1)04. 
This conclusion has been confirmed, but disagreement continues as to  
the valence structure of the compound. A recent magnetic susceptibility 
study (569) showed that, between 90" and 80O0C, the susceptibility 
followed a Nee1 hyperbola, but below the Curie point it was consistent 
with a ferromagnetic model for an Mn(II),Mn(IV) normal spinel. On the 
other hand, the observed intensities of neutrons diffracted by powdered 
specimens a t  4.2", 77", and 298°K (404) agree very well with those 
calculated for a model based on Mn1'Mni"04. The latter results are 
probably the more reliable. 

2 A spinel compound has the formula AD204 ancl a lattice containing octahedral 
and tetrahedral cation sites in the ratio 2: 1. In a normal spiriel the B cations 
occupy the octahedral sites ancl the A the tetrahedral, whereas in an invcrted 
spinel tho tetrahedral sites arc exclusively occiipicd by U cations so that the 
octahedral sites are occupied by equal numbers of A a i d  13 cations (see Fig. 16). 
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I n  a number of other instances, different methods of estimating the 
valence distributions in manganese oxides also appear to yield differing 
results. For example, X-ray analysis showed that the structure of 
manganite (y-MnOOH) was based on sheets of 0'- and OH- ions 
enclosing trivalent manganese ions (112, 237), but measurements of 
magnetic anisotropy appear to suggest that half of the manganese is 
divalent and half quadrivalent. Also the crystal structure of the mineral 
bixbyite (a-Mn,OJ agrees with a trivalent formulation (563), but i t  has 
been stated that chemical decomposition leads to divalent and quadri- 
valent ions (264). The latter result is of doubtful importance, however, 
when one considers the ease with which Mn(II1) disproportionates in 
aqueous solution. 

Another stoichiometric manganese oxide phase, which seems to have 
been fully characterized, has the formula Mn508. The X-ray diagram of 
the black powder indexes as monoclinic (551) with unit cell dimensions 
very similar to those of Cd2Mn308, and approximate structure factor 
calculations show that the two compounds are isotypic. Thus the valence 
structure of Mn508 is clearly Mnk1Mn:'08, and the compound belongs 
to either class I or class 11. 

I n  common with a number of other first series transition metals, 
mixed valence manganese oxide systems based on perovskite lattices 
may be prepared with formulas intermediate between M1'IMn"'03 and 
M"Mn'"O,, where the trivalent metal is commonly lanthanum and the 
divalent metal is one of the alkaline earths. The magnetic (392) and 
electrical (722) properties of these compounds have been the subject of 
extensive study over the past 15 years. They are all ferromagnetic, but 
their Curie temperatures are very strongly dependent on composition, 
with maxima in the region 25-40 %M(II) (392). Values of the saturation 
magnetization as a function of composition also showed that, over the 
same region of composition, all the 3d electrons contribute their full spin 
moments, although without appreciable orbital contribution. The form 
of the relationship between magnetization and composition can be under- 
stood qualitatively if one assumes that the Mn( 111)-Mn( 111) interaction 
is almost zero (very low Curie temperature), and that there is a very 
strong Mn(II1)-Mn(1V) magnetic interaction with a positive exchange 
integral raising the Curie temperature with increasing Mn( I V )  concentra- 
tion. Finally, to explain the asymmetrical position of the maximum 
magnetization with respect to composition, i t  is necessary to  assume a 
somewhat weaker negative interaction between Mn(1V) and Mn(1V). 
Elegant confirmation of this picture was obtained by Wollan and Koehler 
(791) from neutron diffraction experiments on (Lal_,Ca,)Mn03. They 
found that the phase is purely ferromagnetic only over a small range of 
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composition near x = 0.35, and that, from 0 to 0.25 and from 0.40 to 0.50, 
ferromagnetic and antiferromagnetic interactions were simultaneously 
present. Thus LaMnO, is ferromagnetic along all three axes. In  the mixed 
valence phases many different kinds of spin superlattice are built up, 
according to the distribution of manganese valence in the lattice. Some 
of the possibilities are shown in Fig. 10. To explain the occurrence of 
these superlattices, Goodenough (295) used a valence bond model in 
which the Mn(II1) ions have asp2 (square) and the Mn(1V) ions have 

LABEL 

A 

0 

F 

FIG. 10. Some of the possible spin superlattices in mixed valence calcium 
lanthanum manganese perovskites (791). 

d2sp3 (octahedral) hybridization, and invoked a concept called “semi- 
covalence.” This is equivalent to saying that electron transfer from a 
filled anion p orbital to an unfilled cation d orbital occurs with greater 
probability for an electron having the same spin as those already occupy- 
ing the d-shell of the cation. Similarly, electron transfer from the lower- 
valent cation to the oxidized anion will align their spins, thus resulting 
in a net coupling of the spins of the two mixed valence cations, as 
described more fully in Section 11. 

Since all the manganese ions of (La,-,Ca,)MnO, are in equivalent 
sites in the perovskite lattice, the series of compounds is class III-B 
and should have metallic resistivities. This is confirmed by the work 
of van Santen and Jonker (722), who found a minimal resistivity of 
3 x ohm cm a t  100°K for samples of (La,_,Sr,)MnO, having z 
between 0.2 and 0.4. 
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It has been suggested (667) that CuMn204 has a normal rather than 
an inverse spinel structure, because the valence distribution is 
Cul(Mnlll,MnTV)O rather than Cu'IMnX'IO,, which requires that 
Cu(I1) occupy a tetrahedral site in preference to Mn(II1). In  the absence 
of resistivity measurements, which would readily distinguish between 
the two valence distributions, it  is not possible to comment further on 
this interesting suggestion. The structure of another Mn(III),Mn(IV) 
oxide, DyMnT"MnIVO5, has been deduced by Abrahams and Bernstein 
( l a )  as being class I, with Mn(II1) in penta-coordination and Mn(1V) in 
octahedral coordination. As expected from its class I structure, 
DyMnlllMnlVO, has a resistivity of 1O'O ohm cm a t  room temperature. 

Unlike the Mn(III),Mn(IV) perovskites, the Mn(II),Mn(III) lattice 
in the compounds Li$!ln,-,O does not show ferromagnetic ordering 
(386). As the lithium content is increased, the susceptibility curves 
change from a typically antiferromagnetic to a paramagnetic form, 
merely as a result of diluting the magnetic cations. 

The naturally occurring minerals braunite, Mn,SiO 12 (119), and 
pinakiolite, Mg,Mn11Mn~11B2010 (698), are other Mn(II),Mn(III) 
compounds whose structures have been solved. The unit cell of braunite 
contains 48 octahedrally coordinated Mn(II1) ions with average Mn-0 
distances of 2.09 A, and eight octa-coordinated Mn(I1) ions with Mn-0 
equal to 2.16 A. Evidently the system is class I. Although all the man- 
ganese ions in pinakiolite are in octahedral sites, the distortions of the 
sites are sufficient to render the system class 11. 

While studying the reduction of transition metal cyanide complexes 
by sodium in liquid ammonia, Kleinberg and co-workers (142, 175) 
isolated the only mixed valence manganese compound not containing 
oxide as a ligand. The dark brown product of the reduction had an 
empirical formula K11Mn2(CN)12-2NH3, and was thought to contain 
equimolar proportions of Mn(0) and Mn(1). It was paramagnetic, with a 
room temperature magnetic moment of 1.25 B.M., but no further 
experiments were carried out on it. 

E. IRON 

The mixed valence compounds of iron form by far the largest group 
presently known for any element. This group of compounds is excep- 
tional not only for its size, but also for its variety, for it contains oxides, 
hydroxides, halides, sulfates, cyanides, phosphates, carbonates, acetates, 
silicates, borates, and sulfites. There is also no small historical interest 
here, for the mixed valence iron cyanides were among the earliest 
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coordination compounds investigated, and a large number of the qualita- 
tive ideas presently used in thinking about mixed valence chemistry 
arose first in consideration of mixed valence iron compounds. 

The study of mixed valence iron chemistry has recently received 
impetus from the discovery of the Mossbauer effect. Because the 
Mossbauer spectrum is potentially capable of indicating the valences of 
the iron ions in a solid, as well as their amounts and their coordination, 
its use can take one a long way towards understanding the structural 
elements of an iron compound [see, for example, Fluck et al. (254)l .  

The preparations of the mixed valence fluorides Fe2F,-7H,0, 
Fe,F, -3H,O, and the anhydrous material Fe,F, have recently been 
reported (93). The first of these compounds, Fe"FeI"F,. 7H,O, is but one 
member of a large class of compounds of general formula M1'Fe"'F, * 

7H,O. Because the Fe(I1) in this compound can be replaced readily by 
other M(I1) ions and also because of its yellow color, i t  appears that  
Fe2F,.7H,0 is a class I crystal which, consequently, does not involve 
sharing of Iigands, there being just six ligands per metal ion. Because 
water inhibits the formation of a deep mixed valence color, it is not 
surprising that dehydrating the yellow heptahydrate to the trihydrate 
yields crystals which are deep red. Further dehydration to Fe2F5 
yields a steel-blue compound, which by its color and stoichiometry is 
a t  least class 11, and may even be class I11 and metallic. 

Deussen (192) first showed that the colorless iron fluoride thought to 
be FeF3.4$H,0 in reality was the mixed valence salt FeI'FeiIIF,. 
lOH,O. The chlorides (451) and bromides (288) of the FellFe~TIX,. 
lOH,O systems are also known and, as expected from the large amount 
of water in them, are yellow in color. There also exists a reduced chloride 
FeI,lFell'CIi. lOH,O with the expected yellow color (288) .  I n  the bromide 
series, dehydration of Fe,Br,. 1OH,O to the hexahydrate changes its 
color from yellow to black (542) ,  indicating a transformation from class I 
to class 11. The mixed valence bromide Fe,Br, forms a number of other 
interesting adducts ; thus, Fe,Br,. (CN),. 3BrCN (brown-black), Fe&, 
4BrCN (dark brown), Fe,Br, - 5HCN (black-brown), and Fe,Br, 1 

[(CN),], are all known (542) .  However, since FeT'IBr3.4BrCN is itself 
almost black, nothing can yet be said of the colors of the mixed valence 
adducts. 

The large number of Fe,X,.Y compounds so far described (and 
others, see below) at  first suggests the presence of a trinuclear Fe,X, 
species. Such a polynuclear species would necessarily be at  least class I1 
because of the shared ligands, and should have the deep color character- 
istic of this class. That there are no polynuclear species involved here 
follows from the pale colors of several of the Fe,X8 hydrates, and also 
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from the crystal structure of Fe,Br,. l6H,O published by Zvonkova 
(820).  I n  this substance, the bromide ions andwater molecules form chains 
of octahedra ( 2Br-,4H20) sharing corners. Three fourths of these octa- 
hedral sites are filled statistically with iron, the average Fe-Br distance 
being 2.60 and the average Fe-0 distance being 2.01 d. Although 
Zvonkova extrapolates from this average structure to the conclusion that 
Fe,Br,. 16H,O is a mixed valence class III-B system much as Fe,O, 
(see below), more careful work will probably show that in fact the ligand- 
metal distances about the Fe(I1) and Fe(II1) ions in this compound are 
quite different, and that the valences are firmly trapped. 

Walden (742) reports the preparation of the triple bromides 
KFe3Br,.3H,O and RbFe3Br9-3H,0. As one can guess by the high 
proportion of iron to water in these substances, the crystals are deeply 
colored. Although rather unstable, the crystals of these iron bromides 
are deep green and opaque. 

McConnell and Davidson (497) have investigated the mixed valence 
absorption of HCl solutions containing the Fe(I1) and Fe(II1) ions. 
As with antimony, tin, and copper, the mixtures of FeIIC1, and FeI'ICl, 
in concentrated HCl showed an absorbance in the region 11,000-22,000 
cm-l, which was much greater than that measured €or the sum of the 
FeCl, and FeCl, solutions taken separately. This enhancement of 
absorption was found to decrease on lowering the HCl concentration, so 
that, in aqueous solutions of Fe"(C104)2 and Fe111(C104)3, there is no 
noticeable mixed valence absorption. It was concluded that the mixed 
valence chromophore involves a chloride-containing species having 
equal numbers of Fe(I1) and Fe(II1) ions. There is a suggestive relation- 
ship between this work and electron exchange kinetic studies, in which it 
was found that the thermal electron transfer between Fe(I1) and Fe(II1) 
is accelerated by the presence of C1- ions (129).  In  fact, Weiss (755) 
quotes several such catalyzed reactions : the C1--catalyzed exchange 
between Eu(1I) and Eu(III), and the F--catalyzed exchange between 
Ce(II1) and Ce(1V). It would be interesting to see if these systems show 
mixed valence absorption bands in solution analogous to that shown by 
HCl solutions of Fe(I1) and Fe(II1). 

Hathaway and Holah (347) have found that the oxidation of 
elemental iron by halogens in various solvents leads to the formation of 
mixed valence compounds formulated as [FeT1 (Sol),] [FeIIIX,],, where 
Sol is a solvent molecule and X is a halide ion. As expected from the 
class I geometry and the lack of shared ligands in these materials, the 
spectra show only the absorptions of the component ions. 

The low ratio of ligand to iron in the mixed valence alkali iron 
carbonates M*Fe~1Fe111(C03)3(OH), . H 2 0  (47, 288) demands a rather 
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intimate association of the ferric and ferrous ions. I n  accord with this, 
the crystals are green and their solutions in water test negative for 
free Fe(II1). 

A mixed valence iron acetate has been reported, which may be 
related to the carbonate described above. The acetate, 

Fe1IFe~"(CH3CO2)e(OH)z.4H20 

d 
FIG. 11.  Tho structure of thc [ M ~ ( C H ~ C O ~ ) G O . ~ H ~ O ] " +  triniiclear ion. 

is described as dark brown and, like the carbonate, yields a polynuclear 
ion in solution (141) .  There also exists here a possible connection with 
the ferric acetate with formula 

E'c:"(CH&02)6(OH)2N03.6H2O 

which is known to involve a triangular array of Fe(II1) ions in a cluster 
complex (Fig. 11) (251).  

The mixed valence iron cyanides have been the object of constant 
study for over 250 years (572), a large part of their allure springing no 
doubt from their deep blue colors. Although it  was long held that 
Prussian blue, made by adding Fe(I1I) to [Fe1'(CN),I4-, and Turnbull's 
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blue, made by adding Fe(II) to [Fe1I1(CN),I3-, were distinct compounds, 
an overwhelming amount of evidence has since accumulated demon- 
strating that they are identical materials (66-68, 209, 225, 254, 753). 
We shall call this material Prussian blue. There are two kinds of Prussian 
blue, the first of which, soluble Prussian blue, is generally taken to be 
MIFe,(CN),, whereas insoluble Prussian blue is Fe,[Fe(CN),],. The 
earlier history of these “iron blues” has been reviewed by Holtzman (368). 

n 

W 

FIG. 12. The iiriit cell of Prussian blue-type crystals. In  “soluble” Prussiarl blue 
(KFe”’rFe”(CN)6]), four potassium ions occupy octant sites and surround the 
body-ceriterod ion tetrahedrally, whereas, in “insoluble” Prussian blue 
(FeF’[Fe”(C”)&), hydrated Fe(II1) ions are thought to occupy octant sites. 

The crystal structures of soluble and insoluble Prussian blue are 
closely related to one another (409, 754), and to a large number of other 
heavy metal ferricyanides and ferrocyanides (588, 718) having face- 
centered cubic lattices with iron ions at the corners of a cube and cyanide 
ions bridging the irons along the cube edges. The centers of the cubes are 
filled with charge-compensating cations, if necessary, and/or water 
(Fig. 12). The iron-iron distance in Prussian blue is 5.1 A as deduced 
from X-ray powder pattern data, which, however, were inadequate for 
determining the Fe-C, C-N, or N-Fe distances. Due to the roomy 
caverns a t  the cube centers, Prussian blue-type crystals are zeolitic 
and act as molecular sieves with channel diameters of ca. 3.2 A (650).  
This is consistent with dehydration isothcrm stutlies, which showed that 
Prussian blue is not a definite hydrate (753). Since the differentiation 
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between the Prussian blues as “soluble” and “insoluble” stems not from 
any real solubility of the “soluble” material, but instead from the ease 
with which it can be peptized to form a colloidal dispersion, knowledge 
of the crystal structure of soluble Prussian blue is essential to under- 
standing the properties of its ‘(solutions.” 

Both Thompson (703) and Korshunov and Lebedeva (436) have 
shown that, when Prussian blue is formed from inactive Fe(II1) and 
radioactive [Fe11(CN)6]4- and then decomposed by base, the resulting 
Fe’I’(OH), is completely inactive. This demonstrates first that the 
Prussian blue crystal is not class III-B, as suggested indirectly by 
Emeleus and Anderson (221),  and also that the cyanide ions do not 
rotate in the crystal or become carbon-bonded to the Fe(II1) ions on 
forming the crystal. Thus, as can be readily seen from Fig. 12, there are 
two varieties of octahedral site in the class I1 Prussian blue crystal: 
those coordinated by the carbon ends of the cyanide ligands, and those 
coordinated by the nitrogen ends of these same ligands. It has been a 
problem of great interest to demonstrate which iron ion valence resides 
in which site, i.e., are the valences in Prussian blue trapped as ferric 
ferrocyanide or ferrous ferricyanide 1 

The magnetic susceptibility of Prussian blue, as measured by 
Davidson and Welo (176) and by Cambi (228), is consistent with either 
high-spin, 3d6 Fe(II1) ions in the nitrogen sites and low-spin, 3de Fe(I1) 
ions in the carbon sites, or high-spin, 3d6 Fe(I1) ions in the nitrogen sites 
and low-spin, 3d5 Fe(II1) ions in the carbon sites. On the basis of oxidil- 
tion-reduction potentials in aqueous solutions, Weiser et al. (2’54) argue 
for the latter, claiming that Prussian blue is the ferrous salt of ferricyanic 
acid. A flood of more direct evidence has recently shown that, in fact, 
Prussian blue is better considered as the ferric salt of ferrocyanic acid. 
Thus, for example, on the basis of the fact that the C-N stretching 
frequencies of various ferrocyanides fall at  2090 cm-l and below, whereas 
the C-N stretches in ferricyanides are found a t  2150 cm-l and above, 
Emschwiller (222) demonstrated that Prussian blue contained ferro- 
cyanide ions since the C-N stretch in this compound lies a t  2080 cm-l. 
Again, Robin (591) has interpreted the first two bands a t  14,700 cm-’ 
and 25,000 cm-l in the electronic spectrum of Prussian blue as being 
associated with the transfer of an electron from a low-spin, 3d6 ferro- 
cyanide ion to a high-spin, 3d6 ferric ion. The most compelling evidence 
for the formulation of Prussian blue as ferric ferrocyanide rests on the 
results of the many Mossbauer spectral studies of this material. As 
shown in Fig. 13, the Mossbauer spectrum of soluble Prussian blue 
consists of a pair of lines, 2 and 3, which are identified as the quadrupole 
split components of the high-spin Fe(II1) ion in octahedral coordination, 
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and the single line, 1, due to the [Fe1'(CN),J4- ion. The ratio of the 
intensities of lines 2 plus 3 to line 1 is 1.0 in soluble Prussian blue and 
almost 4/3 in insoluble Prussian blue (209, 225, 254, 410, 591). 

Because the valences are firmly trapped, one can draw an orbital 
diagram for Prussian blue, using the orbitals of the Fel'(CN), and 
FelI1(NC), ions taken separately (591). This is shown in Fig. 14, where 
the mixed valence transition responsible for the blue color of Prussian 
blue (14,700 ern-', Fig. 15) is depicted by the arrow labeled 1.  According 
to this assignment, the ground state of Prussian blue is KFel'TFel'(CN),, 
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FIQ. 13. The Mossbauer spectra of soluble Prussian blue (KFe"'[Fe"(CN)~]), 
upper, and insoluble Prussian blue (Fe:"[Fe"(CN)&), lower, both at 143°K (254) .  

and the Turnbull's blue formulation, KFeIIFe'II (CN),, is more appro- 
priate to the first excited state. Actually, because of configuration 
interaction, the system in the ground state is a mixture of the Prussian 
blue and Turnbull's blue configurations, in a proportion which can be 
estimated from the mixed valence absorption intensity. Application of 
Eq. (14) to the 14,700 cm-'bandof Prussian blue (E = 9800; p = 1.23ea) 
yields a value of a2 equal to 0.01, showing that the optical electron spends 
99 yo of its time in a carbon hole and 1 yo in a nitrogen hole in the ground 
state. 

Because Prussian blue is a class I1 crystal, with distinguishable 
oxidation states, its spectrum should contain not only the first mixed 
valence absorption (arrow l), but a second band related to the first by a 
spectral interval in the high-spin Fe(I1) ion, and also bands due to the 
Fe(II1) and [FeI1(CN),l4- ions. The transition labeled 2 is assigned as the 
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band observed a t  25,000 cm-l, for it is weak and separated from transi- 
tion 1 by the t,, -+ e ,  separation (10,000 cm-') in the high-spin Fe(I1) 
ion, as predicted for a class 11 system. The low intensity of this band 
follows from the fact that i t  is a transition between t orbitals on one 
center and e orbitals on another, and, according to Eq. (17), this is 
forbidden. The strong band in the 45,000-50,000 cm-' region of the 
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FIG. 14. A molecular orbital scheme for class I1 Prussian blue. The symmetry 
labels on any column of levels are appropriate only to the molecule listed at the 
foot of that column, and the transitions labeled 1,2,  and 3 correspond to the bands 
of Fig. 15 labeled in the same way (591) .  

Prussian blue spectrum is readily assignable as the intramolecular charge 
transfer excitation of the ferrocyanide ion (arrow 3 in Fig. 14). The bands 
at  35,000-40,000 cm-' are tentatively assigned as transitions from a 
CN x-bonding orbital to the t,, orbital of the Fe(II1) ion. Braterman (85) 
has generalized the Prussian blue assignment scheme to include com- 
plexes in which the ions in the two holes are of different metals. 

Also in accord with its class I1 assignment, Prussian blue has a room 
temperature resistivity of about lo7 ohm cm, and is an  intrinsic semi- 
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conductor with a negative temperature coefficient of resistance (250). 
Although ferromagnetic with a Curie temperature of 3.5"K (367),  
Prussian blue is not an example of mixed valence, Zener-type double 
exchange, for the Fe(I1) ions in the ground state are diamagnetic. 

There are numerous composition variations that can be made in the 
iron blues. A reduced form of Prussian blue, Fe$?eII(CN),, is colorless 
as one might expect, but the oxidized form, FerI1Fe1I1 (CN),, is green 
instead of the expected orange-brown color of [Fe111(CN)6]3-. Ibers and 
Davidson (373) present their spectrum of FeII1Fe"I(CN), as well as those 
of Fe(II1) and [Ii'e111(CN)6]-3, from which one sees clearly an "extran- 
eous" absorption in Fe111Fe111(CN)6 centered at  20,000 cm-l. DeWet and 

W" 

3 

KFemFen(CN), 

1 

50 45 40 35 30 25 20 15 10 5 
FREQUENCY, CM-fX103 

FIG. 15. The electronic spectrum of soluble Prussian blue as a colloidal 
dispersion in water (591). 

Rolle (193),  however, have demonstrated that FeIIIFeIII (CN), is very 
readily reduced by water to a mixed valence Prussian blue-type com- 
pound, which no doubt is the cause of the 20,000 cm-l band of 
c'Fe111Fe111(CN)6.'' Both the oxidized and reduced compounds have the 
face-centered cubic lattice of Prussian blue (409). 

Although Ibers and Davidson (373) were able to demonstrate a mixed 
valence absorption in solutions containing Fe(I1) and Fe(II1) ions, 
mixtures of the corresponding hexacyanides gave no such absorption. 
The lack of mixed valence.absorption here is due in part to the impossi- 
bility of sharing ligands between these ions, and in part to the difficulty 
of forming pairs between ions of the same charge. However, they do 
exchange electrons rapidly in solution (703).  

There are a large number of pentacyanide ions of the formula 
[FeI'(CN),X]~--, where X is H20,  NH,, As02-, SO:-, NH,NH2, or CO, 
all of which form deep blue precipitates with Fe(II1) ion. On combining 
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the salts of [Ru"(CN)~]~- or [OS"(CN)~]~- with Fe(II1) ion, blue to 
purple sols are formed which have electronic spectra virtually identical 
to that of Prussian blue (591). 

As one might expect from the ubiquitous distribution of iron in 
nature, there are great numbers of naturally occurring minerals con- 
taining Fe(I1) and Fe(III), both as major constituents and as impurities. 
As with the other iron compounds, the combination of X-ray crystello- 
graphy and Mossbauer spectroscopy can be a great aid in determining 
the amounts, valencies, and coordinations of the iron ions in mixed 
valence minerals. From this information one can proceed to a qualitative 
understanding of their electronic structures. In  this section, mixed 
valence iron minerals will be considered for which structures have been 
determined, together with only a few of the many other minerals which 
suggest themselves for future mixed valence study. 

MacCarthy (470) many years ago presented the results of a study 
aimed a t  correlating the colors of a large number of iron-containing 
minerals with the oxidation state of the iron. Iron minerals as found in 
nature span the color spectrum, being colorless, yellow, red, brown, 
green, blue, purple, or black. MacCarthy showed that, in general, the 
colorless minerals contained only Fe(II), that the yellow, orange, and 
red ones were totally Fe(III), but that mixtures of these valence states 
led to blue materials if hydrated, black if anhydrous. The greens and 
purples were accounted for as physical mixtures of the other, more basic 
pigments. However, before one adjudges a naturally occurring mineral 
to be mixed valence on the basis of its unusual color, the possible con- 
tamination of the sample by colored impurities must be ruled out. 

Both the partial reduction of colorless FeT1*PO, and partial oxida- 
tion of colorless Fei1(P04), lead to  the formation of deeply colored 
Fe(II),Fe(III) phosphates (699). Thus, depending upon conditions, the 
reduction of slurried FePO, in H,O with H, under pressure leads to green, 
blue, or black crystals (374) .  Vivianite, a naturally occurring mineral 
with composition Fei'(P04)2 * 8H,O, presents a dramatic example of the 
development of a deep color on attaining mixed valence, for the mineral 
is colorless until cleaved and exposed to the air, whereupon it oxidizes 
and develops a dark blue color. Since the reduced mineral contains pairs 
of ferrous ions in oxygen octahedra sharing an edge (514) ,  it is clear how a 
chromophoric grouping can result on partial oxidation. A similar 
situation holds for iron in silicate and borate glasses (767)  in which, for 
example, ferrous iron is colorless and ferric iron is brown, but glasses of 
intermediate oxidation are blue. The blue-color centers in these glasses 
must be "dimers" in the sense that no mixed valence color can develop 
if the Fe(I1) and Fe(II1) ions are too far separated. 
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Iron lazulite is another basic iron phosphate mineral. It is described 
as being “shiny, jewel-like black in color,” and contains Fe(I1) and 
Fe(II1) in face-sharing octahedral coordination (407). The close approach 
of the Fe(I1) and Fe(II1) ions to class I11 geometry suggests that iron 
lazulite will have a low electrical resistivity, a quantity which is un- 
measured as yet. A similar situation holds for barbosalite (462) ,  
Fei1Fe:11(P04)4(OH)4, a material in which the oxygen octahedra 
surrounding the Fe(I1) and Fe(II1) ions share faces and corners. 

There are a great many silicate minerals containing iron in two 
valence states. Crocidolite is a bright blue, fibrous silicate containing 
Fe(I1) and Fe(II1) in octahedral coordination. The Mossbauer spectrum 
of crocidolite shows the presence of discrete Fe(I1) and Fe(II1) ions, as 
expected for a class I1 mixed valence system (275). That its blue color 
is due to a mixed valence interaction is apparent both from the fact that 
when the Fe(I1) fraction is oxidized to Fe(II1) the band responsible for 
the blue color a t  16,000 cm-l disappears, and from the fact that this band 
is polarized along the fiber axis, which is also the direction of shortest 
Fe(I1)-Fe(II1) separation (465). Crocidolite is a semiconductor along 
the fiber axis, but has a very high resistivity perpendicular to this axis. 

Biotite is a micaceous mineral in which variable amounts of AI(II1) 
and Mg(I1) have been replaced by Fe(II1) and Fe(I1). As a result of this 
substitution into the layered mica structure, biotite appears quite black 
in light polarized with its electric vector within the layers but is colorless 
perpendicular thereto. Because of the mixed valence aspect of this 
material and the obvious related electronic conduction mechanism, it is 
clear why the best insulating micas are lowest in iron. Because the 
Mossbauer spectrum of biotite shows absorption due to  clearly defined 
Fe(I1) and Fe(II1) ions, the system is mixed valence class 11, as is also 
clear from its crystal structure (83). 

Lievrite is a black mineral having the composition 

CaFe:lFelllSizOsOH, 

with both the Fe(I1) and Fe(II1) ions in distorted octahedra sharing edges 
(53). Taramellite, another iron-containing silicate, also contains chains of 
octahedral Fe(I1) and Fe(II1) ions sharing edges, and has the overall 
formula (490) : 

(Fe~~,FeII~,Ti,Mg)~[O(Si~O~~)]~ HzO 

Cronstedtite is a layered mineral, Fei1Fei11Si05(0H)4, which has both 
Fe(I1) and Fe(II1) ions in octahedral coordination as well as Fe(II1) 
in tetrahedral sites (354). The mineral is black in thick sections and 
emerald green in thinner ones. 
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Voltaite is an interesting mixed valence iron sulfate mineral with the 
composition 

KzS04~3(Al,FeIII)OH3~4FeIIS04~4HzO~ BHzS04 

which is easily synthesized in the laboratory (300). Consistent with a 
class I1 mixed valence formulation, voltaite has a deep black color in 
massive form, but is green when viewed by transmission in thin sections. 
Synthesis of the corresponding material having Cd”S0, replacing 
FeIISO, results in an almost colorless solid, as expected. I n  contrast to 
the black color of voltaite, the mixed valence iron sulfate mineral romerite 
(FeIIFe:I’(SO,),. 14HzO) has only a reddish brown color (634, 635). 
However, dehydration of romerite to the dihydrate yields a blue-black 
material, just as in the case of the ferrous-ferric fluorides mentioned 
above. Pending a report of the structures of these minerals, one might 
guess that in voltaite the Fe(I1) and Fe(II1) ions are in rather close 
association with their octahedra probably sharing ligands, whereas in 
hydrated romerite these ions are effectively separated by “insulating” 
water molecules. 

Gmelin (288) lists a number of synthetic mixed valence iron sulfates 
of rather similar composition : FeS0, -Fe,(SO,), * 2HzS0, (rose colored), 
4FeS0, - Fez( SO ,) + 1 2H zO ( yellow-green), 6FeSO , Fez( SO ,) * 1 OH zO 
(pale green), and 3FeS0, .2Fez(S04)3. 3Hz0 (colorless). There is also an 
Fe(II),Fe(III) sulfite (57a), 

2KzS03. FeSOs. Fez03. SOz.zHzO 

which is a colorless material. 
A cursory look through a modern book of mineralogy (172) will 

reveal a large number of other iron-containing substances of potential 
mixed valence interest. For example, the ferrous minerals augite (black, 
distinctly dichroic), riebeckite (dark blue, dichroic), glaucophane (blue, 
dichroic), hornblende (dark green to black), tourmaline (all colors, 
strongly dichroic), ludwigite (black, dichroic), and osumilite are all 
thought to contain ferrous and ferric ions. 

The mineral magnetite, Fe,O ,, offers many illustrative examples of 
mixed valence effects. On the basis of its stoichiometry, Gay-Lussac 
first described Fe,O, as involving a “special” valence state of iron. 
Shortly thereafter, Dalton and Berzelius proposed instead that Fc,O, 
was a compound of Fe’IO and Fei1’03 in 1 : 1 ratio. As we shall see, there 
is a certain amount of truth in both of these ideas. Fe30, is a cubic 
spinel, consisting of a cubic close-packed arrangement of oxide ions which 
define both octahedral and tetrahedral sites (Fig. 16). I n  a normal spinel 
with eight molecules per unit cell, eight of the tetrahedral holes are filled 
by M(I1) metal ions, while sixteen of the octahedral holes are filled by 
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M(II1) metal ions. In  magnetite, however, because of the propensity of 
Fe( 111) for tetrahedral coordination, all eight tetrahedral sites are filled 
by Fe(II1) and the remaining sixteen edge-sharing octahedral sites are 
filled by eight Fe(1I) ions and eight Fe(II1) ions (726, 728). Thus if i t  were 
a normal spinel, magnetite clearly would be a class I mixed valence 
system, but the inverse spinel structure described above results in 
class 111-B behavior within the octahedral sites and class I behavior 
between octahedral and tetrahedral sites. 

Verwey et al. (729) felt that the rapid electron exchange implied by 
the mixed valence occupation of the octahedral sites in magnetite was 

FIG. 16. The unit cell of the spinel MMk04, in which the M cations are in 
tetrahedral and the M' in octahedral sites. 

responsible for its unusually low resistivity (4 x lo-, ohm cm a t  300°K). 
Unlike many oxides which show maximal resistance when stoichiometric 
and a decreasing resistance as the composition departs from stoichio- 
metry, Fe,O, is just the opposite, for the addition of defects and other 
valences of iron only act to trap the valence locally and thereby increase 
the activation energy for conduction (726).  

Fe,04 is ferrimagnetic with a Curie point a t  500"-600°C. Neutron 
diffraction experiments (660) show that the Fe(I1) in the tetrahedral 
sites is antiferromagnetically coupled to the ferromagnetically coupled 
Fe(II),Fe(III) ions in the octahedral sites, the net ferrimagnetism result- 
ing from the larger numbers of octahedral sites. 

Vcrwey et al. (729) reported that, on cooling Fe,04 below 120"K, the 
resistivity rose abruptly by two orders of magnitude and became 
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distinctly anisotropic whereas above 120°K it is isotropic. They suggested 
that above 120°K the Fe(I1) and Fe(II1) in the octahedral sites are in 
“dynamic disorder,” but that below this temperature the crystal is 
orthorhombic and the Fe(I1) and Fe(II1) ions become ordered, occupying 
perpendicular rows of octahedral sites. We can paraphrase Verwey and 
presume that the octahedral Fe-0 distances alter abruptly a t  120°K 
so as to trap the Fe(I1) and Fe(II1) valences, thereby making the 
octahedral system more class 11, i.e., insulating. If the valences are 
partly trapped at  room temperature through the introduction of Fe203 
into the crystal, then the 120°K transition is absent. Careful neutron 
diffraction work by Hamilton (335) fully confirmed Verwey’s conjec- 
tures, for Hamilton showed not only that the low temperature form of 
Fe,O, was orthorhombic but that, whereas the Fe-0 distance in the 
octahedral sites a t  300°K is uniformly 2.0590 0.0016 A, in the low 
temperature phase there are two octahedral sites, one having Fe(II1)-0 
equal to 2.00 A, and one having Fe(I1)-0 equal to 2.123 A. These Fe(I1) 
and Fe(II1) ions are in perpendicular rows, as predicted. Calhoun’s 
resistivity measurements show that the anisotropy increases with de- 
creasing temperature, indicating a firmer trapping a t  lower temperatures 
(126).  

The Mossbauer spectra of Fe,04 at  300°K and 85°K offer striking 
confirmation for the views expressed above (49) .  At room temperature, 
the Mossbauer spectrum of Fe304 shows that the magnetic fields a t  the 
octahedral sites are indistinguishable, indicating an oscillation of 
valence more rapid than 108/sec. On the other hand, a t  85”K, the Fe(I1) 
and Fe(II1) ions in the octahedral holes can be distinguished as expected 
for a class I1 system. 

Magnetite can be brominated to yield a dark brown material of the 
composition (Fe304)3Br, (360).  This bromide still possesses a spinel 
lattice like Fe,04 and although ferromagnetic, is less so than Fe30,. 

The binary oxides of barium and iron contain, among their number, 
two mixed valence materials. Derbyshire et al. (190) and Fraker (259) 
have shown that the barium iron oxide thought to be BaFeO, really 
contains only 7 6 %  of its iron as Fe(IV), the remainder being Fe(II1). 
This leads to a probable formula Ba(Fe11r,FerJ‘)02,9. A second oxide, 
BaFe~rFe:~r02,,  has a spinel-type structure (95)  and, like magnetite, is 
an electrical conductor and ferromagnet (763).  

We will present here only one of many examples of the dramatic 
effects that low-level doping can produce through mixed valence. In  
yttrium iron garnet, 3Y203-5Fe203, three fifths of the Fe(II1) ions are 
found in tetrahedral sites and two fifths in octahedral sites, the stoichio- 
metric crystal being an insulator with a resistivity of about 1 O’* ohm cm. 
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On doping such crystals with approximately 0.02 atom of silicon per 
formula weight, an equivalent amount of Fe(II1) is reduced to Fe(I1) 
and the resistivity decreases by seven orders of magnitude (792). It is 
not yet known whether the Fe(I1) ions reside in the tetrahedral or the 
octahedral sites of the garnet. 

The process of iron corrosion has been shown to proceed through an 
intermediate “green rust” of composition 2Fe0 - Fe203 .H,O, which 
precedes the formation of brown rust, y-Fe203+H,0 ( I ,  174, 803). 
Abe ( 1 )  showed that 2Fe0.Fe,0y-H20,  when made by the combination 
of y-Fe203 . H 2 0  and Fe(OH),, is really a blue material, and that “green 
rust” is probably a mixture of this blue compound and the brown rust. 
Shively and Weyl (659) also report that the partial oxidation of 
Fe(OH)2-AI(OH)3 coprecipitates yields dark blue materials. I n  a more 
detailed study, Feitknecht and Keller (238) report that the air oxidation 
of colorless Fe(OH), leads to the formation of a deep green material, 
which has the crystal structure of Fe(OH), although containing up to 
10 yo Fe(II1). Air oxidation of buffered FeCl, solutions yields a dark green 
mixed valence oxychloride of ideal composition Fe:’FeI”CI(OH) - 
xH,O, which, however, can have appreciable amounts of its Fe(11) 
replaced by Fe(II1) (238). Selwood (652) mentions that ferromagnetic 
gels can be formed by addition of base to solutions containing mixtures 
of ferric and ferrous ions. 

There are two biologically important iron-containing materials of 
potential interest to our study. The first, photosynthetic pyridine 
nucleotide reductase, contains two nonheme Fe(II1) ions per molecule. 
On photoreduction, one of the two Fe(II1) ions is reduced to Fe(I1) and 
the protein decolorizes (263). This fact suggests strongly that the two 
iron ions are not closely associated in the photoreduced protein. Ferre- 
doxin contains seven iron ions per molecule, all of which appear to be 
Fe(II1) (74 ) .  However, it is postulated that these ions are involved in 
electron transport, and that some of the Fe(II1) is reduced on reduction 
of the protein. 

F. COBALT 

Like manganese and iron, cobalt forms a mixed valence oxide with a 
spinel structure, C0,04, and, as with the other two oxides, there has been 
a good deal of discussion about the distribution of the valency in it. In 
principle, four possibilities exist : normal or inverse Co(II),Co(III) 
spinels and normal or inverse Co(II),Co(IV) spinels. In  common with 
Mn30, and in contrast to Fe,O,, Co304 has a high resistivity (458, 742) ,  
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suggesting that the manganese and cobalt compounds are normal 
spinels (725). Cossee (158) measured the magnetic susceptibilities of 
tetrahedral Co(I1) in (CoI',Zn)O, of Co( 111) octahedrally coordinated in 
the spinel ZnCo!j'I04, and of c0304 from 77" to 1000°K and found that 
the effective magnetic moment per Co(I1) in ZnO was 4.05 B.M., but that 
the moment of Co(II1) in ZnCo204 was zero, as expected for a low-spin 
3de configuration. The effective magnetic moment per mole of Co30,, 
4.14 B.M., can then be interpreted in terms of the structure C O ' ~ C O ; ~ ~ O ~  
with Co(I1) in tetrahedral and Co(II1) in octahedral coordination. At 
40°K, Co304 becomes antiferromagnetic (602), and the spin interaction 
between the Co(I1) ions is an order of magnitude stronger than in the 
spinel CoA1204, possibly as a result of indirect exchange involving the 
empty e ,  orbitals of the Co(II1) ions. The nuclear magnetic resonance 
chemical shift of 59C0 in Co304 (403, 509) contains a temperature- 
independent contribution due to mixing of the low-lying excited con- 
figuration t2: egl with the t2! ground state, and a temperature-dependent 
part attributed to hyperfine coupling between the nuclear spins of the 
diamagnetic Co(II1) ions and the electron spins of the Co(I1) ions a t  the 
tetrahedral sites. 

Cobalt(II1,IV) perovskites can be prepared with formulas inter- 
mediate between LaCo"'OS and SrCo1"03, just as was found for the 
Mn(III),Mn(IV) manganites (394). In  contrast to the octahedrally 
coordinated, low-spin Co(II1) in Co304, that in LaCoO3 is high-spin, and 
all the mixed valence phases are ferromagnetic, with Curie temperatures 
that rise sharply with increasing Co( I V )  concentration. LaCoO, behaves 
as a semiconductor, but when doped with strontium the room tempera- 
ture resistivity drops sharply and the temperature coefficient of resis- 
tivity finally becomes positive. As in the case of the Mn(III),Mn(IV) 
manganites, the ferromagnetism of the mixed valence cobaltites is 
attributed to a strong positive Co(II1)-Co(1V) interaction. As described 
in Section 11, Zener (813) showed that the resonance energy between the 
canonical structures Co3+-02--Co4+ and Co4+-02--Co3+ is larger 
if the electron spins on the metal atoms are parallel. Since the integrals 
determining the interaction in Zener's model are those involving simul- 
taneous electron transfer from 0'- to Co4+ and Co3+ to 0-, the spin 
correlation and electrical resistivity would both be accounted for by 
mixed valence interaction, were i t  not for the fact that  there is no 
anomaly in the resistivity a t  the Curie temperature. This observation 
has not yet been satisfactorily explained. 

A further interesting example of a Co(II),Co(III) system with oxide 
ligands occurs among the class of heteropolytungstates. Powerful 
oxidizing agents, such as hot persulfate solution, oxidize the emerald 
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green anion [ C O ~ ' W , , O ~ ~ ] ~ -  to a mixed valence anion, the alkali metal 
salts of which form very dark brown to black cubic crystals. The anion 
was at  first (37)  formulated as [ C O I ~ C O " ~ W ~ ~ O ~ ~ ] ~ - ,  with an  "extra" 
Co(I1) attached to the outside of the Keggin structure (408) character- 
istic of polytungstates. Very recently, however, the evidence for this 
formula has been reexamined (38) and the anion is now considered to be 

in which Co(1I) replaces one of the tungsten atoms 
of the W12040 framework, and is thus octahedrally coordinated by 
oxygen. The paramagnetic susceptibility of the potassium salt of this 
anion exhibits a most curious dependence on temperature, changing only 
13 yo between -143" and 23"C, so that, although the two cobalt ions are 
in octahedral and tetrahedral coordinations and the system belongs to 
class I, there appears to be appreciable intraionic interaction. An ESR 
study would be rewarding. 

Peroxo-bridged binuclear cobalt complexes have been known for 
over 100 years (262) and were systematically investigated by Werner 
(765, 766).  Diamagnetic cations such as 

and 
[ (NH~)~CO"'-OZ-CO~"(NH~)~]~+ 

undergo one-electron oxidations (702), forming paramagnetic species, 
and the question is whether Werner's formulation with one Co(II1) and 
one Co(1V) is correct, or whether the electron has been removed from the 
bridging peroxo group, i.e., is the oxidized cation a mixed valence 
species belonging to class I1 or 111-A, or a single valence species contain- 
ing the radical ligand 02-? A number of workers established that the 
complexes 

and 
[(NH~)~CO-OZ-CO(NH~)~]~+ 

had magnetic moments corresponding to one unpaired spin (287, 480), 
but were unable to distinguish between the alternative formulations 
and, indeed, Malatesta (480) envisaged a resonance between them. 

I n  1938 Mathieu (488) measured the rotatory dispersion and circular 
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dichroism of the optically active ethylenediamine compounds of the 
peroxo-bridged cobalt .complexes, but, in the absence of a quantum 
mechanical theory of rotational strengths in metal complexes, was 
unable to interpret them. Mathieu (488) and Ohyagi (544) reported some 
solution absorption spectra, but the most reliable available appears to 

' t  
I I I I 
10 20 30 40 
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FIQ. 17. The electronic absorption spectra of the [(NH3)&002Co(NH3)5]5+ 
(-) and [Co(NH3)51]2+ (---) ions in aqueous solution (463 ,  464) .  

be that of Lirhard and Weigel(463,464) (Fig. 17), who also were the first 
to  note that the spectrum of 

resembled the ligand field spectrum of an octahedral Co(II1) complex, 
Co''I(NH,),X, in which the ligand field strength of X was very different 
from that of NH,. Yamada et al. (797) had previously measured the 
polarized crystal spectrum of 

and concluded that the first absorption band was polarized parallel to 
what they call the Co-0-0-CO direction, but, as the crystal structure 
of the compound had not been determined a t  that time, i t  is difficult to  
see how they arrived a t  this conclusion. 

Dunitz and Orgel (210) attempted to rationalize the electronic 
structure of 

[ (NH~)~CO-~Z-CO(NH~)~] '+  

[ ( N H ~ ) ~ C ~ - ~ Z - C O ( N H ~ ) ~ ]  (N03)5 

[ ( N H ~ ) ~ C O - O Z - C O ( N H ~ ) ~ ] ~ +  
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using qualitative arguments based on n-bonding between t zg  orbitals on 
the cobalt atoms and 2p orbitals on the oxygens, with the assumption 
that the Co-0-0-Co unit was linear. Unfortunately, the first 
crystal structure determination ( 7 2 l )  revealed that the 0-0 bond was 
at  right angles to the metal-metal line. In either case, the two cobalt 
atoms would be equivalent, and the complex would be a class 111-A 
system. That the two cobalt atoms are magnetically equivalent was 
clearly shown by the ESR spectrum of the cation in concentrated 
sulfuric acid solution (58). The fifteen observed hyperfine lines result 
from the interaction of the single unpaired electron with both cobalt 
nuclei ( I  = 7 / 2 ) .  The spectra of both peroxo- and peroxo-imino-bridged 
complexes were asymmetrical and varied with the acidity, viscosity, and 
temperature of the solvent in a manner which could be explained by a 
relaxation effect depending on protonation of the oxygen atoms (214).  
A further relaxation mechanism might come from rotation or torsional 
oscillations about the 0-0 bond, an effect made more likely by the fact 
that unpublished crystallographic work by Okaya, cited in (214),  
showed that in 

[ (NH~)SC~-OZ-C~(NH~)~I  (N03)5 

the two cobalts are cis to one another: 

c o  r0\ co 

The crystal structure determination of Vannerberg and Brosset (724, 
in which both oxygen atoms were equidistant from the two cobalts, has 
been criticized recently by Schaefer and Marsh (623),  who pointed out 
that it was based on only 234 reflections and refined to an R factor of only 
19 yo, even after assuming that there was disorder in the lattice. Schaefer 
and Marsh measured 1458 reflections from 

[(NHa)sCoOzCo(NHa)sl (sod) (HS04)3 

and refined their proposed structure to an R value of 7.7%. I n  this 
crystal, each oxygen is bonded to one cobalt as in Okaya's structure 
but in a trans 

/ O  
c o  \ ,co 

0 

rather than a cis arrangement, which parallels that found in the dia- 
magnetic compound (720) : 

[ ( N H ~ ) & O ~ Z C O W H ~ ) ~ I  (SCN)4 
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The cobalt and oxygen atoms all lie in a plane, the Co-0-0 angles are 
almost 120°, and the 0-0 bond length (1.31 f 0.02 A) is close to what 
one would expect for the 02- superoxide ion. The Schaefer and Marsh 
structure appears to be well substantiated, but without further details 
of Okaya's work it is not possible to state for certain whether there are 
two geometrical isomers of this cation. One can say that i t  is in fact not 
a class I1 or class III-A mixed valence system at  all, but rather an 
example of the extremely small group of metal complexes which have a 
radical ligand. Polarographic reduction studies have been reported for 
the various peroxo and peroxo-imino complexes (302, 415), but the 
reduction reactions are complicated and difficult to interpret. The 
complexes have also been considered as potential semiconductors (249) 
on the basis of the ease of transferring electrons to or from them, but i t  
is clear from dielectric constant measurements that they are not. 

A binuclear cyanide complex [(CN),COO,CO(CN)~]~- has also been 
prepared (333) as a deep red potassium salt. The intense absorption band 
at 32,000 cm-' (E = 6800) probably corresponds to the band at  33,800 
cm-l (E = 10,000) in [(NH,),COO~CO(NH,)~]~+, although, because of the 
higher position of cyanide in the spectrochemical series, no ligand field 
bands like those of the amine complex are seen. 

By the action of HCN on Co(I1) solution in an inert atmosphere, one 
obtains a rose-colored precipitate with a Co : CN ratio of 1 : 2.4 and an 
effective magnetic moment of 3.2-3.6 B.M. per cobalt atom (127, 555, 
584). Numerous crystallographic studies of this (716, 717) and a related 
hydrate (247) have led to the conclusion that the compound is cobaltous 
cobalticyanide, i.e., that  the valences are firmly trapped and the system 
is class 11. CO~~[CO"I(CN),]~ has a cubic lattice isomorphous with the 
cobalticyanides of other divalent first transition metals and closely 
resembles that of Prussian blue. The diffuse reflectance spectrum of the 
compound (85)  has been interpreted as a simple superposition of the 
ligand field bands of [CO'II(CN),]~- and Co(II1) octahedrally coordinated 
by the nitrogen ends of the cyanides. That there is no mixed valence 
absorption like that found in Prussian blue (591) indicates the greater 
difficulty of reducing a low-spin, 3d' Co(II1) ion than a high-spin, 3d5 
Fe(II1) ion. 

G. NICKEL 

Being almost the only mixed valence compound of nickel, the lithium- 
doped nickel oxide system has played a central role in our understanding 
of the electrical properties of mixed valence solids (described in Section 
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11). Pure, stoichiometric NiO is a green compound with a room tempera- 
ture resistivity greater than 5 x 1014 ohm cm and an absorption spectrum 
in the visible region closely resembling that of Ni(H,O)i+. When heated 
with lithium carbonate a t  SOO'C, however, Li+ ions replace a variable 
number of Ni(I1) ions in the rock salt lattice, and a corresponding number 
of Ni(I1) ions are oxidized to Ni(II1). The solids so produced range from 
gray to black and are semiconductors with activation energies and room 
temperature resistivities which decrease sharply with increasing lithium 
content. Thus, the presence of 2 yo lithium in NiO lowers the room tem- 
perature resistivity of a pressed pellet to only 10' ohm cm (719).  De Boer 
and Verwey (182) first suggested that such enhanced conductivity would 
arise only when ions of differing valency were present a t  crystallo- 
graphically indistinguishable sites, and since then many others have 
applied this idea, both to Ni,-,O (348, 351, 730) and to  many 
other systems (see subsections D and F on manganese and cobalt, for 
example). 

As regards the mixed valence classification of Nil-,O, the question 
is whether, in theground state a t  absolute zero, the Ni(I1) and Ni(II1) ions 
can be distinguished, in which case the system belongs to  class 11, or 
whether it would be more appropriate to speak of holes in a conduction 
band consisting of 3d orbitals on the metal ions (class III-B). There have 
been several magnetic studies of lithium-doped nickel oxides (239, 378, 
5/36), but the observed ferromagnetism of some samples (378, 566), 
which might have been correlated with coupling between the bound 3d 
electrons and the conduction electrons (813),  most probably results from 
impurities. The most comprehensive study to date (296) reveals that, 
when less than 3 0 %  of the nickel has been replaced by lithium, the 
lattice is antiferromagnetic and cubic above the Curie temperature ; but 
when the lithium content is higher, the lattice is rhombohedra1 and 
ferrimagnetic, probably because the lithium and nickel ions are partly 
ordered in alternate (111)  planes. The moments within each plane are 
either ferromagnetically coupled or paramagnetic. On the assumption 
that all Ni-0-Ni interactions are antiferromagnetic, the variation in 
magnetization per molecule with composition is explained much better 
by assuming that the Ni(II1) ions are low-spin, with the t&ei configura- 
tion. Such a configuration, however, having only one electron in the e ,  
orbitals, will promote a tetragonal elongation (see the earlier example 
in Cr,F,), which will trap the valence and make the system class 11. 
Thus, even though the presence of Ni(lI1) results in a vast decrease in 
resistivity, the indirect exchange mechanisms providing antiferro- 
magnetic coupling between near neighbors appear to be of lower energy 
than Zener-type double exchange. 



312 MELVIN B. ROBIN AND PETER DAY 

Although the ground state electronic structure of these oxides places 
them firmly in class 11, there remains the question of the conduction 
mechanism. Verwey et al. (730) thought that conduction arose by the 
motion of a positive hole from Ni(II1) to Ni(II), the activation energy 
being that required to ionize the hole on Ni(II1) from neighboring 
lithium ions. That this is not the case follows from the fact (351) that, a t  
very high lithium concentrations, the activation energy, although 
decreasing, does not tend to zero. Heikes and Johnston (351) later 
proposed that conduction should be regarded as a thermally activated 
diffusion process, in which the activation energy comes from the self- 
trapping of the hole by its polarization field (802) (described in Section 
11). Extensive series of conductivity and Seebeck effect measurements 
as a function of temperature and lithium content (719) were held to 
confirm Heikes and Johnston’s view, but all these considerations 
have recently been placed in question by measurements of the Hall 
effect (816), which show it to be much larger than those calculated using 
the thermal diffusion (hopping) model. Further, and more damaging, the 
Hall mobility does not increase exponentially with temperature as the 
hopping model requires. A reconsideration of the previous Seebeck 
measurements, which were carried out on heavily lithium-doped 
samples, and new measurements on very lightly doped samples (80), 
have also led to the same conclusion. Whether these observations spell 
the demise of the hopping model altogether, or only for this system, 
remains very much to be seen. There is the possibility that a model 
similar to the one proposed by Frederikse (260) for slightly reduced 
rutile (see Section II1,A on titanium) may prove appropriate, but a 
further factor that has to be kept in mind is the possibility of compound 
formation in the lightly doped nickel oxides. Thus semiconductivity 
plots have been published (433) for pellets of Ni,-,O, with II: as large as 
0.12, giving room temperature resistivities as low as lo2 ohm cm. 
However, a study (77)  of the nickel-oxygen phase diagram does not 
reveal the existence of stoichiometric higher oxides, such as Ni30,. 

In addition to the Ni(II),Ni(III) oxides, one Ni(III),Ni(IV) system 
is known (453).  The compounds BaNiII’O, and Ba,Nii1105 are both 
black materials having low resistivities and magnetic moments, so the 
properties of the intermediate mixed valence phase Ba3Nii11Ni1V0, will 
not be a clear guide to its classification. 

H. COPPER 

A wide variety of mixed valence copper compounds have been 
described, the majority containing halide ligands, although examples 
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with oxygen, nitrogen, and sulfur donors exist. Of the halides, a large 
number appear to fall into class I, in which the environments of the metal 
ions in the two oxidation states are very different and there are no bridg- 
ing ligands. Thus, salts with empirical formulas Cu3Br,(pyr), and 
Cu3Br4(ant)5(H,0), [pyr = dipyramidon, ant = antipyrine] were pre- 
pared some time ago by Souchay (672), who measured the conductivities 
of their solutions in acetone and concluded that they contained, for 
example, [ C ~ ' I ( p y r ) ~ ] ~ +  and [Cu'BrJ. The colors of the solids (reported 
as dark green and yellow-green, respectively) are what one would expect 
for such a formulation. More recently, a large number of similar com- 
plexes were prepared (341-343) with simpler ligands, such as ammonia 
and ethylenediamine, which have the general formula [CuI'A,] [CuIX,], 
or [Cu'IA,] [CuIX,]. Compounds with similar formulas and presumably 
similar structures can also be prepared containing Cu(I1) and Ag(1) 
(344-346), which, when vigorously shaken with water, decompose to 
AgX leaving [CUA,]~' in solution. The chlorides and bromides were 
reported as deep blue or violet, but the iodides were all brown or black. 
Further compounds of the same type were prepared by Brauer and 
Eichner (90) .  Compounds in which X is CN- have also been recognized 
for many years (513, 706) and other examples have been added more 
recently (506).  Their colors suggest that they are all class I systems, with 
formulas analogous to those of the halides. Another class I cyanide 
containing one Cu(I1) and two Cu(1) ions per mole has been reported by 
Cooper and Plane (146).  

Attempts to prepare cupric complexes of methyldiphenylarsine 
(AsPh,Me) always result in reduction of the copper to Cu(I), but Burrows 
and Sandford (115) isolated two compounds from the reaction, one blue 
and one brown, both of which appeared to have the empirical formula 
Cu,CI, * 3AsPh,Me. The original explanation offered for the apparent 
isomerism was in terms of ionic structures such as 

[Cu1(AsPhzMe)2] [CuWl~AsPhzMe]  

but, reinvestigating the reaction, Nyholm (540) found that the arsine 
had been oxidized, and that the analyses were much better described by 
the empirical formula Cu,Cl,(OAsPh,Me),. In  nitrobenzene, the blue 
compound was an electrolyte, and the structural formula would appear 
to be 

[Cur I (0AsPhzMe)dI [CuW1~]2 

i.e., similar to the compounds containing ammonia and ethylenediamine 
discussed above. Because the blue compound became brown on storage, 
and also when exposed to chlorine gas, Nyholm concluded that the anion 
was oxidized to [CuTTC13]-. Although the intensity of color of the brown 
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compound suggests that it may result from mixed valence absorption, 
this may perhaps be misleading, since on prolonged exposure to chlorine 
a red compound analyzing as 

[Cu{OAsPhzMe)4] [CiiCl& 

was isolated. Since all the copper in this compound is divalent, the color 
of this and possibly the other mixed valence compound may be related 
to  that of red CsCuC1,. 

A series of chlorocuprates (1,II) in which the color is clearly due to 
mixed valence absorption was first prepared by Mori (516). When 
hexaminecobalt(II1) chloride solution is added to an aqueous solution 
of either CuCl or CuCI, containing excess chloride ions, orange-yellow 
crystals are obtained, but if the solution contains both CuCl and CuC12 
the resulting crystals are brown or black, depending on the mole fraction 
of each valence state present. By measuring diffusc reflectance spectra, 
Mori found the new absorption band in the mixed valence material to  be 
near 17,000 cm-' (518), and its intensity was shown by the same method 
to  be proportional to the product of the mole fractions of the two valence 
states (171) .  The crystal structures of the two single valence compounds 
are closely related, so that both valence statcs may be present in a 
crystal in any proportion with only minor structural variations. The 
chlorocuprate(I1) has the formula CO(NH,)~CUCI,, with a structure 
based on a cubic rock salt lattice of [CO(NH,),]~+ and [ C U ~ ~ C ~ , ] ~ -  ions 
(517), but the cuprous salt has the much more complicated formula, 
[CO(NH,),] ,CU~C~~~. Its crystal structure, however, is also cubic with 
[Co(NH3),l3+ and Cu(1) ions forming a rock salt lattice. Each Cu(1) is 
surrounded by four chloride ions, one of which forms a bridge to a Cu(1) 
at the body center of the cubic unit cell (522) (Fig. 18). Thus, the anion 
is a pentamer, [cU$l]6]"-, considered as derived formally from con- 
densation of four [CuCl4I3- anions through addition of a fifth Cu(1). 
When compounds are formed containing only a small mole fraction of 
Cu(I), it may be presumed that i t  enters the [CUI'CI,]~- lattice as 
[CUICI,]~-, but a t  higher mole fractions of Cu(1) there is an increased 
probability of finding four [CuC1,I3- ions on adjacent, tetrahedrally 
related sites, and then [ C U , C ~ ~ ~ ] ~ ' -  may be formed by incorporating an 
extra Cu(1) and a chloride ion a t  another site (Fig. 19).  The formula 
variation with mixed valence composition which this model suggests is 
substantiated by chemical analyses (179).  It is worth noting that, apart 
from nonstoichiometric and doped oxides, these class 11 chloro- 
cuprates(1,II) are among the very small number of systems in which the 
proportions of two valence states may be varied over the whole range of 
composition from 100 yo of one to 100 yo of thc other. 
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@ c u  0 CL 
FIG. 18. Bond distances (A) and angles in the [Cu:Clls]l1- ion (522). 

The electrical resistivities of the chlorocuprates(1,II) have also been 
investigated (171).  They are high resistance semiconductors, and at 
room temperature the specific conductivities, like the interaction absorp- 
tion intensities, were proportional to the product of the mole fractions 

FIG. 19. The distribution of metal atoms in the mixed valence hexammine- 
cobalt chlorocuprate(1,Il) crystal. 
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of the two valence states. Plots of the mixed valence absorption intensity 
and room temperature resistivity as a function of the mole fraction of 
Cu(1) are shown in Fig. 20. As was also found with the interaction absorp- 
tion energy, the semiconduction activation energy did not vary with 
mixed valence composition, although the value obtained was different 
from that for either of the single valence chlorocuprates. It was also 
reported that, unlike either single valence salt, all the mixed valence 
chlorocuprate salts obeyed Ohm's law quite accurately. 
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FIG. 20. The intensity of reflected light at three frequencies, and the room 
temperature resistivity of solid hoxamminecobalt(II1) chlorocuprates(1,II) as a 
function of the mole fraction of copper as Cu(1) in the sample (171). 

Mixed valence copper chloro complexes have also been extensively 
studied in aqueous solution. Doehlemann and Fromherz (200) were the 
first to show that addition of CuCl to a solution of CuC12 in 10 M HC1 
caused a marked increase in absorption in the visible region (Fig. 21). 
It is of interest that the difference in the spectra of a mixed valence 
solution and two single valence solutions of equivalent concentration 
has a maximum at  18,000 cm-l, close to that of the solid chloro- 
cuprates(1,II) discussed above. It is clear from this figure and from Fig. 
20 that the bands at  10,000 cm-' and 27,000 cm-l are Cu(I1) constituent 
ion absorptions. Diehl et al. (195) demonstrated that the interaction 
complex contained equal amounts of Cu(1) and Cu(I1). In  an effort to 
determine the formula and association constant of the species responsible 
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for the mixed valence light absorption, McConnell and Davidson (496) 
worked at  higher dilutions so that they could make use of previously 
determined association constants for the single valence chloro complexes. 
For solutions saturated with CuCl, they assumed that the equilibrium 
was 

CUCl(S) + cut+ + nC1- z [CuzC11+,]2-* 

and found that, in solutions containing up to 0.30 M Cu(I1) and 0.40 M 
chloride ion, n was very close to 2. At higher copper and chloride con- 
centrations, n began t o  increase, and i t  was noticeable that the difference 
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FIG. 21. The electronic spectra of 5.18 M solutions of CaClz containing 
(1 )  0.47 M Cu(II), and (2) 0.235 M Cu(I1) and 0.273 M Cu(1) (ZOO) .  

spectrum shifted to lower energy, approaching that found by 
Doehlemann and Fromherz. The formula of the interaction complex, 
Cu,C13, alone does not permit a distinction between bridged or outer- 
sphere arrangements, since there is no indication of the manner in which 
the coordination spheres of the two metal ions are completed by water 
molecules. If the absorption band in the solid chlorocuprates(1,II) is due 
to an intermolecular (outer-sphere) charge transfer between [Cu1'C1,IJ- 
and either [CU'CI,]~- or [ C U $ ~ ~ ~ ] ' ~ - ,  depending on the composition, 
then the fact that its energy is so similar to that of the mixed valence 
complex in solution suggests that the latter may also be an outcr-sphere 
complex. 



318 MELVIN B. ROBIN AND PETER DAY 

The rate of electron transfer between Cu(1) and Cu(I1) in concentrated 
HCl solution was measured by McConnell and Weaver (498) in one of 
the first experiments to use NMR line broadening for this purpose. The 
s3Cu resonance in a 1 M solution of CuCl in concentrated HC1 was 
completely flattened by adding Cu(I1) ions to a concentration of lop2 M ,  
which, using the theory worked out by McConnell and Berger (499), gave 
a bimolecular rate constant equal to 0.5 x lo8 liter mole-’ sec-l, one of 
the highest ever measured up to that time. Unfortunately, however, it is 
not clear to which transition state this rate constant refers. 

One of the first mixed valence copper compounds to be prepared was 
Chevreul’s salt, Cu2S03 .CuS03 2H20 ( 9 1 ~ )  137). Arecent determination 
of the crystal structure (418) places the compound in class I since the 
Cu(I1) ions are surrounded by a distorted octahedron of oxygen atoms, 
two from water molecules at  1.92 A and four from the sulfite ions, two a t  
2.03 A and two at  2.47 A, whereas the Cu(1) ions have a very different 
environment from the Cu(I1) ions, being within a distorted tetrahedron 
consisting of three sulfite oxygen atoms (2.11-2.14 A) and a sulfur atom 
(2.14 A). The compound is reported to be red, but since the 
crystal structure shows it to be class I the color is most likely that of 
the constituent cupric sulfite. A related compound, Rogojski’s salt, 
Cu2S03.H20, was found by X-ray powder photography to be a 
mixture of Chevreul’s salt and metallic copper (173). 

A mixed valence copper thiosulfate salt, N ~ C U I I C U I ( S ~ O ~ ) ~ ,  has been 
reported (663), but its blue-green color suggests that it belongs to class I, 
like the aminothiosulfate salt prepared by Ferrari et al. (243, 248). The 
structure of the latter, recently determined, contains well separated 
[CUII(NH,)~]~+ square planar ions and polyanions in 
which each Cu(1) is surrounded by four thiosulfate groups while each 
thiosulfate bonds two Cu(1) ions. 

Because of their intense colors, a number of biological copper- 
containing compounds have been thought to contain the element in 
both valence states. Klotz et al. (429) investigated the reaction between 
thiomalic acid, HOOC-CH2-CH(SH)-COOH, and Cu(I1) ions as a 
model system for hemocyanin, an oxygen-carrying protein. The intense 
violet color, similar to that of hemocyanin, appeared only when the 
Cu(I1) : thiomalate ratio reached 0.5, so assuming that the initial reaction 
was 

2 RSH + Cu(I1) + RS-Cu(I) + 3 RSSR -F H+ 

the color could have been due to a mixed valence complex CuII(RSCuI),. 
About 20 o/o of the copper in the violet complex could be extracted with 
penten, following which the violet color was replaced by the blue color 
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of the Cu(I1)-penten complex. The absorption spectrum of the violet 
complex has a single broad band a t  19,200 cm-l with an extinction 
coefficient of 6000 per Cu,(SR), unit, indicating the presence of a class I1 
species with appreciable delocalization, if indeed this band is a mixed 
valence absorption. From the violet solution a gray solid has been 
isolated (668), which is reported to have a Cu:SR ratio of 5:4 ,  and a 
room temperature magnetic moment of 2.13 B.M. per Cu(I1). Thio- 
glycolic acid and B-mercaptoethylamine both give similar violet colors, 
but /3-mercaptopropionic acid and cysteine do not. 

Ceruloplasmin, another intensely blue copper protein, contains eight 
copper atoms per molecule, of which approximately four could be 
exchanged with ionic Cu(I1) and four reacted with biquinolyl, as is 
characteristic of Cu(1) (75). When all the copper is in the reduced state, 
the compound is colorless and diamagnetic, but in partially reduced 
samples the intensity of the visible absorption band a t  16,400 cm-l is 
proportional to that of the ESR absorption. The hyperfine splitting of 
the latter shows that the Cu(I1) are magnetically dilute, but there 
remained the possibility that the color was due to mixed valence absorp- 
tion, with the Cu(1) and Cu(I1) in slightly different environments (class 
11) (75). However, a number of instances have since been discovered of 
copper proteins having optical and ESR properties similar to those of 
ceruloplasmin, but which contain only one copper atom per molecule 
(487). Thus, if ceruloplasmin is a mixed valence compound, the metal 
atoms of differing valence are sufficiently separated for there to be no 
detectable interaction between them in the ground or excited state, 
i.e., the system is class I .  

For reasons set out at  the beginning of this section, we have not 
generally included sulfides among the mixed valence systems reviewed 
here. Nevertheless, there are a number of copper sulfides whose mixed 
valence nature is clear enough to be worth mentioning. Of these, the 
most famous is probably the mineral covellite, CuS, the structure of which 
was investigated in some detail by Berry (61). This deep blue compound 
is not, as the formula implies, a simple Cu(I1) salt, but contains both 
S2- and f3- ions as well as copper atoms in two distinctly different 
coordination sites, one planar triangular and the other tetrahedral. It 
appears from the crystal structure that the correct formulation is 
CU$U~I(S,)~S~. The fact that covelline is a metal, and below 1.35"K a 
superconductor ( I l l ) ,  shows either that covelline is an inverse structure 
(class III-B) with both Cu(1) and Cu(I1) in the tetrahedral sites, or that 
one cannot draw firm conclusions about mixed valence class behavior 
from the crystal structures of highly covalent materials. 

The series of dark blue mixed valence compounds Na,Cu,SS, 
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K,Cu,S6, KCu4S3, and RbCu,S, can be made by fusing copper metal, 
an alkali metal carbonate, and sulfur at  various temperatures (605). 
Whereas the stoichiometries of these materials suggest that, of the m 
copper ions in each molecule, one is Cu(I1) and m- 1 are Cu(I), the 
crystal structures of isostructural KCu& and RbCu4S3 (Fig. 22) show 
that all the copper atoms in these crystals are in equivalent ligand 
fields of sulfur atom tetrahedra, which form sheets separated by the alkali 

FIQ. 22. The class 111-B crystal structure of K C U ~ S ~ ,  demonstrating the equi- 
valence of the Cu(1,II) ions in the tetrahedral sites (605). 

metal ions. Within the sheets, the copper-copper spacing is 2.76 A, and 
not surprisingly these class 111-B compounds are good conductors, with 
resistivities at  20°C of 2.5 x and 1.7 x lov2 ohm cm for KCu,S, 
and RbCu4S3, respectively. Inasmuch as Na,Cu,S, and K3Cu8SB have 
resistivities comparable to those of KCu4S3 and RbCu,Ss, these com- 
pounds may also have class 111-B structures. 

Gmelin's Handbuch lists many other supposed Cu(I),Cu(II) com- 
pounds, including sulfites and amino-cyanides, as well as more bizarre 
compounds such as Cu,CI(VO,),, the majority of which were prepared 
over 50 years ago, and have not been investigated since A random 
example is CU~CU' , 'F~ , (CN)~,~~H,O ( 1 )  (sic), prepared (645) as a black 
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shiny mass in 1856! We are unable to pass judgement on the status of 
these substances. 

I. ZIRCONIUM AND HAFNIUM 

Doubtless as a result of the extremely reducing character of the 
lower oxidation states of these two elements, there are no compounds 
of either which have ever been considered as possible mixed valence 
systems. 

J. NIOBIUM AND TANTALUM 

The mixed valence halides of niobium and tantalum, numbering over 
twenty with many as yet only briefly investigated, offer an interesting 
area for the experimental and theoretical study of mixed valence 
chemistry. It has become apparent during the last 5-10 years that a 
remarkable number of these compounds have in common a structural 
unit of high stability and most interesting electronic structure. It is with 
the properties of this structural unit that we will be almost totally 
occupied in dealing with the halides. 

The first of the niobium and tantalum mixed valence halides syn- 
thesized have since proved to have the composition M6X14*7H20. The 
fact that the niobium and tantalum compounds of this composition yield 
only one seventh of their halide ions to aqueous silver nitrate (134, 340) 
was an early indication that these solutions contain the [M6X,2]2+ 
complex ion. In support of this conclusion, Vaughan, Sturdivant, and 
Pauling (724) later found that the X-ray diffraction patterns obtained 
from alcoholic solutions of Nb6Cl1,*7H20, Ta6C114.7H,0, and Ta6Br14. 
7H20 were interpretable as due to scattering by a polynuclear ion, the 
idealized structure of which has six metal ions a t  the face centers of a 
cube and twelve halide ions a t  the midpoints of the cube edges (Fig. 23). 
Single crystal X-ray work has since confirmed this structure of the 
[M6X1212+ ion and proved its presence in a number of other niobium and 
tantalum subhalides. Most recently it has been found that many of the 
[MUX12]2+ ions can be oxidized to net charge 3+, 4+, and, in one case, a 
reported 5+, without change of the basic geometry, thereby increasing 
considerably the number of compounds containing the mixed valence 
M6Xl2 structural unit. Many of these mixed valence niobium and 
tantalum subhalides are discussed in the recent metal-metal bonding 
review of Schafer and Schnering (627). 
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According to the X-ray scattering data (724) ,  the [Nb6C11,]2f ion in 
solution has cis Nb-Nb distances of 2.85 A and Nb-Cl distances of 
2.41 A, the former indicating appreciable metal-metal interaction in 
view of the 2.86-A Nb-Nb distance in niobium metal. The authors 
admit, however, that there is little evidence that the symmetry of the 
complex ion is as high as they describe it. Indeed, the single crystal 
study of the anhydrous salt Nb6Cl14 (665) shows that in this material 
the [Nb6C11,]3f octahedron is compressed along a fourfold axis so as to 
yield cis Nb-Nb distances from 2.89 to 2.95 A, and Nb-C1 distances 
from 2.40 to 2.58 A. 

Nb6CIl4 has no free spins, its paramagnetism being of the tempera- 
ture-independent type (xmOl = 579 x cgs, corrected for diamag- 
netism) (665). The heptahydrate, however, has been reported to have an 
effective moment of 1.48 B.M. as deduced from the Curie-Weiss behavior 
of the susceptibility (443). Robin and Kuebler (593), however, found this 
material to have a temperature-independent paramagnetism (xmOl = 

850 x lop6 cgs, corrected for dimagnetism) in the temperature range 
42”-290”K. In support of a closed-shell ground state configuration for the 
[Nb6C11,]2+ ion, Mackay and Schneider (471)  also find a temperature- 
independent paramagnetism (xmol = 456 x cgs, corrected for 
diamagnetism) in the double salt [(C2H5)4N]4Nb6Clls. 

Chemically, [Nb6C112]2+ is rather stable and can be used as a cationic 
species for the formation of compounds such as Nb6C112(0H)2 9 8H,O 
and Nb6C1,,Br2.7Hz0 (340). The [Nb6C112]2f ion has also found use as a 
“heavy atom” in the X-ray analysis of the structure of wet lysozyme 
chloride (157).  It has been suggested (10 )  that in alkaline solution the 
[Nb6C112(0H)4]2- ion forms, and that hydroxyl groups may even be 
introduced as bridges replacing the chloride ions. The deep green aqueous 
solution of Nb6ClI4 can be oxidized with Iz in a two-electron step (493),  
with only the first electron being lost, however, in alcoholic solutions 
(471) .  

The oxidized species [Nb6C112]3f has been isolated as the double salt 
[(C2H5)4N]3Nb6Clls ( 4 7 4 ,  and has an effective magnetic moment 
(1.61 B.M.) corresponding closely to that expected for one unpaired 
electron. The ESR spectrum of the [Nb6C112]3+ ion shows a symmetrical 
49-line pattern, which is that expected if the unpaired electron has the 
same hyperfine interaction with all six niobium nuclei (spin 912). 
Further oxidation yields [(C2H5)4N]2Nb6Cl18, a compound with an 
effective moment of 0.47 B.M. Because Mackay and Schneider presume 
that this compound is, in fact, diamagnetic but contains a large amount 
of paramagnetic impurity, its true susceptibility is still open to question. 

In  alcoholic solution, the [Ta6C112]2+ ion also has the structure shown 
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in Fig. 23, with the cis Ta-Ta distances amounting to 2.88 A and the 
Ta-Cl distances to 2.44 d (724).  The recent crystallographic study of 
the heptahydrate TaBCIl4 * 7H20 by Burbank (113) shows that the crystal 
contains one molecule per unit cell (probably P$lm) with both disorder 
and stacking faults present. In this material, the [Ta0C112]2+ ion appears 
as a distorted octahedron, principally tetragonally extended, with the 
nonbridging chloride ions coordinated to the tantalums on the tetragonal 
fourfold axis. The cis Ta-Ta bond distances range from 2.63 to 3.27 A 
and the bridging C1 to Ta distances range from 2.28 to 2.72 d, thereby 
demonstrating not only a distortion of the [Ta0C1,2]2+ ion, which is much 
larger than that measured (665) for the [Nb0Cll8l2+ ion, but which also 

Nb,Td R 

FIG. 23. The idealized geometry of the niobium and tantalum subhalide ions, 
[M,3X1.#+, showing the metal atom octahedron and bridging halide ions. 

has a different sense to the tetragonality. Careful analytical work on the 
“heptahydrate” of TaOCll, suggests that the true formula is instead 
Ta6Cll4.8Hz0 (630). 

As with Nb0C11,*7Hz0, the tantalum analog was first reported to 
have an effective moment of 1.39 B.M. (443),  whereas later work (593) 
showed that this substance had a zero susceptibility, implying a tempera- 
ture-independent paramagnetism equal to the diamagnetic correction. 
The close similarity in properties of the niobium and tantalum subhalides 
suggests that, like Nb0Cl14 7Hz0, Ta0CIl4 7HzO has a closed-shell 
ground state. 

Reduction of TaC15 with aluminum foil in the appropriate tempera- 
ture gradient yields the greenish brown material Ta0Cl16 (447).  X-ray 
(626) and magnetic susceptibility (626, 665) measurements show the 
presence of the [Ta,C11z]3+ ion having one free spin. The same species is 
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produced as a stable ion in solution by the oxidation of [Ta,C11,]2+ by 
either Fe3+ or Cl,, and .probably by 0, as well (226, 493). Ferric ion can 
further oxidize the 3+ ion to 4+ in aqueous solution, from which the 
diamagnetic salt Ta,CI,6.9Hz0 can be recovered (226, 494). 

Air oxidation of ethanolic solutions of Nb6Cll4.8H20 results in the 
formation of Nb,Cl,, - 3C2H50H, which was demonstrated to contain the 
[Nb,C1,2]4+ ion by the close similarity of its optical spectrum to that of 
the [Nb6C11,]2+ ion (681).  More will be said of this similarity below. 
Surprisingly, the anhydrous, green niobium subhalide Nb,Clle does not 
contain the M6X12 structural unit, but rather has a layered lattice much 
like that of CdI, with only 3/4 of the metal sites filled (7‘33). The Nb-Nb 
distance within the metal atom layer is 2.78 A (638),  a distance signifi- 
cantly smaller than that in Nb6Cll4. The substance, better written as 
Nb3CI8, however, may not be metallic as is Ag,F with the anti-CdI, 
structure (class 111-B), for it is reported (638,666) that the niobiums are 
grouped into triplets (class 111-A), and that the effective magnetic 
moment amounts to 1.83 B.M., as expected for an isolated Nb3CIB 
molecule containing an odd number of d electrons. Actually, Nb3C18 is 
the end member of a homogeneous mixed valence system of considerable 
breadth, the other end member being NbC14. This presents the interesting 
possibility that NbC13 is really a mixed valence compound, being 
composed of equal parts of NbSC18 and NbC14 (638, 648).  

The niobium oxychloride Nb307CI presents another possibility as a 
mixed valence system, for when it is prepared in an oxidizing atmosphere 
it is colorless, as expected for a 4d0 system, but when prepared in the 
absence of 0, the product presumably contains lower oxides of niobium 
and is colored blue. Identical color changes have been observed in the 
preparation of the 4d0 systems Nb205 and NbOC13 (624).  

The mixed valence niobium and tantalum subbromides present little 
that is new and interesting. Nb6Brl4.7HZ0 possesses a temperature- 
independent paramagnetism, as does the corresponding tantalum 
compound (593).  Just as was found with the chloride of this composition, 
TaeBrls has one free spin (628, 629) and the [Ta6Brl,]2+ ion in aqueous 
solution can be oxidized with Fe3+ or Br, to [Ta,Br12]*+ (593).  An 
extensive phase study revealed that, in addition to the Ta,Br14 (green) 
and Ta,Br15 (black) compounds, an even higher bromide, Ta6Br17, can 
exist (492), but there is no other information on this substance. 

a-Nb3Brg is isostructural with the chloride, and our comment about 
“NbCl,” would apply also to “NbBr,” (56, 625). Simon and von 
Schnering (666) report the preparation and properties of a second form of 
Nb,BrB, the p-form. The black crystals of this substance have a tempera- 
ture-dependent effective magnetic moment (0.5 B.M. at 90”K, 1.95 B.M. 
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a t  573"K), and a structure composed of Nb3 triangular units having an 
irregular octahedron of halide ions about each niobium ion. As with 
Nb6Br14, there appears to be appreciable metal-metal bonding in the 
/3-Nb3Br8 system, judging from the 2.88-A separation between niobium 
atoms. The system is class III-A. 

The preparation and properties of the mixed valence fluoride Nb6F15 
have recently been described (629).  I n  this material, the [Nb6F12]3f 
groups have full octahedral symmetry, with all six of the niobiums of an 
octahedron being bridged to niobium atoms of other octahedra by 
fluoride ions. Within an octahedron, the cis Nb-Nb distance is 2.80 A, 
and Nb-F equals 2.05 A. The magnetic properties of Nb6F15 have not 
yet been reported, but one expects one free spin per Nb,, just as has been 
found for Ta,Cl15, Ta0Br15, and [(C2H5)4N]3NbaClls. The diamagnetism 
of the niobium and tantalum tetrahalides MIVX4 has recently been 
explained as due to a spin-pairing dimer formation, and not to the mixed 
valence M(III),M(V) configuration suggested earlier (600).  However, 
since NbF', does not have the dimer structure and yet has a temperature- 
independent paramagnetism (299, 629), the mixed valence formulation 
is a possibility here. As described above for the chlorides, a niobium 
oxyfluoride Nb(O,F), also exists as a blue material (629).  

The lower iodide of niobium, Nb,Ill, presents an interesting varia- 
tion of the subhalide structural unit (46, 48, 631, 665). In  this material 
the six niobiums are approximately a t  the face centers of a cube, with 
the bridging halogen not a t  the centers of the cube edges, but instead 
at the cube corners, each iodide thereby bridging three niobium ions. 
This ideal structure is in fact distorted in the crystal to symmetry Ct, 
with an average Nb-Nb distance of 2.85 A. This is surprisingly close to 
the Nb-Nb distances found in the [Nb0X,2]2+ ions. A more regular 
geometry prevails for the lower tantalum iodide. TaaI14, the only lower 
iodide of tantalum (447, 492, 628), is structurally isotypic with Nb,Cll4 
and shows a weak temperature-independent paramagnetism (48, 665). 
The black solid gives a green aqueous solution containing the [Ta,I,,]2+ 
ion, which, however, is not as stable as those of the other halides in this 
series. Whereas it was first thought that NbJ, might be composed of 
diamagnetic [NbeIl2I4+ units, it is now known to have a trinuclear class 
III-A structure identical to that of /3-Nb3Brs and, like this substance, 
has a temperature-dependent effective magnetic moment (666). 

The [M6X12]2+ unit contains 16 metal d electrons in molecular 
orbitals formed from combinations of the metal atom d orbitals and the 
halide ligand p orbitals. If all the metal ions are in equivalent sites so as 
to form a class III-A system, then each metal atom has a formal valence 
of 2:+. If, however, the [M6X12]2+ ion is distorted so as to distinguish 
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two of the metal atoms from the other four, then these two may be 
assigned an integral valence of 3+ and the other four an integral valence 
of 2+, making the system class 11. A trapping of the valence could almost 
be guaranteed in the mixed ion [Ta4NbZXl2l2+ if it  could be made. 
Schafer and Spreckelmeyer (632) made a start in this direction, having 
prepared a substance of the overall composition Ta,,Nb2,,Br14 8H,O 
with an optical spectrum different from that of a simple mixture of 
Nb6Br14.8H20 and Ta,Br14.8H20. To date, the determination of the 
mixed valence class and valence configurations of the [M6X,,]2+ poly- 
nuclear ions has been attempted using a simplified ligand-field theory 
analysis of optical spectra and magnetic susceptibility data together 
with X-ray structure analysis. 

Cotton and Haas (159) first derived the molecular orbital ordering 
appropriate to the [M6X12]2+ unit on the assumption that this ordering 
is determined, with one exception, solely by the various metal-metal 
interactions. From overlap considerations, they decided that the level 
ordering depended upon the internuclear separation and the effective 
nuclear charge, but that, for reasonable values of these parameters, a 
ground state3 with occupation 

dzzdyz(tl,)~dz2(al,)~d~Z~yz(~z~)~d~y(az,)~ 

was predicted, which is diamagnetic, as observed for the [M6Xlz]2f ions. 
The Cotton-Haas orbital diagram (Fig. 24) is derived under the assump- 
tion that the orbitals arising from dx2  - y2 are too high to be of any 
consequence, due to a-bonding with the ligands. Kettle (414) concurs 
with Cotton and Haas as to the symmetries of the occupied levels. A 
second calculation on this system, which considered not only metal- 
metal but metal-ligand interactions as well (593), showed that the 
relative positions of the Cotton-Haas orbitals can depend not only 
upon the metal-metal interaction, but also upon the metal-ligand 
interaction. Thus, for example, for the MO’s composed of metal atom 
dxy orbitals only, the level ordering is at, < tzu < e, ,  whereas, with the 
introduction of ligand orbitals into the calculation, an inverted ordering 
e ,  < ti,, < aerL can be obtained. The MO’s resulting from the ‘‘metal d 
plus ligand orbitals” calculations are shown in Fig. 25, for comparison 
with the original Cotton-Haas scheme. This second scheme, as proposed 

3 Each molecular orbital of the ground state is composed of a linear combina- 
tion of only certain of tho d orbitals of the metal atoms. Thus, for example, taking z 
as the locally oiit-of-plane dircction, a linear combination of dzz and dyz metal 
orbitals can be fornid which transforms like t,, in the octahedral group, and, if it  
contains six elcctroiis, is writtun as dxzdyz(t,,)~. Similarly, in the ground state the 
al, combination of dz2 orbitals has two electrons in it, etc. 
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originally, was constructed so as to  give a reasonable explanation of the 
electronic spectra of the [M6X,,I2+ ions. I n  order to do this, it was found 
that an apparently low-lying dz2(ul,) orbital had to be left unoccupied 
in the ground state. This undesirable feature arises from the assumption 
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P 
FIG. 24. The molecular orbital scheme for the [MaX12]2+ ion as derived by 

Cotton and Haas (159). p is a variable equal to the product of the Slater orbital 
exponent of the metal d orbitals and the metal-metal distance. 

that each metal atom is in the plane of the four halide ligands nearest i t  
(local symmetry when in fact the metal atoms are known to be 
displaced inward toward each other. As a result, the local symmetry is 
lowered to C4v, and two of the three p orbitals on each Iigand interact with 
the dz2 manifold, raising i t  by an undetermined amount. Thus the 
closed-shell ground state configuration 

d r z d y z ( t ~ , ) ~ d ~ ~ d y z ( ~ ~ ~ ) ~ d r y ( e , ) 4  

is attained without occupying dz2(uIg) .  
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On oxidation to [M0X1J3+, both Figs. 24 and 25 predict an ion having 
one free spin, as observed experimentally. The real test between these 
two diagrams rests on the prediction for the ion [M6X,.J4+. According to 
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FIG. 25. The molecular orbital scheme for the [MaX12]2+ ion according to Robin 
end Kuebler (593), aa derived from the electronic spectrum. 

Fig. 24, for p greater than 8.5, the [M0XI2l4+ ion has the closed-shell 
ground state configuration 

dz%dyz(t lu)ed%z(al , )2dzzdyz(~z,)~ 

whereas Fig. 25 predicts a triplet ground state 
d.zdyz(tlu)~d.zdyz(tzs)Bdzy((eu)z 

provided that the 4+ ion is not distorted so that the dxy (e,)  level is  split 
and the electrons paired. Since the [M0XI2]*+ ions are claimed to be 
diamagnetic (471, 494), it  would seem that the Cotton-Haas orbital 
ordering offers more hope for explaining the magnetic properties of 
these ions, provided that they are not badly distorted. 

Electronic spectra of the niobium and tantalum subhalides have 
been recorded in the 10,000-50,000 cm-l region by a number of invest- 
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igators (10,  447, 471, 593), but with only one attempt a t  interpretation 
(593). The electronic spectra of polynuclear complexes are complicated 
by the fact that the metal-metal transitions can be as strong as the 
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FIG. 26. Correlation of the electronic bands of oxidized and reduced [MaX12]”+ 

ions in ethanol at -lOO°C (593). 

ligand-metal charge transfer bands, so that a simple intensity argument 
cannot be used for their identification. I n  the [RE6X,,]2+ series, the 
distinction, however, can be made by changing the ligand from, say, 
C1 to Br, so that the ligand-metal bands will identify themselves by a 
larger shift than the metal-metal bands. Figure 26 shows the spectra 
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of [Nb,Cll2l2+ and [Nb,Brl2I2+ ions in alcohol a t  -lOO"C, from which it 
can be seen that the bands a t  11,000 cm-' and 36,000 cm-l are allowed 
metal-metal transitions ( lA 1g -+ l!PIu), all others being ligand -+ metal 
charge transfer bands, on the basis of their much larger shift. The 
extinction coeffcients of the various bands in aqueous solutions are given 
by Allen and Sheldon (10). 

On comparing the spectra of the [Nb,X,,I2+ions with the correspond- 
ing [Ta,Xl2l2+ ions (Fig. 26), it is seen that the two metal-metal bands in 
the tantalum complexes have split into two components, each with 
intensity ratio 1 : 2. This splitting was interpreted as that expected of 
the triply degenerate lTlu state for [Ta,Xl2l2+ ions having an extended 
tetragonal distortion in solution. Spectra of the oxidized ions [Ta,X, 4]4f 

are very much like those of the reduced species, except that the intensity 
ratio of the split components is reversed, being 2 :  1, signaling a tetra- 
gonal distortion of the opposite sense (Fig. 26). The spectral similarities 
of the 2+ and 4+ ions in both the niobium and tantalum subhalides have 
been explained as the consequence of removing electrons from previously 
filled, triply degenerate levels on going from 2+ to 4+. 

On the basis of this simple interpretation of the optical spectra, Robin 
and Kuebler concluded that, in ethanol solution, the [Nb,X12]2+ ions 
are class III-A systems with all metal ions of formal charge 2++, whereas 
the [Ta6Xl2l2+3 4f ions tend to trap integral valences through a tetra- 
gonal distortion. One might hope for some verification of these ideas 
through crystal structure analysis of a number of systems containing the 
M,X12 ions. Figure 27 shows that there is no obvious regularity in the 
geometries of these species, except that, wherever a halogen coordinates 
to an M from outside the M6X12 unit, the result is a displacement of that 
M atom outward from the symmetrical position. As concluded from the 
spectral study, it also appears that the distortions are larger in the 
tantalum complexes than in the niobium ones. The fact that the 
[Ta,C112]2+ and [Ta,II2I2+ octahedra have tetragonal distortions of the 
opposite sense demonstrates that these distortions are in large part due 
to crystal forces and not to any particular preferred electronic configura- 
tion of the ions. 

An amazingly large number of stable compounds have been found in 
the niobium-oxygen system within the range Nb02,5,-Nb02,33. As 
compiled most recently by Gruehn and Schafer (319, 320) and by 
Gruehn et al. (321), the following mixed valence oxides of niobium have 
been identified : 
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At present, the structures of only a few of these substances have been 
solved, yet certain regularities are already apparent. 

On the basis of a determination of the crystal structure of the high 
temperature modification of the single valence material Nb205, 

c1 
t 

Cl 

F 

FIG. 27. Distortions of various MeXlz octahedra induced apparently by the 
placement of halide ions on the fourfold axes of certain M ions, thereby lengthening 
the trans M-M distance in that direction. 

Gatehouse and Wadsley (271) proposed that it is but a member of the 
general series Nb3n+10Sn-2, having n = 9. This structure consists of 
Re0,-type slabs of edge-sharing octahedra joined a t  the slab boundaries 
so as t o  form tetrahedral holes which are partly, but systematically, 
occupied by niobium atoms. Of the 28 niobium atoms in the Nb205 
(Nb28070) unit cell, 27 are in octahedral sites and one is in a tetrahedral 
site. It is proposed by them that the n = 7 mixed valence compound, 
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Nb22054 (Nb02.46), consists of smaller Re0,-type slabs, joined so that 
21 of the niobiums are in octahedral sites and one is in a tetrahedral site, 
and that the n= 5 mixed valence compound, Nbl,038 (Nb02.3~5), 
should it exist, would have one tetrahedrally and 15 octahedrally 
coordinated niobium atoms per unit cell. Although the two compounds 
Nb02,48 (NbZ5O6,) and Nb02,42 (Nblg046) fit the formula for n = 8 and 6, 
respectively, Gatehouse and Wadsley point out that the members with 
even n will have a different crystal structure. Since the proposed 
Nb3n+108n-2 crystal structures would appear to trap valences readily, 
one is tempted immediately to try and assign valences to the various 
sites. The formula Nb,V,Nb111054 fits nicely for Nb22054, for i t  is postu- 
lated to have two sites in 21 : 1 ratio. However, Nb1,038 by this reasoning 
would have to be written as NbY5Nb1038. 

A straightforward accounting of electrons in Nb250,2 shows that it 
must be written formally as Nb”Nb&OB2. Although the structure of 
this mixed valence oxide has not been determined in detail, i t  is known to 
be isostructural with the titanoniobate Ti1vNbz406z (538). Moreover, 
although there are 24 octahedral sites to every tetrahedral one in the 
titanoniobate, the analysis indicates that the structure is partly inverted, 
in that all the sites appear to be occupied by either niobium or titanium 
in a random manner. If this is also true for Nb250,2, then it is a class I1 
or class IS1 system, rather than class I as intimated by the one-to-one 
correspondence of the numbers of the two types of site available and the 
numbers of niobium atoms of valency 5+ and 4+. Accepting a class I1 
electronic structure for Nb2,062, it is reasonable then to  postulate that  
its black color is in large part due to an Nb(1V) (4d1), Nb(V) (4dO) mixed 
valence class SI transition, whereas TiNb24062 is colorless due to the 
substitution of Nb(IV) (4dl) by Ti(IV) (3d0)  and the consequent loss of 
the optical electrons. 

Norin (539) has found monoclinic NblzO2g to be an  example of a 
Magneli phase containing corner-sharing blocks of NbO, octahedra, as 
in the Re0,-type structure, with edgesharing between blocks. This 
finding raises the possibility that Nb12O29 is but one member of a family 
of mixed valence niobium oxide Magneli phases. The titanoniobate 
Ti~\”b&Ozg is isostructural with Nb12O29 (538), and, as with the 
Nb25082,TiNb24062 pair mentioned above, Nb12O29 is black but 
Ti2Nblo02g is colorless. 

Similarly, Nb90el, recognizable as NbiVNbi021, is isostructural with 
Tik\“br021 (740),  a substance in which the titanium and niobium sites 
are both distorted octahedral. Thus, this compound is a class I1 system, 
bordering on class 111. There are, however, no short metal-metal distances 
here so the substance may not show metallic conductivity. Although the 
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oxide NbZ2O5* (537) can be written as NbiVNb&054, there is no evidence 
that its valences are trapped. Structural work has yet to be done on the 
other oxides mentioned above. 

An electron diffraction study of oxidized thin films of niobium reveals 
the existence of Nb305, a cubic compound thought to contain the niobium 
ions in distorted octahedral coordination (424). 

In  the tantalum-oxygen system, Schonberg (642) reports a black 
phase ( E )  of composition intermediate between TaO, and Ta205 having 
a complicated crystal structure. The only other compounds in this 
system of possible mixed valence interest are the metallic lower oxides 
TaO,, having z much smaller than 1 .  Niebuhr has recently presented a 
critical evaluation of the properties of these substances (532),  as well as 
of the oxides of niobium (533). 

The importance of recognizing that such seemingly nonstoichio- 
metric substances as the niobium oxides are, like the titanium, vanadium, 
molybdenum, and tungsten oxides, stoichiometric mixed valence 
compounds in disguise, is amply demonstrated by the studies of the 
electrical conductivity of “nonstoichiometric a-NbaOs” [(377) and 
references cited therein]. Extensive work on materials ranging in com- 
position from Nb02.4998 to Nb02.4284 shows that their resistivity is 
0.1-0.01 ohm cm at 1000°C with an average carrier mobility of 0.22 
cm2V-’sec-’. These data have been interpreted in detail, using a model 
which presumes that the materials contain electron pairs trapped in 
oxygen ion vacancies, and that the electrical conductivity arises from 
the thermal excitation of electrons from these traps into a narrow 4d 
conduction band. We can see now that Nb(IV),Nb(V) compounds were 
in fact involved here, and that the conductivity might be more properly 
explained as arising from the thermal ionization of Nb(1V) ions. 

Krylov et al. (445) report the mixed metal oxide, NbCuO,, in which 
both of the valence isomers can exist as stable phases. Thus, the sintering 
of CuzO with Nbz05 yields diamagnetic CuTNbV03, whereas the sintering 
of CuO with NbO, yields paramagnetic (peff = 1.10 B.M.). 
Powder patterns confirm the individuality of these valence isomers as 
well as those in the corresponding TaCu03 system. 

The very large number of stable halide complexes built upon the 
NbO octahedral framework suggests the possibility of formation of NbO 
polynuclear complexes with other than halide ligands. The red com- 
pound K8Nb003(S04)12 .21Hz0 (294, 417, 444) and the corresponding 
ammonium salt (NH4)8Nb,03(S04)12. 12Ha0 (297, 508) would seem to 
be examples of just such complexes. Although no structural work has 
been done on these systems, i t  seems reasonable to predict that the 
niobium sulfates contain the Nb, octahedron with bridging sulfate 
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groups, and quite possibly OH- ions situated on the fourfold axes of the 
niobium ions. I n  order to maintain the all-important Nb-Nb direct 
metal-metal bonding, it is necessary to postulate bridges of the form 

The niobium sulfates are soluble in sulfuric acid and in this solvent the 
red ions migrate to  the anode in an electric field, thus demonstrating their 
negative charge. If the colored ions are indeed Max12 species, the overall 
negative charge can result only if X is SO:-, and not if X is OH-. 

Krylov and Kalugina (444)  have measured the magnetic suscept- 
ibility of the crystalline salt K8Nba03(S04)12 .21H20 and found an 
effective moment of 2.0 B.M. per molecule. However, this value is 
uncorrected for temperature-independent paramagnetism, a factor 
which seems to be large in the niobium polynuclear complexes (472) .  
Application of a temperature-independent paramagnetism correction, 
amounting to 600 x loa cgs, reduces Krylov and Kalugina’s effective 
moment to 1 B.M., a value sufficientIy low that it raises doubt as to 
whether the substance is really paramagnetic or is simply diamagnetic 
but impure. The latter seems possible for it is known that the substance 
in question can react further to produce blue substances thought to 
contain Nb(II1) (417) .  

The hypothetical [Nba(S04)12]2- unit contains eight niobium 4d 
electrons in metal-metal bonds. According to the scheme of Robin and 
Kuebler (593) (Fig. 25), the metal-metal electronic configuration for 
such a ,system would be 

drzdyz( t2 , )~drulyz( t1  

giving a triplet ground state. On the other hand, the Cotton and Haas 
(159) ground state would be 

dz2(a l , )2dzzdyz ( t lu )~  

which is a spin singlet. Should an X-ray crystallographic study show the 
presence of symmetrical NbaXI2 complexes in the niobium sulfates, an 
accurate determination of the magnetic susceptibility then would be of 
great value in deciding between the Robin-Kuebler and Cotton-Haas 
orbital schemes, although as it stands the Cotton-Haas scheme seems to 
be the better one. 
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K. MOLYBDENUM AND TUNGSTEN 

With very few exceptions, the mixed valence compounds of molyb- 
denum and tungsten have oxide ion as ligand. The existence of well- 
defined phases with formulas intermediate between M 0 2  and MO, has 
been recognized for many years, but it is primarily as a result of the 
extensive crystallographic investigations of Hagg, Magneli, Kihlborg, 
and their collaborators that the structural principles governing their 

TABLE IV 

MIXED VALENCE MOLYBDENUM OXIDES 

Resistivity 
MOO, Formula Phase Structure (ohm cm, 300°K) 

3.000 
2.889 
2.889 
2.875 
2.800 
2.765 
2.750 
2.750 
2.000 

a 

5 
8’ 
8 
e 
X 
rl 
Y 
6 

MOO3 > 107 (419) 

Re03 1.2 (419)  

MOO3 250 (419),  932 (279)  
Re03 3.7 (419) ,  3.95 (279)  

Mixed polygonal < 0.05 (419) 
Mixed polygonal 
Re03 0.25 (419) ,  1.50 (279)  
Re03 
Distorted rutile 

0.2 (419),  0.59 (279)  

formation are now well established. The most important results of these 
labors have been several times reviewed (328, 422, 474), and we shall 
therefore include only a brief outline here. 

The seven mixed valence compounds within the composition range 
Mo02,,,-Mo03 which have been identified from phase analyses based on 
X-ray powder (279, 419) and single crystal measurements (422),  as well 
as differential thermal analysis (598),  are listed in Table IV. Within this 
composition range, three basic structure types may be distinguished : 
Re03, MOO,, and what Kihlborg (422) has called the “mixed-polygonal” 
type. In  the “homologous” (476) series with the general formula M,03,-1, 
based on the ReO, lattice, examples having n = 8 and 9 have been pre- 
pared which contain only molybdenum, but by incorporating increasing 
concentrations of tungsten it is possible to obtain further members with 
n = 10, 11, 12, and 14. The ReO, structure, which can be regarded as 
built up from MOB octahedra linked exclusively at  the corners, extends 
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infinitely along only one axis in the compounds belonging to the 
M,Os,-l series, thus forming finite slabs whose width is determined by 
the value of n. In  Fig. 28, the structure of Mog02, shows how the slabs are 
connected through sharing of edges between the octahedra at  the slab 
boundaries. In  this way, clusters of four octahedra sharing edges occur 
throughout the structure, as indicated by the heavy lines. The other 
structures based on ReO, are the two forms of MopOll, in which the 
slabs of connected octahedra are joined by tetrahedra which share corners 
with the octahedra of two neighboring slabs. No tetrahedra or octahedra 
share edges in this structure. 

FIG. 28. The crystal structure of MosOza (422) .  The metal atom clusters are 
outlined in bold lines, while the metal atoms themselves are represented by the 
jilled circles, and the oxygen atoms are found above and below the metal atoms and 
at the apices of the squares. 

In the structures based on Moos, e.g., Mo18052, slabs of the basic 
lattice are once again connected by edgesharing, but, in addition, some 
of the metal atoms occur in tetrahedral sites. The lattices called “mixed 
polygonal” are distinguished by a complicated connection of coordina- 
tion polyhedra in two dimensions, in which not only distorted octahedra 
but pentagonal bipyramids occur. This class includes mixed valence 
compounds such as Mo5OI4 and WleOle (473),  as well as single valence 
mixed oxides such as MoWllOss and MoW140p5 (304). It is also interest- 
ing to note the similarity with the tunnel lattices occurring among the 
tetragonal and hexagonal tungsten bronzes. In  the mixed polygonal 
oxides, the equatorial edges of the pentagonal bipyramids are shared 
with octahedra so that there exist pronounced metal atom clusters 
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(Fig. 29), which are still further condensed in Mo1704, and W18049 by 
edgesharing between pairs of octahedra attached to neighboring penta- 
gonal clusters. Considerable variations in metal-oxygen and metal-metal 
distances are needed to accommodate these structural complexities, 
although it should be noted that they are not necessarily the result of 
mixed valence interactions, since Mooz and Woe are themselves dis- 
torted from rutile lattices in such a way that the metal atoms appegr to 
form pairs (472) .  

FIG. 29. The crystal structure of Mo5014 ( 4 2 2 ) .  Thefilled circles represent the 
metal atoms, and oxygen atoms are found above and below the metal atom and 
at the apieces of the squares. The “mixed polygonal” metal clusters are indicated 
by the bold lines. 

I n  contrast to the effort devoted to structure determinations in this 
series of compounds, very little has been reported which might enable 
one to rationalize their electronic structures with their complicated 
stereochemistries and stoichiometries. I n  closing his most recent review 
of the structural chemistry of the molybdenum oxides (422) ,  Kihlborg 
remarks that definite conclusions about the variations in the distortion 
of the Mo-0 coordination with valence state cannot be drawn until 
reliable measurements of basic physical properties, such as magnetism, 
have been made. Some of the distortions from regular octahedral 
coordination may perhaps be accounted for by “rattling” of the small 
cations, as originally proposed by Orgel (545).  Ionic radii of Mo(1V) and 
Mo(V1) are in the range where this might be expected to occur. 
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Attempts have been made (422) to fit the observed bond lengths d, 
in many of the compounds to a logarithmic relationship with bond 
number, n, of the kind proposed by Pauling (564) 

d, - dl = 2klogn 

using values for dl and k which fit the observed lengths in MOO,, and the 
assumption that Zn = 2 for each oxygen atom. The sums EnMo for the 
two modifications of Mo4Ol1 were taken to suggest that there is a gradual 
increase in the valence state of the metal atoms from the middle of the 
basic ReO, slab toward the outside, in accord with a previous suggestion 
(477) that decreasing valency favors the occurrence of higher coordina- 
tion numbers. However, the tenuous theoretical basis of Pauling’s 
equation makes i t  difficult to use the “bond number” criterion to decide 
whether the valences are partly or wholly trapped. From the low 
resistivities of all except one of the mixed valence oxides (279, 419), one 
is tempted to conclude that no definite lattice sites or coordination 
numbers are to be allocated to  specific valence states in these compounds, 
i.e., the compounds are very close to class III-B. Thus in Mo4OI1, for 
example, 314 of the molybdenums are octahedrally coordinated and 1/4 
are tetrahedrally coordinated and, furthermore, the formula is com- 
patible with the existence of one Mo(IV) for every three Mo(VI), so a t  
first glance the compound might appear to  be a class I mixed valence 
system. On the other hand, the room temperature resistivity of this 
compound is less than 1 ohm cm (279, 419) and the bond length argu- 
ments of Kihlborg (422) suggest that the tetrahedral sites might be 
preferentially occupied by Mo(V1). The valence distribution would then 
be rather like that of an inverse as compared with a normal spinel. 
Nevertheless, it might prove possible to rationalize the occurrence of 
blocks of ReO, structure, together with regions of metal atom clustering 
in oxides such as Mo8OZS or Mo5014, by deriving bonding schemes 
similar to those suggested by Cotton (160) for the trinuclear single 
valence cluster in Zn,Mo,08. If we start from the assumption that the 
octahedra joined only through their apices contain metal ions trapped 
as hexavalent, and then apportion the extra electrons corresponding to 
the Mo(1V) or Mo(V) to the region of the clusters, we find that two d 
electrons are to be distributed within each cluster of four edgesharing 
octahedra in the M,03n-1 series. Similarly, four d electrons would have 
to be assigned to each cluster of six molybdenums in the “mixed poly- 
gonal” series. Overlap between d orbitals on adjacent metal atoms in the 
former case is expected to be greatest for the dxy orbitals, which are 
nonbonding between metal and oxygen, but which could form (T bonds 
within the metal cluster. The orbital combination with the phases 
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shown in Fig. 30 is strongly o-bonding and nondegenerate, and would 
therefore accommodate the two ((extra” electrons. Unfortunately, the 
metal-metal distances within the clusters are not notably shorter than 
that expected €or two normally bonded octahedra sharing edges, and 
there is no evidence that spin pairing of the kind postulated here actually 
occurs. 

All the mixed valence molybdenum oxides are described as blue or 
blue-violet (422),  but no spectra have been reported and care is needed in 
interpreting their colors as Moo2 is itself reddish brown. Finally, there 

FIG. 30. A possible mode of dxy bonding within the metal atom clusters of 
MoeOzs. 

is not even conclusive evidence that these systems involve the 4+ and 6+ 
rather than 5+ and 6+ oxidation states. Once again, unfortunately, our 
conclusion must be that a great deal more physicalevidence will beneeded 
before definite conclusions can be drawn about the electronic structures 
of these interesting compounds. Magnetic and spectroscopic measure- 
ments will be the most profitable lines of attack. 

A much more highly reduced mixed valence oxide, MosO, was re- 
ported to form when mixtures of Mo and Moo2 were heated (643), but 
the preparation could not be repeated (420).  

When polymolybdate(V1) and polytungstate(V1) anions are reduced 
in aqueous solution, the dark blue colors of the products suggest that 
their electronic structures may be related to those of the mixed valence 
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molybdenum and tungsten oxides. The photochemical reduction of 
polymolybdates and tungstates has been studied in connection with 
photographic processes (132, 789). Molybdenum blue was prepared as 
long ago as 1805 (110) and since then very many investigations have been 
reported (289), but little progress could be made in sorting out the variety 
of products until the structures of the parent iso- and hetero-polyanions 
had been determined. It was Keggin (408) who first showed that anions 
with the general formula [An+ X12040](8-fl)-, where A may be a transition 
or main group element and X is Mo(V1) or W(VI), consisted of compact 
groups of XOs octahedra sharing edges and surrounding the central ion A 
with a tetrahedron of oxygen atoms. Further members of the series are 
described and illustrated by Wells (756). 

Many of the attempts to characterize solid molybdenum blue com- 
pounds have been frustrated by the colloidal nature of the reduction 
products and the difficulty of isolating them with reproducible amounts 
of water. Thus Sacconi and Cini (613) claimed to have prepared a con- 
tinuous series of amorphous blues with Mo(V1) : Mo(V) ratios between 
3.4 and 6, and Glemser and Lutz (280) showed that not only blue an- 
hydrous oxides, but crystalline hydrates as well, could be prepared by 
solid phase reactions. However, only the products M o ~ O ~ ~ ( O H ) ~  and 
Mo8015(0H)ls were characterized by X-ray analysis. Both were insoluble 
in water and stable to alkali, but a range of water-soluble, amorphous 
products was also prepared. The final reduction product of MOO, with 
zinc in concentrated HCl is a crystalline olive-green Mo(1V) compound, 
M0505(OH)10, which when placed in vacuum loses hydrogen to give a 
red mixed valence compound M O ~ O ~ ( O H ) ~  (284). By reducing WO, -HzO 
and W03.2H20 with zinc and HCl, Glemser et al. (285) have also 
succeeded in preparing a series of blue tungsten oxide hydrates which 
they related to the molybdenum oxides, using X-ray powder diagrams. 

In contrast to the variety of solid molybdenum blues, evidence has 
accumulated that, in homogeneous aqueous solution, reduced species 
based on the isopolymolybdate structure exist in very limited numbers. 
When molybdic acid solutions were reduced electrolytically and 
extracted with butanol, the ratio Mo(V1) :Mo(V) in aqueous solutions of 
the extract was 2.0 (23), a result in accord with the variation in the 
optical density a t  13,300 cm-l as afunction of Mo(V1) : Mo(V) ratio (675). 
At higher pH than is needed to form blue solutions, there is also 
spectrophotometric evidence for a brown hexamolybdate anion with 
Mo(V1) : Mo(V) = 1, which has an absorption maximum at 22,200 cm-l 
(547), and another having Mo(V1) :Mo(V) = 0.5, in which the absorption 
maximum has shifted even further to the ultraviolet, to 30,800 cm-' 
(548). 
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The reduction of 12-heteropolymolybdates and tungstates in aqueous 
solution has proved rather easier to study than that of the isopolyacids 
either in solution or in the solid state. It is now quite clear, as a result of 
polarographic (309-311,571,673,674) and potentiometric (571,690,691) 
work, that these anions can accept limited numbers of electrons, e.g., up 
to four, without decomposition, and, in a number of instances, salts of 
the reduced anions have been isolated (331,332). The values (571) of the 
reduction potentials for addition of the first electron to [PW120ao13-, 
[SiW12040]4-, [Fe111W12040]5-, and [Co11W12040]e- vary with the 
charges in a way consistent with a model that treats the anion simply 
as a charged sphere. This suggests that the first electron goes into an 
orbital whose energy is nearly independent of the central atom. The 
fact that the spectra of silicomolybdates, to which two and four electrons 
have been added, remain very similar as to both energy and intensity 
(676) also suggests that the electrons are entering orbitals that are 
localized on particular metal atoms. There has been some disagreement 
about the existence of one- and three- in addition to two- and four- 
electron reduction products ; only the latter have been isolated as solid 
salts (331, 332), and had been detected by Souchay (673) in his original 
polarographic work. However, more recently, waves due to the one- 
electron step have been located by two groups (571,677). The absorption 
spectra of various reduced 12-silicomolybdates (676, 677) are shown in 
Fig. 31. 

In  one case a t  least there is clear evidence for the occurrence of 
Mo(V) in a reduced polymolybdate. By y-irradiation of polycrystalline 
ammonium heptamolybdate, (NH4)BMo,024 6H20 (562), paramagnetic 
centers are formed which, from their ESR spectra, can be identified with 
NHZ and Mo(V) ions. Irradiation a t  room temperature gave Mo(V) 
spectra which were almost isotropic, the major absorption coming from 
isotopes with I = 0, with a smaller contribution from MoQ5 and Mog7 
with I = 512. The most interesting feature, however, is the presence of a 
further hyperfine interaction between the unpaired electron of the Mo(V) 
and the I = 512 isotope of a neighboring Mo(V1). We therefore conclude 
that this system a t  least belongs to class I1 of our classification, and that 
the first electronic transition will contain an appreciable component of 
charge transfer. Similar experiments on the crystalline heteropoly-blue 
salts or their frozen solutions would be extremely interesting. Proton 
nuclear magnetic resonance spectra of a number of heteropoly-blue acids 
have recently been measured in the solid state (484),  and interpreted as 
resulting from fast exchange between protons bound to oxygen atoms of 
the anions and those attached to crystal water molecules. That a nuclear 
magnetic resonance spectrum can be observed a t  all in these substances 
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seems to imply that the anions are diamagnetic. Once again, magnetic 
measurements would be valuable. 

It is not our intention to attempt a review of the very large amount 
of work carried out on the other class of mixed valence molybdenum and 

6000 

FIG. 31. The electronic spectra of 12-silicomolybdates reduced by 1-6 electrons, 
as indicated by the labels on the spectral curves (676). 

tungsten oxides, the bronzes, since this has recently been done quite 
thoroughly by others (421, 694). Nevertheless i t  is worth emphasizing 
that the volume of physical measurements on these compounds far 
surpasses that reported for the other reduced group VI-B oxide systems 
considered here, and that the level of understanding of the electronic 
properties is correspondingly higher. We will merely record some of the 
more important conclusions about the crystal and electronic structures 
of these interesting compounds. 
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Hagg (326) was the first to show that the bronzes could be given a 
general formula A,W03, where A was an alkali metal and x varied 
continuously from about 0.3 to nearly 1.0. At the latter extreme the 
structure approximates that of a perovskite, while for low values of x 
the structure goes through various lower symmetry modifications, all 
based on the lattice of WO,. At all A concentrations the tungsten atoms 
are equivalent and the lattice is a clear example of a class 111-B mixed 
valence system. Ionization of the alkali metal atoms produces electrons 
which are evenly distributed among all the tungsten atoms. In  agreement 
with this, the sodium bronzes in which x lies between 0.5 and 0.9 behave 
as metallic conductors between 4" and 800°K (217),  with Hall effect 
coefficients which suggest that each sodium atom contributes one free 
electron to  the conduction band (268).  Further evidence that the sodium 
atoms lose their valence electrons completely into a conduction band 
that extends only across the tungsten atoms comes from nuclear 
magnetic resonance experiments (391),  which show that the 23Na 
resonance has an extremely small Knight shift. At high temperatures, 
the conductivity is nearly proportional to the sodium concentration 
(217),  and the mobility is independent of the electron concentration. 
The fact that the conductances of lithium, sodium, and potassium 
tungsten bronzes lie on the same curve when plotted against x (421) also 
suggests that the alkali metal atoms do not participate directly in the 
conduction process. 

Attempts to prepare molybdenum bronzes by reducing MOO, with 
alkali metal vapors always lead to MOO,, and it was only very recently 
that the first compounds of this type were prepared by electrolyzing 
fused mixtures of K2Mo04  and MOO, (789).  Two samples have been 
definitely characterized : Ko,zsMo03, which formed reddish plates and 
behaved as a typical semiconductor, and K0.,,Mo03, a blue compound 
that conducted like a metal above -100°C. Despite their similarity in 
composition, the structures of the two compounds were different; the 
former contained subunits of six and the latter of ten MOO, octahedra 
sharing edges (305, 684). The subunits formed layers by sharing corners 
and the layers were linked together by the potassium ions. A sodium 
molybdenum bronze in the same composition range has also been 
reported (685). 

The only other mixed valence molybdenum and tungsten compounds 
beside the oxides are a small number of halides. When yellow [Wi'Br,]Br, 
is reacted with bromine at various temperatures (633, 6/32), compounds 
such as W6Br14, W$Tl,, and W,,Br,, can be isolated. These dissolve in 
ethanol to give intensely red solutions, whose spectra are by no means the 
superposition of those of W6Br12 and Br,. The suggestion is that 
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[W6Brgln+ mixed valence ions with structures like [Nb61s13+ may be 
formed. The other mixed valence halide results from reactions between 
MoF, and various main group chlorides, e.g., CCI,, and, on the basis of 
conductance, infrared, and magnetic measurements, has been assigned 
the formula [Mo:’C19] [MoVF6I3 (543, 686). The trinuclear [ M O ~ ~ C ~ , ] ~ +  
cation is assumed to have a similar core structure to  that found in 
[Re3C11,]3- and Re,CIl2. Since the anion is colorless and the cation itself 
is orange, the reported orange color of the salt suggests that there is no 
interaction absorption in the visible region and that the salt is a simple 
class I example. 

L. TECHNETIUM AND RHENIUM 

No mixed valence compounds of either of these elements appear to 
have been prepared, with the single exception of (NH,),TczC18 * 2H,O 
(213).  The compound forms shiny black crystals which dissolve in HCl 
to give a turquoise blue solution having a broad absorption band at  
16,300 cm-l. Cotton has published a preliminary account of an X-ray 
diffraction study of this compound (162),  which shows the presence of 
[TC,CI~]~- groups essentially isostructural with [Re,C1,I2- (163).  Each 
technetium atom lies a t  the center of a square of chlorine atoms, and a 
distorted octahedral coordination is completed by one of the water 
molecules and the other technetium atom at  a distance of 2.13 di, a full 
0.6 di shorter than the Tc-Tc distance in the metal. Cotton has described 
the electronic structure of diamagnetic [Re,Ci8]2- in terms of a u bond, 
two T bonds, and a 6 bond between the metal atoms (161), and a com- 
parable description would serve for the technetium analog, which has 
one more d electron and whose susceptibility is consistent with one 
unpaired spin per [Tc,CI,]~- ion. An ESR measurement on the tech- 
netium compound would be exceptionally interesting, as Cotton’s 
bonding scheme for [Re&l8I2- (161) assumes that the relative ordering 
of the U, n, and 6 orbitals of the metal-metal bond is entirely due to the 
difference in overlap between the pairs of, respectively, d z 2 ,  dxzdyz,  and 
dxy orbitals on each metal atom. A more detailed consideration of the 
bonding, taking into account n-bonding between dxzdyz and the chlorine 
atoms, and o-bonding between dz2  and the water molecule, might very 
easily alter this relative ordering, as we noted in the case of the niobium 
and tantalum subhalides. It is only fair to say, however, that since the 
lowest empty orbital, S*,  is not appreciably antibonding, Cotton’s 
scheme does suggest that the u2n4862 configuration of [RezC18]2- might 
easily add an extra electron, forming a mixed valence system isoelectronic 
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with [Tc&~,]~-. Oxidation and reduction experiments on [RezC1,]2- and 
the other rhenium halide cluster complexes might lead to other interest- 
ing class III-A mixed valence clusters. 

M. RUTHENIUM AND OSMIUM 

Easily the most famous ruthenium mixed valence compound is the 
one called “ruthenium red.” It is usually prepared by allowing aqueous 
ruthenium trichloride to react with an excess of ammonia (388), or by 
exposing solutions of Ru(NH,),Cl, in aqueous ammonia to air (252). 
Solutions of the compound have an extremely intense rose color ; indeed, 
i t  has been said that a 2 x lop7 M solution is clearly pink. The color 
becomes fixed to silk, although not to wool or cotton, and has been used 
commercially as a dyestuff. Joly (388) formulated ruthenium red as 
Ru2C14(0H)2. 7NH, 3H20 and Morgan and Burstall (512),  who prepared 
from it compounds which they thought were monomeric, formulated it as 
[Ru(OH)Cl(NH,),]CI~ H,O. Gleu and Breuel (286) showed that the 
latter could not be correct, as [Ru(OH)Cl(NH,),]+ would have an effective 
magnetic moment of almost 2 B.M. and wohld be virtually colorless, 
whereas ruthenium red is only very weakly paramagnetic, if at all, and 
shows a most intense coloration. 

I n  a very careful investigation, Fletcher et al. (252) found that 
ruthenium red contains no complexed chloride ions, and behaves as a 
trinuclear cation with a ruthenium : ammonia ratio of 3 : 14. The average 
oxidation number of the ruthenium, 10/3, then points to a formula 

[(NH~)~Ru-O-RU(NH~)~-O-RII(NH~)~]~+ 

containing two 0x0 bridges. The molar extinction coefficient per 
ruthenium atom is 21,000 at  the band maximum, 18,800 cm-l, but in 
acid solution a reversible oxidation leads to  the formation of a brown 
compound, whose spectrum appears to contain the same band shifted to 
higher energy (21,700 ern-’, E = 14,100) (Fig. 32). Ruthenium red has an 
effective magnetic moment of 0.77 B.M. per metal atom if no diamagnetic 
correction is made, whereas the moment of the brown compound is 
1.13B.M.permetalatom.Thedifference, 3(1.13-0.77)=1.1 B.M.,is 
nearly equivalent to one electron per molecule. The spectra of both the 
red and brown compounds shift slightly to lower energy with increasing 
pH, suggesting that in basic solution they were being partly deproton- 
ated. 

Jorgeiisen and Orgel (399) explained the stability of the presumed 
linear ruthenium red framework as the result of rr-bonding between the 
tzg orbitals of the metal atoms and the 2p ZT orbitals of the oxygen atoms. 
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Aside from the a-bonding in the linear cation, ten rr molecular orbitals 
can be formed which group themselves as five pairs of doubly degenerate 
levels, with two pairs bonding, two antibonding, and one nonbonding. 
As there are 16 7~ electrons in the system, the rr manifold in the ground 
state is filled up to and including the second highest antibonding pair, 
so that the net effect is a rr-bonding stabilization in addition to the u 
bonds. In  such a linear system, the first transition is allowed, but the 
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FIG. 32. The electronic spectrum of the ruthenium red cation [Ru302(NH3)1416+ 

in water (A),  and the brown cation [Ru3Oz(NH3)14]7+ in 0.01 N HN03 (B) (252). 

second is forbidden (as observed in Fig. 32, curve A). However, because 
the intensity of the first band decreases whereas that of the second band 
increases on bending the molecule, the spectrum of the oxidized ion 
(curve B) suggests that it is more bent than the reduced ruthenium red. 

Regardless of whether ruthenium red is linear or bent, the ion a t  
first appears to be class 11, with the terminal ruthenium atoms in 
principle being clearly distinguishable from the bridging one. However, 
the unusually high molar extinction coefficient of 61,500 for the first 
band of ruthenium red in water suggests that a is very large indeed 
(Eq. 14), and that the delocalization of valences approaches that for 
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class III-A.  This is confirmed by the magnetic susceptibility study, for 
if ruthenium red were class I1 with valences trapped as either 

or 

it would have an effective magnetic moment per ruthenium of 2.2 or 2.3 
B.M., whereas 0.77  B.M. is observed, a large part of which may be 
temperature-independent paramagnetism. The large depression of the 
effective magnetic moment follows from the strong interaction between 
the ruthenium atoms via both 7r and u bonds. 

Other ruthenium mixed valence materials have been suggested as 
forming when RuOI in aqueous solution is reduced in the presence of 
trifluoroacetic acid (124) ,  and it seems possible that the very dark blue- 
green precipitate obtained when solutions of K,Ru(CN), are acidified 
after oxidation by chlorine (184, 439) may be the ruthenium analog of 
Prussian blue, for it analyzes as Ru'IRu"~(CN)~ *HzO. 

The literature appears to contain only one reference to  a mixed 
valence compound of osmium, and doubt has been raised as to its consti- 
tution. Os1110s1'C17. 7Hz0 is a red material, said to be possibly a mixture 
of OsC1, and OsOHCl, (290).  

(NH~)~Ru"'-O-RU'V(NH~)~-O-RU"'(NH~)S 

( NH~)~Ru'V-O-RUII( NH~)~-O-RUI"(NH~)~ 

N. RHODIUM AND IRIDIUM 

No rhodium compounds have been shown conclusively to  be of mixed 
valence type. In  ice-cold solution, ceric nitrate oxidizes a suspension of 
Cs,RhC16 to a dark blue-green substance thought to be Cs2Rh''Cl, (211, 
212),  but, since it appears that ozone oxidizes Rh(II1) solutions to Rh(V) 
in the presence of excess chloride ions ( 5 7 ) ,  the suggestion was therefore 
made that the CszRhC16 salt may contain equimolar proportions of 
Rh(II1) and Rh(V), like the isomorphous antimony compound. However, 
the diffuse reflectance spectrum of the blue-green compound, and its 
dilution in Cs,PtCl,, sufficiently resemble that of Cs21rC1, to make it 
certain that the compound is indeed one of Rh(IV) (397, 398).  Solutions 
of rhodium perchlorate of average oxidation number 4.5-5.3 (57 )  were 
said to exhibit further intense absorption bands in addition to those of 
Rh(II1) and Rh(V), which may be taken as indicating the presence of 
mixed valence species in some of these solutions. The only other rhodium 
compound which is perhaps a mixed valence system is the dichloride 
(787) for which, as Kettle (423) pointed out, the original analyses agree 
much more closely with the formula Rh&l,,. This is thus a potential 
example of the group of mixed valence compounds based on octahedral 
metal clusters, such as [Ta,CI,,]2f. 
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Numerous mixed valence iridium compounds are based on a trimeric 
arrangement of iridium atoms bridged by sulfate groups. Lecoq de 
Boisbaudran (460) prepared what he thought was an Ir(II1) double 
sulfate, IT,(SO,)~ .3K,SO,, which, unlike most Ir(II1) salts, was not 
green but blue. His formulation was questioned by Delepine (187),  whose 
analyses agreed better with the formula K101r3(S04)9 and who also 
demonstrated that reducing agents turned the blue solution of the salt 
green. The original salt therefore apparently contained Ir(1V) as well as 
Ir(II1). Delepine also prepared a green nitridoiridium sulfate (186), 
which he showed, 60 years later (188), had the formula K,[N{Ir(H20) 
(S04)2}3], i.e., it contained one Ir(II1) atom and two Ir(1V) atoms per 
anion. Having examined the solution spectrum of the nitrido compound, 
Jorgensen (396) proposed that the formulas of that and Lecoq’s salt were 
related to those of the trimeric Cr(II1) acetates, [O{Cr(H,O) 
(CH3C02)2}3]f (251),  in which the oxygen atom and the three chromium 
atoms are found in a planar triangular arrangement, and octahedral 
coordination about each metal is completed by bridging acetate groups 
and the water molecules (Fig. 11). A rationalization of the electronic 
structures of these unusual compounds can be achieved by considering 
that, if the t2g orbitals of the iridium atoms and the 2prr orbital of oxygen 
were fully occupied, there would be room for twenty electrons, but that  
one linear combination 

forms not only a drr-prr bonding orbital with the 213.2 oxygen orbital, but 
a strongly antibonding orbital as well. Thus by losing two electrons and 
becoming mixed valence, an eighteen-electron system results which does 
not require occupation of the energetically unfavourable antibonding 
orbital. Delkpine’s formula (187) for Lecoq’s salt becomes analogous to 
that of the nitrido compound, if one assumes that the three iridium atoms 
are in that case coordinated to an oxygen atom. If these trinuclear 
complexes do have the equilateral triangular geometry, then they belong 
to class III-A, and should be diamagnetic. 

Ray and Adhikari (578) report the preparation of Ir111r111C15. 4R2S, 
where R2S is either S(CH3), or S(C2H5),, as pale yellow crystals. 

0. PALLADIUM AND PLATINUM 
These two elements form mixed valence compounds with a wider 

range of ligands than many others, and intensive studies of their mole- 
cular structures and physical properties over many years have provided 
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us with a clear view of their electronic structures. A few simple compounds 
such as oxides and halides are known, but the majority of examples 
contain complex ions or neutral molecules, typically with halide and 
amine ligands. 

Hydrates of the simple oxides Pd,03 and Ptz03 were first prepared 
by Wohler and Martin (783, 784). They are reported to be brown-black, 
but, since PdO, and PtO, are also black, this fact gives no information 
about the possibility of an M(II),M(IV) mixed valence interaction. Some 
controversy has surrounded the formulation and structure of another 
oxide, Pt,O,. Galloni and Ruffo (265) described the structure as body- 
centered cubic, with all the platinum ions in equivalent sites (class 
111-B), and a Pt-Pt spacing of 3.1 1 8. An oxide prepared by Waser and 
McClanahan (745, 746) using the same method, however, contained 
enough sodium to suggest the formulaNaPt,O4. A powder diagram of the 
latter revealed a simple cubic lattice in which each platinum has four 
oxygen neighbors and two other platinum ions at  2.85 A. Since the 
structure contains infinite chains of platinum atoms, the conductivity 
was investigated. The volume resistivity a t  room temperature was about 
104 ohm cm, but the occurrence of polarization suggested that the 
conductivity was ionic. The powder pattern of this preparation was quite 
different than Galloni and Ruffo's, whose results were said to resemble 
the pattern of PtO,. Galloni and Busch (266) reiterated that their 
product contained no sodium, so one must accept the compromise 
suggestion (747) that there exists a series of compounds with the general 
formula Na,Pt3O4, based on the platinum and oxygen lattice found by 
Waser and McClanahan (746). It should perhaps be mentioned that, 
according to our classification scheme, the high resistivity reported for 
NaPt304 is at variance with its proposed class III-B structure. 

Oxidation of PdCI, with BrF, gives black PdF, (608,655), but Pt(I1) 
salts are oxidized to PtF, by this reagent. The magnetic moment of 
PdF, was at  first interpreted (541) in terms of a Pd(II1) ion with a 
configuration tz:ei, but Bartlett and Rao (43) have recently shown that 
the compound is in fact Pd'1[Pd1VF6], in which Pd(I1) is assigned a 
high-spin configuration t2:eg2. When Pd(I1) salts react with BrF, in the 
presence of quadrivalent oxides, isostructural compounds such as 
PdGeF, and PdSnF, are formed. No structural studies of the other 
simple PtX, halides with X = C1, Br, or I (784, 7'88) have been reported, 
but it seems probable that they are related to the fluoride. However, they 
cannot be precisely the same since the divalent metal ions in these 
halides are low-spin (697), and thus, no doubt, in square planar coordina- 
tion. Mixed valence halides such as KzPdC15 (783) and CszPtCI, (785) 
may perhaps contain [M11C1,]2- and [M111C16]2- ions, which, if the 
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compounds belong to class 11, will exhibit their own characteristic 
absorption bands in addition to any mixed valence absorption. 
Unfortunately, no information on this point is available, except for the 
single observation that Cs,PtCl, is green (785) .  

One of the first mixed valence platinum compounds containing 
halide and amine ligands to be prepared was the red salt of Wolffram 
(790) : 

[Pt'"(EtNH2)4C12] [Pt"(EtNH2)4]C14~4HzO 

Its mixed valence character was recognized first from the method of 
preparation, for mixing solutions of the compounds [Pt1V(EtNH2)4Cl,]C12 
and [Pt1J(EtNH2)4]C12 (580) precipitates the red salt from the colorless 
solutions. Propylamine is the only other amine which forms similar salts. 
Wolffram (790) also has described similar mixed valence materials which 
apparently did not contain halide, for example, a nitrate, sulfate, and 
oxalate. The red chloride could be recovered from these salts by adding 
HCl solution, but no work on them has been described since 1907 (384). 

Because they were able to prepare a salt with the formula 
Pt(EtNH2)4C1(NCS),, which they thought was a dimer, Drew and Tress 
(205) thought that Wolffram's red salt was also a dimer rather than a 
double salt, but a crystal structure determination (165) has confirmed 
the earlier conclusion. The crystal structure contains chains of platinum 
atoms with alternately square planar coordinated Pt(I1) ions and octa- 
hedrally coordinated Pt(1V) ions. Chlorine atoms lie between the 
platinum atoms, 2.26 A from the quadrivalent platinum and 3.13 A from 
the divalent (as shown in Fig. 33); the compound clearly belongs to 
class 11. The structure could not be fully refined because of tho occurrence 
of stacking faults due to the chains slipping past one another. Craven and 
Hall (166) recently attempted to resolve this difficulty by determining 
the structure of the corresponding bromide, but these crystals also 
proved to be disordered. 

Yamada and Tsuchida (800) studied the polarized crystal spectrum 
of Wolffram's red salt, and also the isomorphous bromide, which is green. 
Whereas neither [Pt'"( EtNH,) &12]C12 nor [Pt"( EtNH2) 4]C1 showed 
absorption in the visible, the red salt had an absorption band near 
17,000 cm-l which was strongly polarized in the direction of the metal 
atom chain. The first two bands polarized normal to this direction appear 
to be internal transitions of the quadrivalent complex (Fig. 34), but the 
17,000 cm-' band is likely to be the class I1 mixed valence absorption 
band due to the transfer of an electron from the highest filled 5d orbital of 
[Pt1*(EtNH,),]2+ (probably dz2  since the ligands are purely o-bonding) 
to the unfilled dz2 orbital of [Pt'V(EtNH,)4C1,]2+. Since the dz2 orbitals on 
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the two centers point a t  one another and can overlap via the 3 p 5  orbital 
of the intervening chloride ion, the ct of Eq. (15) is nonzero and the transi- 
tion will be electronically allowed (although not necessarily strong), with 
a polarization along the Pt-Pt chain. 

FIG. 33. The platinum atom chain in Wolffram's red salt, 
[Pt'V(NHzC~H~)4C1z]2+[Pt"(NHzCzH~)4]2+C14~4H~0 (165) .  

A compound which appears to be related to Wolffram's red salt was 
recently prepared by Kida (416). Chemical analysis suggested the 
formula 

[PtI'en2] [Ptlven&lz] (C10& 

and the compound forms dichroic needles which are red parallel to, and 
light yellow perpendicular to, the needle axis. A structure determination 
and polarized spectrum would be of interest. 

The other type of mixed valence compound with halide and amine 
ligands has the general formula [Ma2X2] [M'A2X4], where M and M' may 
be either Pt or Pd, A is an amine, and X a halogen. The palladium salt, 
with an empirical formula Pd(NH3),C13, was first prepared in 1878 (614), 
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but many others have since been prepared containing palladium or 
platinum, ammonia or ethylenediamine, and either chloride, bromide, 
or iodide (202, 204, 205, 314, 708). The compounds are diamagnetic 
(376,379,380,697) and, as was the case with Wolffram's salt, Drew and 
his coworkers (203) first thought that they contained metal-metal bonds. 
However, numerous crystal structure determinations (100,334,612,743) 
have since shown that the correct formulations are as class I1 mixed 
valence compounds. Square planar MA,X, and octahedral M'A2X4 
molecules are stacked in chains with a halogen atom between each pair 
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FIG. 34. The polarized absorption spectrum of crystalline [Pt"(NHzCzH5)4] 
[Pt1"(NH2C2H5)4]Cl6.4H2O with the electric vector along the chain direction (c), 
and perpendicular to i t  (a). Spectra of the components [Pt1'(NHzCzH5)4]C1~ (---) 
and [Pt1"(NH2C2H5)~C12]C12 (- .-) are also shown for comparison (800).  

of metal atoms within the chains (Fig. 35). The most recent determina- 
tions (612,743) agree that the Pt(I1)-Br and Pt(1V)-Br bonds at  right 
angles to the chain are slightly longer than the Pt(1V)-Br bond within 
the chain, and also that the distance between the Pt(I1) and the bromine 
atom attached to Pt(1V) is somewhat smaller than expected from 
covalent radii. To the degree of approximation obtainable in these 
determinations, the Pt(I1)-Br and Pt(1V)-Br bond lengths appeared 
identical. Greater precision could not be achieved because of disorder in 
the crystals resulting from the very weak interactions between neighbor- 
ing stacks, which enables them to slip past one another. As with 
Wolffram's salt, the lowest mixed valence absorption in the class I1 
[MAoX,][M'A,X4] salts should be dz2  --f dz2 ,  and allowed with a 
polarization along the Pt-Pt chain. 
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I n  agreement with the formulation of this class of compounds as 
molecular crystals, the infrared spectrum of PtenBr, is a superposition 
of those of PtenBr, and PtenBr, (750) .  I n  the visible, however, all 
compounds in the series have intense absorption bands not present in 
either of their components. Cohen and Davidson (245) reported that 
Pd(NH,)&l, was highly dichroic, being lemon-yellow when the electric 
vector was perpendicular to the needle axis and black (even for the 
smallest crystals) when parallel, just as predicted above. When PtenBr,, 
reportedly green, is finely ground the powder appears black (750) ,  but 

Br  

I 3.12 A 

FIG. 35. The alternating Pt",Pt'" chairis in [Pt"(NH,CHzCKzNHz)zBrz] 
[Pt1"(NH2CH2CH2NH2)2Br4], left, and [Pt1'(NH3)2Br2] [Pt1"(NH3)2l3r4], right 
(612). 

when viewed in thin sections the transmitted color is purple. The green 
color is therefore caused by metallic reflection, indicating that the mixed 
valence absorption is very strong and that therefore u is very large. 
Attempts to measure the polarized crystal spectra of some of these 
compounds (798, 799) were not very successful because of the extremeiy 
intense absorption, but all the examples studied had a broad absorption 
band between 15,000 and 20,000 cm-', polarized in the direction of the 
metal-metal chains. Like the band in Wolffram's red salt, this transition 
is probably a mixed valence absorption band involving transfer of an 
electron from the divalent to the quadrivalent ion, but more refined 
experimental and theoretical work would be required to make the assign- 
ment more precise. 
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As with Wolffram’s red salt, compounds of the type [MA2X2] [MA2X4] 
have also been prepared containing X groups other than halogens. For 
example, the salt 

Pt”(NH3)zClz(OHz)] [PtIV(NH3)zClz] 

first prepared by Tschugajeff and Tschernjajeff (709)  is so strongly 
dichroic that i t  has been suggested (78 )  for use as a polarizer. The 
dichroism (from black to white in the visible region) is said to  extend at 
least from 12,000 to 29,000 cm-l. 

In  view of the variety of solid mixed valence halides of palladium and 
platinum, one might expect that some mixed valence interaction would 
be detectable in halide-containing solutions. However, Cohen and 
Davidson (145) were unable to  detect a change in the spectrum on mixing 
solutions of [Pd11C14]2- and [Pd1“C1J2-, or [Pt11C1,]2- and [PtIVCl8l2-. 
Trivalent platinum has been suggested as an intermediate in the exchange 
of [PtC1,I2- and chloride ions, which proceeds by a chain mechanism 
(583) but the reaction is catalyzed by [PtCl4I2-, possibly via a sym- 
metrical transition state. Similarly, electron exchange between PtenBr, 
and PtenBr, is catalyzed by bromide ions, which would also allow a 
symmetrical transition state to be formed (491) .  

Mixed valence platinum oxalate complexes were first prepared 70 
years ago by Werner, who reacted oxalic acid with sodium platinite, and 
obtained a salt whose copper color contrasted with the yellow color of 
the normal Pt(I1) oxalate (764) .  This interesting compound has recently 
been reexamined by Krogmann and his co-workers (441, 442). The 
crystal structure of K,Pt(C,O,), * 2H20 contains isolated planar oxalato 
complexes (489) but, in the compound K1,,Pt(C2O4),.2.5H,O, the 
complex anions are stacked one above the other so that the Pt-Pt 
distance is only 2.75 A. It is not possible to distinguish Pt(I1) and Pt(1V) 
ions in the structure (441) and, on this basis, the compound is a class 
III-B system. Krogmann suggests that, whereas in K2Pt(C204), * 2H20 
the dz2 band is filled, on oxidation electrons are drawn off from that band, 
and an overall bonding results. 

The oxidation of potassium platinocyanide with bromine or nitric 
acid was first investigated over 100 years ago (430) ,  but there appears to 
be considerable disagreement about the nature of the products. Knop 
(430) assigned the formula K,Pt(CN), to the metallic-looking coppery 
crystals, but, according to Levy ( 4 6 l ) ,  there are two products of the 
bromine oxidation, one a Pt(1V) salt K2Pt(CN),Br, and the other a 
copper-colored mixed valence salt : 

GKZPtI*(CN)d. KzPtIV(CN)sBrz 
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Oxidation by hydrogen peroxide gave another mixed valence salt with a 
bronze luster, to which analysis assigned the formula K1,5Pt(CN)4. 
Hydrated lithium cyanoplatinites undergo remarkable color changes 
when cooled in liquid air (582), which may be related to partial oxidation 
and formation of a mixed valence chromophore. No work has been done 
on these interesting compounds since 1912. 

P. SILVER 

The mixed valence chemistry of silver is limited apparently to its 
oxides and halides, the latter being mostly mixed compounds with the 
Au(II1) ion. Silver distinguishes itself from its congener element gold in 
that, whereas the most common valence states of gold are Au(1) and 
Au(II1) and all its mixed valence compounds are formed from these, with 
silver the most common oxidation states are Ag(1) and Ag(II), yet the 
mixed valence compounds involve the valence pairs Ag(1)-Ag(0) or 
Ag(1)-Ag(II1). Although we will treat the silver and gold compounds 
separately, they are closely related in that a large number of Ag(1)- 
Au(II1) complexes have Au(1)-Au(II1) counterparts. 

Of the silver oxides of potential mixed valence interest, Ago is of 
prime importance. Reviews of the chemistry of this substance have been 
presented by McMillan (503) and Dirkse (198). Ago has been prepared 
in the past in a variety of ways, both chemical and electrochemical, and 
has been reported to have a variety of conflicting properties. However, 
Ago preparations made in six different ways by Schwab and Hartmann 
(646) were shown to have identical X-ray powder patterns. Apparently 
the purity of the sample varies with its mode of preparation. 

The early suggestions that Ago is a peroxide of univalent silver of 
the form Agioz has been discredited repeatedly by reports of its 
inability to show reactions thought to be characteristic of peroxides 
(39, 303). As for Ago being a divalent oxide as its formula implies, one 
would then expect paramagnetism due to the 4d9 Ag(I1) ions, yet it is 
generally agreed that Ago is diamagnetic (425, 528, 622, 651, 696). An 
obvious suggestion is that Ago should be written as Ag1Ag11102, with 
the 4ds Ag(II1) ions in square coordination, thereby making them 
diamagnetic. Crystal structure analysis demonstrates that this indeed 
is the case. 

It is not entirely clear whether or not Ago can be obtained as a face- 
centered cubic crystal as well as a monoclinic one, as some have claimed. 
Although several reports of face-centered cubic Ago have appeared 
(97,390,682), the possibility exists that these are higher or lower oxides 
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of silver, and not Ago. The monoclinic variety of Ago has been studied 
extensively by both X-ray and neutron diffraction techniques. Un- 
fortunately, due to the disparity in scattering power of silver and oxygen, 
the X-ray experiments on powdered Ago do not permit an adequate 
direct determination of the oxygen positions, but silver positions can be 
obtained accurately and the oxygen positions then deduced from packing 
considerations. As determined by Scatturin et a2. (619, 620),  Ago 
consists of Ag(I1) ions in approximately square coordination, forming 
infinite chains via bridging oxide ions. McMillan (502),  on the other hand, 
finds a distinct difference in the coordination about the silver ions, half 
of the silver ions being four-coordinated (square) and half two- 
coordinated (linear). The final word would appear to be that of Scatturin 
et al. (621, 622), who turned to neutron diffraction, wherein silver and 
oxygen have comparable scattering power, and found that there are 
indeed two types of silver ion in Ago, one, presumably Ag(III), in square 
oxygen coordination with Ag-0 equal to 2.01-2.05 A, and the other, 
presumably Ag(I), in linear coordination having Ag-0 equal to 2.18 A. 
Monoclinic Ago by this criterion is thus a class I mixed valence system. 

Owing no doubt to its importance to the battery industry, there have 
been a number of studies of electronic conduction in Ago, with some 
disagreement as to its resistivity. Le Blanc and Sachse (458) found that, 
whereas the resistivity of Ag,O is los ohm em, a sample of approximate 
composition Ago had a resistivity of only 10 ohm cm. More recent 
measurements on pressed pellets of Ago a t  various pressures yield a 
resistivity of 0.012 ohm cm (390) when extrapolated to infinite pressure. 
This material, however, is claimed to be the face-centered cubic variety 
of Ago. A pellet of monoclinic Ago pressed at  12,000 kg/cm2 had a 
resistivity of 14 ohm cm and the positive temperature coefficient expected 
for a semiconductor (528).  The resistivity of an Ago film formed electro- 
lytically on a metallic silver sheet is 5 x lo3  ohm cm (125).  These values, 
although disparate, all indicate a rather high electronic conductivity for 
Ago, much higher in fact than expected for a class I system. It must be 
mentioned, however, that pure Ago is a rather unstable compound and 
the low resistivity reported for it may be due to the presence of 
impurities. 

There are two other compounds which must be mentioned in a 
discussion of the mixed valence oxides of silver. Unstable, paramagnetic 
Ag,05, perhaps better written as Ag1Agi1105, has been described as one 
of the materials resulting from ozonization of an acidified solution of 
AgClO, (652). It has been claimed, however, that the powder pattern 
attributed by the original workers to Ag,06 is in fact due to a mixture 
of Ag,O,, Ago, and Ag,CO, (524).  A second oxide of presumed composi- 
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tion Ag403 has been studied by the analysis of X-ray powder patterns 
(732), and was said to consist of Ag, tetrahedra having three oxide ions 
bonded symmetrically to each of the silver ions. It remains to be shown 
if this is a genuine compound, or, as often is the case with silver oxides, 
simply a mixture of the better known oxides of silver (556). 

Electrolysis of an acidic solution of silver nitrate leads to the forma- 
tion of a black, crystalline substance at  the anode having the composition 
Ag ;NO 1. Although this material has been the subject of a great many 
studies, its crystal structure only recently has been solved and its 
electronic structure is still in some doubt. Following the earlier crystallo- 
graphic work (82, 819), more complete studies by Chou Kung-Du (140) 
and Naray-Szabo and co-workers (525) finally led to an acceptable 
structure for AgiNOll. This last study, involving single crystal X-ray 
work and neutron diffraction on the powdered material, gave a face- 
centered cubic cell containing polyhedral structural units (as shown in 
Fig. 36). Each polyhedron (cubo-octadodecahedron) is formed from six 
square planar Ago, units (Fig. 36) and has an NO3- ion at its center. 
The polyhedra themselves are joined by a sharing of the Ago, faces, and 
the smaller cubes formed between polyhedra have Ag(1) ions at  their 
centers. Thus there are two types of silver ion in this structure, one type 
having eight oxygens about it a t  the corners of a cube with an Ag-0 
distance equal to 2.52 A, and a second type which is in square planar 
oxygen coordination having Ag-0 distances equal to 2.05 A. The 
stoichiometry of [Agi08]+N03- demands that the ratio Ag(I)/Ag(III) 
be 215, whereas the ratio of cubic sites to square planar sites in such a 
structure is 116. Since the cubic sites are occupied only by Ag(I), and 
since all the square planar sites are equivalent, the one Ag(1) and the 
five Ag(II1) ions in the square coordination within a polyhedral unit 
form a two-electron, class I11 mixed valence system, the metal ions of 
which are joined by bridging oxygen atoms. Moreover, since each 
polyhedral unit is joined to twelve similar units by sharing its square 
Ago, faces (Fig. 36), the class I11 mixed valence system encompasses the 
entire crystal without involving any of the cubically coordinated silver, 
and is therefore class III-B. 

The mixed valence [Ag,Os]+No3- system involves 4ds and 4d" ions 
in square coordination. Although there is considerable argument as to 
the ordering of the d levels in square planar systems such as these, there 
is universal agreement that the uppermost orbital is dx2 - y2, which thus 
forms the valence shell of the mixed valence system, together with the 
2pu orbitals ofthe bridging oxide ions through which dx2 - y2 orbitals on 
adjacent silver ions interact. As was discussed above, the most dramatic 
properties of a class III-B system are its electrical conductivity and 
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FIG. 36. The unit cell of Ag708N03 showing (a) the polyhedral cage with the 
Nos- ion at its center, and (b)  the fusion of Age08 polyhedra through sharing of 
the square Ago4 faces (140, 525). 

reflectivity, both of which should be metallic. McMillan (503) first 
reported that AgiOHN03 was only semiconducting, but later work on 
single crystals (594) has shown that it is metallic (p  = 2.5 x lop3 ohm cm 
at 300°K) and is superconducting below 1.04"K. The reflectivity of 
Agi08N03 is also metallic, the crystals being shiny black and quite 
opaque. The molar susceptibility of AgiNOI1 has been reported by 
various authors as 398 x (524), 688 x (528), and 6379 k 
1750 x (652) cgs, suggesting that the substance as ordinarily 
synthesized may contain a variable amount of paramagnetic impurity 
and that the pure substance is only feebly paramagnetic, if at all. 

The NO3- anion of AgiNO1 apparently can be replaced while keeping 
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the Agio8+ framework intact, for the salts Ag708F (303,503),  Ag708C104 
(503), Agi08BF4 (594), and Ag,08HS04 (503, 528) also have been 
reported, the fluoride, fluoroborate, and bisulfate having unit cell 
dimensions almost exactly those of the nitrate. Because crystals of the 
same unit cell dimensions form regardless of the radii of the anions 
within the polyhedral cages, the systems can be considered as clathrate 
salts, with mononegative ions as guests within the very rigid Ag,08 
cages. Careful analytical work on the fluoride and perchlorate (524) 
suggests that, unlike the nitrate and bisulfate, these substances may not 
have a fixed composition. All these substances are metals (594). 

Earlier doubts a5 to the exact composition of Ag,F and its existence 
as a stoichiometric compound were settled by the work of Wohler 
(786),  who showed that there is no oxygen in the substance and that, on 
dissolution in water, it  gives equimolar amounts of AgF and metallic 
silver, a5 expected for Ag,F. Silver subfluoride, Ag,F, as prepared 
either electrolytically or by the reaction of silver metal with an AgF 
solution, is formed as large crystals described as being yellow to yellow- 
green with a bright metallic, brassy reflex (358). 

Bruno and Santoro (109) have performed isotope exchange experi- 
ments on Ag,F in an  effort to determine whether or not the silver ions 
in this substance are equivalent. They found that, following the forma- 
tion of Ag2F from inactive AgF and radioactive "OAg metal and decom- 
position in HzO, the resulting Ag metal and AgF had equal activities, 
indicating the equivalence of the silver atoms. However, a second experi- 
ment, in which inactive Ag,F exchanged heterogeneously with active 
"OAgNO3 in acetone solution, showed that virtually all the radioactive 
Ag doped into the compound could be recovered as Ag metal on HzO 
decomposition. 

X-ray analysis reveals the crystal structure of Ag2F to be a simple one, 
having one molecule per hexagonal cell in the anti-cadmium iodide 
structure (552, 700) (Fig. 37). The structure may be looked upon as 
consisting of alternate layers of silver and fluoride ions. Within the silver 
layer, adjacent silver ions are separated by 2.84 A within the unit cell and 
2.989 A between unit cells, these distances being nearly equal to the 
Ag-Ag separation of 2.28 A in metallic silver. All silver atoms are in 
equivalent sites, and each is coordinated symmetrically by three 
fluoride ions at  a distance of 2.44 A, equal to the silver-fluoride distance 
in AgF. Since the Ag,F stoichiometry demands that half the silver atoms 
be univalent and half zero-valent, the equivalence of the silver sites and 
the short repeat distance a lead t o  a class III-B mixed valence system, 
which should be an insulator in the c direction and metallic perpendicular 
thereto. 
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The resistivity of Ag,F has been measured, using a four-probe 
technique at  temperatures between 1.4" and 300°K. It increases mono- 
tonically from a value of 0.4 x to 2.4 x lop5 ohm cm in this tempera- 
ture range (359); for comparison, the resistivity of metallic lead is 
22 x lop5 ohm cm at 300°K. Experimental (138) and theoretical (139)  
studies of the 19F NMR spectra of AgF and Ag,F show that the spin 
lattice relaxation time t ,  varies with temperature, as would be expected 
for relaxation by hyperfine interaction of the 19F nuclei with the conduc- 
tion electrons. A Knight shift calculated on this assumption is in good 
agreement with the shift observed between Ag,F and AgF. The magnetic 

C 

t 

a J 
FIG. 37. The hexagonal unit cell of class III-B silver subfluoride, AgZF, with 

a = 2.989 A, c = 5.710 A, and Ag-Ag = 2.84 A (700). 

susceptibility of Ag,F has also been studied (261); the molar suscepti- 
bility of -64.3 x lops cgs appears understandable only if the conduction 
electrons move in an anisotropic potential, in accord with the anisotropic 
structure of the crystal. Hall measurements (707) on Ag,F demonstrate 
that there is one carrier per pair of silver atoms, as one would expect 
from the AgOAgIF formulation. Ag,F is superconducting below 0.058"K 
(20) .  . .  

There is a second silver fluoride of interest to us. Fluorination of 
AgCl results in the formation of a black substance of the composition 
AgF, (609), nominally a divalent silver fluoride. I n  support of this, i t  is 
claimed to be strongly paramagnetic (xlnol = 45 x 10-s cgs a t  room 
temperature), as a magnetically dilute divalent silver salt must be. 
A more detailed study of the magnetic susceptibility of samples of 
AgF,, prepared in three different ways, confirmed the above value of the 
molar susceptibility and in addition showed that the material is weakly 
ferromagnetic a t  90°K (324).  Through the action of fluorine on metallic 
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silver, a yellow form of AgF, is produced (383). The yellow form is poorer 
in fluoride than the black and has a lower magnetic susceptibility, 
suggesting perhaps that the black form is contaminated with para- 
magnetic Ag(II1) salts (44 ) .  The black form has a face-centred ortho- 
rhombic, distorted CaF, structure with all the silver ions in equivalent 
sites (44) .  The problem as to whether AgF, is a salt of Ag(I1) or is a mixed 
valence Ag(I),Ag(III) class 111-B system could be clarified perhaps 
through a study of its resistivity. A similar question exists in regard to 
the “divalent” black fluoride BaAgF, (369). 

Solution of the crystal structure of Ag,Pbz06 has revealed i t  to be a 
substance containing the Ag,+ dimer ion (123).  I n  Ag,Pb20g, the 
quadrivalent lead ions are surrounded octahedrally by oxygen a t  2.19 8, 
and three of the five silver ions in the unit cell are univalent and linearly 
coordinated with oxygen, The two remaining silver atoms form Ag,+ 
dimers having an internuclear separation of 3.04 d, with each silver of 
this pair in turn coordinated by three oxygens, much as each silver ion 
of Ag,F is coordinated to three fluoride ions. However, unlike the 
situation in Ag,F where short Ag-Ag distances imply a very strong 
interaction between silver ions of adjacent pairs, in the Ag5Pb206 
crystal the Ag,+ groups are aligned in chains with 3.39 8 separating the 
atoms of adjacent pairs. Thus the crystal structure suggests that the 
system is overall class 111-A. Because the Ag,+ ion is an odd-electron 
species, a study of the magnetic susceptibility of Ag5PbzO6 would be of 
great use in determining just how strongly the Ag,+ ions are interacting. 
If the interaction were strong, then the Ag,+ ions form a class 111-B 
system which would be a one-dimensional analog of the two-dimensional 
silver layer of AgzF. There are no data available on the optical, magnetic, 
or electrical properties of Ag5Pb2O6, but the Ag,+ ion has been observed 
by ESR in organic glasses (658). 

Q. GOLD 

The best known mixed valence gold compounds are the halides of 
Au(1) and Au(II1) and the corresponding compounds having Ag(1) in 
substitution for the Au(1) ion. Insofar as crystal structures have been 
determined, these compounds contain the trivalent gold as square 
coplanar AuX, and the univalent gold (silver) as linear bicoordinated 
AuX, (AgX,) groups, the systems being, in general, class I or class 11. 
The recent report of a genuine, paramagnetic Au(I1) complex (749) 
suggests that one must use some caution in presuming that all nominally 
divalent gold compounds are univalent-trivalent mixed valence 
materials. 
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The AuCl-AuC13 system has been studied by Corbett and Druding 
(150),  who conclude that their phase diagram and powder pattern results 
show no evidence for the formation of the mixed valence compound 
Au1Au"'Cl4. However, the silver salt AgIAuI'ICl, (deep red) (355) and 
the corresponding fluoride AgIAuIIIF, (541) have been reported. There 
also exists a report on the preparation of Au214, an unstable, ether- 
soluble substance (106). Although the double chloride Au1AuI"Cl4 has 
not been prepared, salts of Au(I),Au(III) and Ag(I),Au(III) with 
alkali metal cations abound. 

One of the first mixed valence triple salts of gold and silver reported 
was Pollard's salt (570), originally tliought to be (NH4)BAg,Au,Cl,3, but 
later revised to  (NH4)eAgXAu~11C1,, (760). A rubidium-silver-gold 
chloride having the same atomic ratios as Pollard's ammonium salt also 
has been reported (50, 761). The dark red crystals of the ammonium salt 
show a black-to-red pleochroism, in which the black color is most likely 
due to the mixed valence absorption between the [Au'IICl,]- and 
[Ag1C12]- groups. The crystal structure of this material has not been 
determined, but unit cell parameters are known (245).  

The most famous mixed valence double salts of gold are Wells' cesium 
salt, CS,AU'AU"~C~,, and its silver analog, Cs,Ag1AuI1ICl6 (50, 758). The 
structures of these two isomorphous mixed valence halides have not 
yet been settled, for there are two different interpretations of the 
experimental X-ray diffraction data. Elliott and Pauling (219, 220) 
propose a tetragonal structure containing [Au'"C14]- square planar ions 
and [Ag'ClJ or [Au'CI,]- linear ions stacked alternately within 
columns. One sees from Fig. 38 that each Au(II1) ion is in a nominally 
octahedral field with a tetragonal extension, whereas each Ag(1) or 
Au(1) ion is nominally octahedral with a tetragonal compression. As is 
well known, such a tetragonal field about the 5d8 Au(II1) ion leads to a 
singlet ground state, in agreement with the diamagnetism of Wells' salts 
(219).  On the other hand, Ferrari and co-workers (240,242) propose that 
the Au(II1) ions in these compounds exist as octahedral [AUI"CI,]~- 
ions in a cubic unit cell. That this is inappropriate follows from the fact 
that the 5d8 Au(II1) ion in an octahedral field would have a triplet 
ground state, in contradiction to the observed diamagnetism of these 
compounds. In  support of the M(I),M(III)  formulas of these materials, 
both the Ag and Au salts are described as "astonishingly" jet black in 
color (758),  as expected for a mixed valence salt containing shared 
ligands. Related materials have been reported in which the two uni- 
valent cations of a double formula are replaced by a single divalent 
cation (242, 244, 758). Thus the triple salts C S ~ M ~ ' A U ~ ~ ~ C I , ~ ,  wherein 
M is Zn(II), Pd(II), Cd(II), Hg(II), and Cu(II), have been prepared, but 
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their colors are little different than the sum of the colors of the M(I1) and 
Au(II1) ions. 

n 

W 

FIG. 38. The tetragonal unit cell proposed by Elliott and Pauling (220) for 
CS zAu'AuI"C16. 

The black color of Cs2Au1Au111Cle undoubtedly arises from the 
class I1 mixed valence interaction between the [AulIIC1,]- and 
[AulC1,]- groups. As can be seen from Fig. 38, there are two relative 
orientations of these groups in the crystal, redrawn below as configura- 
tions (a) and (b) : 

Regardless of the geometric orientations of the groups, the optical 
electron in the mixed valence transition can safely be regarded as originat- 
ing in the axially symmetrical dz2 orbital of the [AulCl,]- ion and 
terminating in the dx2  - y2 orbital of the [Au1"Cl4]- ion. As explained in 
Section 11, class I1 mixed valence systems are characterized by a non- 
zero value of a,  which means that the donor and acceptor orbitals must 
have a nonzero overlap. Inasmuch as this is the case for the chromophore 
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configuration (b), but not for (a), we must assume that it is config- 
uration (b) which is responsible for the mixed valence absorption in 
C S , A U ~ A U ~ ~ ~ C ~ , ,  and that this absorption will be polarized in the ab plane. 

Preliminary spectra of both Cs,AgAuC1, and CszAuAuC1, (595) 
show the mixed valence transition as a rather weak but distinct feature 
at  15,500 cm-l followed by a stronger absorption centered at  23,500 cm-l, 
having the opposite polarization. The latter band is also found at  23,500 
cm-l in the salt CsAurIrC1, and is due no doubt to the [AurrrCl,]- ion. 
Since Yamada and Tsuchida (798) report that the visible absorption of 
the triple salts is polarized along the c axis, perpendicular to the planes of 
the [Au1I1C1,]- ions, the 23,500 cm-' band must be polarized in the 
[ A U ~ ~ ~ C I J  plane. The fact that the absorption spectra are polarized in 
Wells' salt also argues for the Elliott and Pauling tetragonal unit cell, and 
against the cubic cell proposed by Ferrari. However, the disagreement 
between the predicted ab polarization of the first mixed valence absorp- 
tion band in C S , A U ~ A U ~ ~ ~ C ~ ,  and the observed c polarization is still a 
puzzle requiring further research. 

Yamada and Tsuchida (710, 799) also report the polarized crystal 
spectrum of an ammonium salt of composition (NH 4)3Ag1Au111CI,, 
which has a spectrum much like that mentioned above for Cs,AglAulllC1,, 
i.e., two bands, centered at  18,000 cm-' and 23,500 cm-l, with opposite 
polarizations. The spectral similarities suggest that the ammonium salt 
also contains [AglCl,]- and [Au'I'Cl,]- groups sharing halide ions. 

The syntheses of the bromide (241) and iodide (246) salts of the 
M,(Agl,Aul)AulllX, mixed valence system have been reported but little 
is known of them other than that they are black, as expected. According 
to  Ferrari and Cecconi (241), the salt Cs,AgAuBr, is only an end member 
in a series of general composition Cs,Ag,Au(,-,,,,AuBr,, as is the 
corresponding chloride Cs,AgAuC1,. 

The properties of an interesting mixed valence compound of gold 
involving dibenzylsulfide as ligand have been described in detail (84) .  
The compounds (C,H5CH,),SAuCl2 and (C,H,CH,),SAuBr, are dia- 
magnetic, have molecular weights in bromoform or benzene equal to  
those of the formulas as written above, and are nonconducting solutes in 
nitrobenzene. Solution of the crystal structure revealed 
(CBH5CH2),SAuCI2 to be composed of equal parts of the two neutral 
species ( C,H5CH,),SAu1Cl 
mutual orientation : 

S 
I 

I 
Cl-AU-Cl. 

c1 

and (C6H5CH,)$Au111Cl,, having the 

S S S 
I I I 

I I I 
.Au...C~-AU-C~'.,AU...CI- 

c1 c1 c1 
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Along the chain direction in this structure, the Au-Cl distance is about 
2.1 and Au. - .C1 is about 3.6 A, but the chains are stacked in such a 
way in the crystal that the intrachain chloride appears crystallo- 
graphically to be disordered between Au-Cl and Au - * .C1. The structure 
of the dibromide is closely related, and a dibenzylsulfide gold diiodide 
has also been prepared (671) but not investigated crystallographically. 

As both the component complexes, the monohalo- and the trihalo- 
gold dibenzylsulfide, can be prepared separately, it is not surprising that 
the dihalide can be prepared by mixing the components and that the 
dihalide dissolves to yield the component complexes. There does not 
appear to be much mixed valence interaction in spite of the bridging 
chloride ions, for the color of the dihalide is not very different 
from that of the trihalide, (C6H,CH,),SAuBr, being ruby red and 
(C6H5CHz),SAuBr, being brown. The reason why Wells’ salt is black, 
whereas the dibenzylsulfides have no apparent mixed valence color, may 
be related to the fact that in Wells’ salt the distances (in angstroms) 
within the chromophoric grouping are 

2.4 2.9 
Au-CI. . Au 

whereas in the dibenzylsulfides they are 

2.1 3.6 
Au-Cl, * . Au 

Thus, by comparison, the chlorine is not really bridging in the dibenzyl- 
sulfides, and the system is more class I than is Wells’ salt. 

[AuI1I(DMG),] [AuICI,], where DMG is the dimethylglyoxime mono- 
anion, is another mixed valence complex of gold containing an organic 
ligand. This complex, first synthesized by Rundle (611), was found by 
him to contain linear chains of Au(II1)- .Au(I). . -Au(III) ions having 
the internal structure shown in Fig. 39. The Au(1)-Au(II1) separation in 
the chain is 3.26 A. 

The polarized absorption spectrum of [AuIT1(DMG),] [AuICl,] has 
been recorded (798, 801), and it is interesting to compare it with similar 
spectra of single crystals of CsAurT1CI, (799). The spectra show what 
appear to be only minor differences, suggesting that in both cases the 
spectrum can be attributed to Au(II1) ions in square planar coordination, 
and that there is no visible mixed valence absorption in [AulI1(DMG),] 
[AuICl,]. That this is so seems reasonable, considering the very large 
difference in the ligand fields at  the two gold sites, and also from the fact 
that, given the geometrical arrangement shown above, the highest- 
energy, filled orbital of [AuICl,]-, dz2, is orthogonal to the lowest-energy, 
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unfilled orbital of [Au(DMG),]+, dx2 - y2, as in configuration (a) of 
Cs2Au1Au1"C1,, above. The symmetry of the orbitals thus makes the 

[AulClz]-(d~~) + [A~"'(DMG)zl+(dd-y~) 

optical transition forbidden, and the system belongs to class I, its amber- 
red color being merely that of the [AuI'I(DMG),]+ ion. 

There is only one example of a mixed valence gold oxide in the 
literature. Lux and Niederrnaier (469) report that the dissolution of 
metallic gold in molten KOH in a dry O2 atmosphere leads to the 
formation of a deep blue polynuclear complex containing approximately 

FIG. 39. The class I crystal structure of [Au"'(DMG)z]+[Au'Cl~]- (611). 

equal amounts of Au(1) and Au(III), as determined spectrophoto- 
metrically. Analogous complexes also were said to result in aqueous 
solution, but there is no evidence for their structure in either case. 

R. GALLIUM 

Gallium, indium, and thallium are all found in a univalent and a 
trivalent oxidation state. Although this simple generalization at  first 
appears challenged by the existence of several halides of the composition 
MX,, the possibility that they are M(I),M(III)  mixed valence compounds 
rather than compounds of M(I1) is a good one. The exact constitution of 
these salts has been a matter of recent interest, and has been approached 
from a number of directions. 

Klemm and Tilk (426) argued that, unlike the diamagnetic MIX and 
MI"X, salts, M"X, compounds will be paramagnetic provided the M(I1) 
ions are not dimerized. Their susceptibility measurements on Gael, and 
InCl, showed that these compounds are diamagnetic and, therefore, are 
either dimerized like the Hgi+ ion or are M(I),M(III) mixed valence 



MIXED VALENCE CHEMISTRY 367 

compounds. GaI, was later shown also to be diamagnetic (148). The first 
unambiguous structural evidence on the nominally divalent gallium 
salts was presented by Woodward, Garton, and Roberts, whose Raman 
spectra of molten GaCl, clearly showed the presence of large amounts of 
the [Ga111C14]- ion, as recognized from earlier solution work on GaCl, in 
HCI solution (795). On the basis of this, the melt was held to  be that of 
the salt Ga1[Ga1I1C1,]. This conclusion is also in accord with the high 
ionic conductivity of the melt (336) and the high resistivity (4.5 x lo7 
ohm cm) of solid GaCI,. 

Any doubt still remaining as to the mixed valence nature of GaCI, 
was removed by the determination of the GaCl, crystal structure (269). 

W 

FIG. 40. The coordination about the Ga(III ) ,  left, and Ga(1) ions, right, in 
crystalline Ga'[Ga"'CI4]. 

I n  crystalline GaCl,, half of the gallium ions are surrounded tetrahedrally 
by chloride ions with Ga-Cl distances equal to 2.19 A, and are un- 
doubtedly trivalent, whereas the other half of the gallium ions, pre- 
sumably univalent, are surrounded by an irregular dodecahedron of 
eight chloride ions with Ga-Cl distances equal to 3.2-3.3 A (Fig. 40). 
The unusually large GaI-Cl distance is due perhaps to the Cl-Cl 
repulsions. GaCl, is thus an extreme example of class I mixed valence and, 
as expected, the crystal is a diamagnetic insulator having essentially 
the color of the constituent ions. Measurement of the vapor pressure 
above molten Oa,CI4 suggests the presence of large quantities of 
genuinely divalent GaI'Cl, (454), as does the optical spectrum of the 
vapor (751). A colorless substance of the composition Ga4CI, has been 
uncovered by a phase study of the Ga-GaC1, system (559);  if it is a 
mixed valence compound it must have Ga(III)/Ga(I) equal to 5/3. 

Experiments similar to those described for Ga,CI have been directed 
at elucidating the structure of GaBr,. Inasmuch as the Raman spectrum 
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of molten GaBr, shows the presence of large amounts of the [Ga1I1Br,]- 
ion (796), the melt has a conductance typical of a molten salt consisting 
of a large anion and a small cation (312),  and solid GaBr, is colorless and 
diamagnetic, the compound must be formulated as GaI[GaI'IBr,]. 

Relatively little is known about the mixed valence iodides of gallium. 
Diamagnetic, yellow GaI, was reported by Corbett and McMullan (148) 
and later by Chadwick et al. (131) as being most likely Gal[Gal'lI,], .in 
accord with the formulation of the corresponding chloride and bromide. 
The electrical conductivities and vapor pressures of the molten iodides 
of gallium have been studied by Riebling and Erickson (585, 586), who 
found that, whereas Gar, is a low conductance molecular melt, Gal, is 
highly ionic and probably contains the ions (Ga')+ and [GaII'I,]-. 
Chadwick et al. (131) also described the intensely colored, diamagnetic 
compounds GaJ, and GaJ, as being mixed valence materials with 
formulas Ga?&a"II, and Ga;Ga"II,, respectively. 

There appear to be no lower gallium fluorides (337). In  this regard, 
it is pertinent to note that, unlike the tetrahedral coordination found 
for the Ga(II1) ion in the Ga,X, salts having X = C1, Br, or I, the complex 
fluorides of trivalent gallium are octahedrally coordinated (574),  as 
expected from the radius ratio. 

Chemically, the salts Ga,Cl, and Ga,Br, are soluble in benzene from 
which solvent they can be recrystallized as the mixed valence complexes 
Ga,X4 .C,H, (130).  Dielectric measurements on solutions of Ga2C14 
in benzene are interpreted as showing the formation of the ion pair 
[Ga1]+[Ga1I1C1,]- ( p  = 8.9 Debye units) at low concentrations, with 
aggregation at  higher concentrations (504).  Addition of basic ligands 
such as organic amines, ethers, sulfides, selenides, or arsines to the 
benzene solution of GaCl, leads to the immediate precipitation of 
[Ga1L4]+[Ga1I1C1,]-, where L is a monodentate ligand (9, 96, 657). As 
expected, these mixed valence compounds are all diamagnetic and 
colorless, except for the 2,2'-dipyridyl complex which is red ( 9 ) .  As the 
dipyridyl ligands are relatively easily reduced, and Ga(1) is easily 
oxidized, the red color of the complex may be due to a GaI-dipyridyl 
charge transfer absorption. Water immediately hydrolyzes GaCl, to  a 
dark brown substance analyzed to be GaClOH.&H,O (97) .  If this 
substance indeed is a mixed valence material, it would appear to be one 
of the few reported which show a Ga(I),Ga(III) mixed valence absorption 
band in the visible region. Dehydration of this substance gives colorless 
GaClOH, analogous to the GaClSH formed by addition of H,S to a 
GaCl, solution in benzene (97) .  

Although in the case of the nominally divalent gallium halides, 
GaX,, the possibility of spin pairing by dimer formation (X,Ga-GaX,) 
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is never realized, it is interesting to note, however, that, in the diamag- 
netic substances GaS and GaSe, dimer pairs of gallium ions are found, 
each gallium having three sulfide or selenide ions and one other gallium 
ion about it in a tetrahedral arrangement (330).  Inasmuch as the 
gallium ions in these structures are equivalent, the systems are 
technically class III-A mixed valence, although in fact i t  is just as 
correct to consider them simply as divalent gallium compounds. 

S. INDIUM 

Unlike the situation with gallium, almost nothing has been done 
toward elucidating the structures of the mixed valence compounds of 
indium. Aside from a few isolated reports of magnetic susceptibility and 
qualitative reports of color, the only works of mixed valence interest are 
phase studies showing the existence of certain mixed valence indium 
halides. 

The halides InF, (337), InCI, (6,  94, 144, 234), InBr, (94, 744), and 
InI, (567) have been described briefly. The first three have been shown 
to be diamagnetic, as would be expected for either In1[In111X4] salts or 
X,In-InX, dimers, but not for InIIX, itself. Although the close analogy 
with the gallium compounds suggests that the InX, compounds are 
In(I),In(III) mixed valence salts, the possibility that the In(I1) halides 
are really dimers is worth considering on the basis of the colors of the 
compounds involved (427). The trihalides InCl, and InBr, are colorless, 
whereas the monohalides InCl and InBr are, respectively, yellow-red 
and carmine red. If the InCl, and InBr, salts are class I mixed valence 
compounds, one would expect them to be red, the sum of the colors of 
their constituent ions. In  fact, the dichloride and dibromide of indium 
are colorless, suggesting either that these compounds contain no In( I) 
and are therefore to be taken as dimers, or more probably that the In(1) 
in InX is complexed by halide ion and has either a ligand --f metal 
charge transfer transition or an atomic 5s2 + 5s15ppl transition in the 
visible, but is complexed much more weakly in the InX, compounds, so 
that these transitions fall in the ultraviolet. It is to be remembered that, 
in Ga1[Ga1I'CI4], the Ga(1) cation is essentially uncomplexed. The lack 
of color in the substance In1[A111JC14], however, does make the lack of 
color in In,C14 (144)  rather less surprising. If InBr, is a mixed valence 
compound, it a t  first seems likely that the In(II1) would be found in the 
crystal as [In1"Br4]-, just as is found in GaBr,. However, it is to be 
noted that, unlike the corresponding Ga(II1) salt (794),  InBr, in 
concentrated HBr does not form the tetrahedral tetrahalide ion [InBr ,I-, 
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although such a species is said to form in a n  ether extract of the aqueous 
solution (7'93). Burns and Hume, on the other hand, have found spectro- 
photometrically an indium bromide species in aqueous solutions of high 
Br- content having Br/In = 4, which they suggest is the octahedral ion 
[InBr4( H,O),]- (114).  

The phase diagram of the In-InC1, system has been studied rather 
extensively by a number of investigators, and a large number of mixed 
valence compounds have been uncovered. To date the list includes 
InCl, (mentioned above), In4C16 (144, 230, 231, 234, 558), In4C15 (144) ,  
In,Cl, (144, 231) ,  In,CIS (558), and several other possibilities of un- 
determined composition. In  the In-InBr, system, the corresponding 
bromides In4Br, and In4Bri as well as In5Br, have been found to exist 
(94, 511, 744) .  Of the compounds on this list, Clark et al. (144) propose 
that InCl, is not a genuine compound, but simply a mixture of In,C16 
and InCl,, whereas Chadwick et al. (137) claim to have "reestablished the 
existence" of InCl, on the basis of a redetermination of the indium 
chloride phase diagram. On the other hand, Fedorov and Fadeev (234)  
can find no evidence for In4C1,, a compound claimed by Clark et al. 
Surprisingly, In4CIi exists as such in the gas phase over solid In4C1, at 
450°C, according to the results of a vapor pressure study. 

Clark et al. (144)  present an interesting geometrical argument for the 
existence of certain but not all indium halides of a given stoichiometry. 
In,CI, is formulated as In~[InI"Cl,], the radius ratio (565)  of In(II1) 
and C1- being such as to allow octahedral coordination as well as tetra- 
hedral coordination. Thus, the salt In1[In"'C14] also forms. In  the case 
of the lower indium iodides, the radii are such that tetrahedral [I1FI4]- 
can be realized but octahedral [lnl'lI,]"- cannot, in agreement with 
Peretti's (567) finding that I& is the only mixed valence lower iodide 
of indium. As Clark et al. point out, both tetrahedral [1nIJ1Br4]- and 
octahedral [In"'Br,lY- ions can meet the radius ratio test, so that both 
InBr, and hi,Br,, should exist, as they do (744) .  Applying these tests to 
the In4X7 series, it would appear that these substances contain octa- 
hedral [ l ~ i ' ~ ~ X , , ] ~ -  ions, since they are found as the chloride and bromide, 
but not the iodide. 

There are reports of the synthesis of mixed metal halides having 
compositions equivalent to several of the mixed valence halides 
meiitioned above. Thus, corresponding to Ini[IiilllCl,,], the salts 
Ag~~Inl"CI,] and Tl~~InL"CI,] have been reported (235) ,  and the salt 
In1[ A1111C14] ( 241) corresponds to Inl[I~illlCl 

Both Inz14 and In2Br4 can be ammoniatcd to yield the compounds 
In,X4.tiNH3 and ln,X4-8NH, (131 ,  432).  The fact that the iodide 
ammoniates are bright red and the bromides orange-red as compared 
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with the colorless ammonia-free Iii2X4 compounds is interesting, but 
perhaps not totally unexpected in view of the red color of the In'X 
compounds. However, because of the supposed instability of the 
[InI(NH,),J+ cation, it has been argued that the ammoniates are In(I1) 
dimers rather than mixed valence materials (431) .  

There is little evidence about the colors of the indium halides. If the 
indium dihalides are mixed valence, there is very little tendency toward 
class I1 behavior as evidenced by their lack of color. It is important to 
note that the dihalides of both gallium and indium can appear colored 
due to trace impurities of the corresponding monohalides. Thus, the 
report that  In-InC1, mixtures give dark red to black, transparent crystals 
in the composition range 50-100 mole% InCl, (558) is of questionable 
importance to our discussion. Inasmuch as, in a class I1 system, the 
electron affinity of the oxidized species in the ground state is of conse- 
quence to the development of a mixed valence color in the visible region, 
the lack of color in the GaX, and InX, systems may be attributable in 
part to a low electron affinity of the Ga(II1) and In(II1) species. This 
suggestion is compatible with the very high energy of the ligand-to-metal 
charge transfer absorption in the [InII'CI,]- (46,500 cm-') (615) and 
[InI"Br,]- (42,600 cm-') (114) ions. Spectra of InCI,, InBr,, and InI, in 
the gas phase have been reported (762) ,  but the absorbing species are 
triatomic and most likely are the genuine divalent halides. 

The action of H3 and HCN on indium metal has been found to lead 
to the formation of In(CN),, a white solid formulated as In+[In(CN),]- 
(293). 

T. THALLIUM 

In  contrast to gallium and indium, a very large number and variety 
of thallium mixed valence compounds have been synthesized, although 
no more is known of their constitution than has been determined in the 
cases of gallium arid indium. Crystallographically, the structures of 
three mixed valence thallium compounds have been solved, with 
surprising results. TIBr, (350) is isostructural with Ga'[Ga"'CI,] (269), 
discussed above. Thus, in TIBr, there are tetrahedral (TllllBr,]- ions 
having T-Br distances equal to 2.51 A, and Tl(1) ions in irregular 
dodecahedra1 sites having eight bromines at a mean distance of 3.46 8. 
Surprisingly, in the isostructural diamagnetic compounds TIS and TlSe 
(329,412) there are two types of thallium, one determined to be'l'l(II1) in 
tetrahedral coordination with, for example, the TI-Se distance equal to 
2.68 d, and one being TI(1) having eight Se atoms as nearest neighbors, 
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with Tl-Se distances equal to 3.42 A! I n  fact, in the gallium, indium, 
thallium group, only four mixed valence compounds have been studied 
crystallographically, and each has as its structural units the M"IX, 
tetrahedron and the MIX8 dodecahedron. More structures must be solved 
before one can see how general this combination of coordinations is in 
the mixed valence compounds of these elements. A preliminary investiga- 
tion of Tl,Cl, has shown it to have a complex structure with 32 molecules 
per cell (327) .  

The thallium halides Tl,X, are probably better written as 
Tl~[Tl'llX,]. That Tl,Cl, is not a class I11 mixed valence compound is 
indicated by the radiochemical exchange experiments of McConnell and 
Davidson (468, 7 7 I ) ,  which demonstrated that T14C16, synthesized from 
radioactive 2"4TlC1, and inactive TlCl in HCl solution, when decomposed 
and analyzed, yielded almost all its radioactivity as Tl(II1). This result 
was interpreted as showing that the Tl(1) and Tl(II1) ions of crystalline 
Tl,C16 are nonequivalent. The same conclusion was reached following 
similar experiments with Tl,Br,. 

A study of the thallium NMR spectra of several thallium compounds 
including TlCl, and TlBr, has been reported (603) .  It was found that, as 
expected from the crystal structure of Tll[Tll"Br,], the molten tetra- 
chloride and tetrabromide yield ionic melts which showed two thallium 
resonances, the one due to TI(1) being a t  higher field than that due to 
TI(II1). As the temperature of the melt was raised, the two lines fused 
into one, indicating exchange between the two thallium species with an 
average lifetime of about low5 sec at  500°K. I n  similar experiments, 
crystalline and molten Tl(1) salts showed only one line a t  all tempera- 
tures up to 720°K. 

A study of the TlCl-TlCl, phase diagram by Fadeev and Fedorov 
(232)  demonstrated the existence of only two mixed valence compounds, 
T12C14 and Tl,Cl,, the first being described by earlier investigators as 
colorless to yellow, and the second as yellow to red, depending upon the 
mode of preparation. It is to be noted that TlCl and TlCl, are colorless 
and that T14C16 is colorless a t  the temperature of liquid air. Thus the 
maximum of the Tl,Cl, mixed valence transition must lie in the ultra- 
violet region. The corresponding mixed valence bromides, Tl,Br, and 

Reaction of I, with T1I leads to the formation of black TlJ, (55,448,  
449, 656),  a mixed valence iodide having a metal/halogen ratio unlike 
any reported in the gallium or indium halides. Sharpe (656) proposes 
[T1,]+[Tl1"I, 1- as the assignment of valences in T1314, but TliT111118 
seems more reasonable. A third possibility exists that it is the iodine 
that is mixed valence and not the thallium, i.e., Tl,T, is Tli15-(13-). 

are respectively yellow and red (54,  55) .  
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The deep black color of this substance is certainly consistent with a 
composition containing triodide or higher polyiodide ions. This third 
possibility seems attractive since I- is known to reduce Tl(II1) to Tl(1) 
with the formation of 13-, thus leading one to expect that thallium 
iodides will not contain Tl(III), but may contain 1,- or higher polyiodides. 
Such an explanation is similar to that given by Lawton and Jacobson 
(456) for some of the antimony halides, which were first thought to be 
Sb(III),Sb(V) compounds and were later shown by them to be poly- 
halides of Sb(V). 

One finds a similar problem in the assignment of valences in the 
compound T13Sb2Cl13 (223),  which may be taken to be either T1~Sb~Cll3 
or TI~T1111Sb111Sb’C113. The deep black color of this substance argues 
strongly for the latter formulation, since the mixed valence absorption of 
Sb(TII),Sb(V) halides lies a t  very low energy (see subsection X on 
antimony). In  the same way, the dark violet compound T1,Sb2Cl,, (223) 
is more likely Tl~SblllSb”Cll, than T1lT1lllSb~llCI Similar problems 
formally exist in the compounds InTl,Cl, (557) ,  InTl,CI, (557) ,  and 
TlGaCl, (236) although their reactivity toward water should show 
immediately which of the ions is univalent and which is trivalent. 

Evidence for the mixed valence interaction between Tl(1) and Tl(II1) 
in perchloric acid solution was sought by McConnell and Davidson (495) 
in the spectral region 33,000-42,000 cm-l, but no mixed valence absorp- 
tion was found. However, their solution contained no halide ions which 
might act as bridging groups in a mixed valence complex. In  this regard, 
it is perhaps pertinent to note that the charge exchange between Tl(1) 
and Tl(II1) ions is considerably accelerated by the presence of bridging 
anions in the solution (104, 105, 339, 774) .  

Peroxide oxidation of an alkaline thallous salt solution precipitates 
T10 as an unstable, deep blue material (575 ,617) ,  which has been formu- 
lated as Tl:TlHI1O4. Scatturin et al. (618) report on various oxides 
TlO,, having x > 1.5, which were said to contain Tl(I), Tl(III), and 
Tl(IV), and which had numerous reflection maxima in the 10,000- 
25,000 em-l region. 

A fast riffle through the thallium volume of Gmelin’s Handbuch (291) 
uncovers the following mixed valence compounds : TIN3 .T1(NJ3 
(yellow needles yielding Tl(1) and Tl(II1) in solution), 2T1N03.T1(N03)3 
(colorless prisms blackening in moist air), Tl,S04 .T1,(S04)3 (colorless 
crystals), 5T1,S04 .Tl,(SO,), (pale yellow crystals) and the corres- 
ponding selenates T1,Se04 .Tl,(SeO,), (colorless crystals) and 
5TleSeOp-T12(Se04)3 (yellow crystals), TlzC1,SO4 and T1,Br2S04 (both 
yellow), T1,C1,Se04 and T1,Br,Se04 (both yellow), TlCN.Tl(CN)3 
(colorless crystals yielding Tl(1) and Tl(II1) in base), Tl,C,O,. 
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Tl,( CeO 4 )  . 6H20 (colorless crystals), T12C20, - T1,( C,04) * 4NH3, and 
[NH4,Tl(I)]3T1(III)(S0,),, a mixed crystal. The compound believed to 
be TlZC1,.2NOC1 (28) is really TlCl,.NOCI (561).  

U. TIN 

The interesting work of Davidson and co-workers on the interaction 
between the Sb(II1) and Sb(V) ions in concentrated HCl solution was 
later extended by them to the Sn(II),Sn(IV) system. It was found that 
mixing Sn(I1) and Sn(1V) solutions in concentrated HCI results once more 
in a mixed valence absorption, although much further in the ultraviolet 
than was found with antimony (770) .  As before, the intensity of the 
mixed valence absorption was proportional to the product of the 
concentrations of Sn(I1) and Sn(IV), showing that in the ground state, 
at least, the colored species was an Sn(II),Sn(IV) dimer and not an ion 
containing Sn(II1). In addition to  the composition study, an investiga- 
tion was made of the thermal isotope exchange rate (103, 771)  and the 
effect on this of irradiation in the region of the mixed valence absorption 
(164). It was found that the exchange reaction, which was bimolecular, 
proceeded in the dark a t  a rate sufficiently slow to demonstrate that the 
mixed valence dimer was unsymmetrical in the ground state if, indeed, 
it had anything a t  all to do with the exchange process. More interestingly, 
it was found that irradiation of the solution in the region of the mixed 
valence absorption (25,000-30,000 cm-l) a t  ca. 2°C substantially 
enhanced the exchange rate, the quantum yield of the photochemically 
induced exchange being estimated to be 0.2.  Since a quantum yield of 
0.5 is expected for such a three-level system if the excited state is 
symmetrical (class 111-A), the significantly lower yield may be taken as 
evidence for an unsymmetrical upper state, as well. 

The quantum yield can be interpreted within the framework of the 
mixed valence model in the following way. Although there is no evidence 
for the geometry or composition of the unsymmetrical Sn(II),Sn(IV) 
complex, for the sake of illustration it is represented by configuration A 
in Fig. 41. The starred atom is radioactive. On excitation in the mixed 
valence absorption band, an electron is transferred from left to right and 
both tin atoms become Sn(ZI1) with a simultaneous rearrangement of 
ligands being quite probable, but in any case not to a symmetrical 
geometry (configuration B). On relaxation from the excited state B, 
either the system can go back to the original ground state A by transfer 
of an electron from right to left, or a second electron may be transferred 
again from left to right giving the exchanged configuration C. The 

t 
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quantum yield of photoinduced exchange is thus seen to be related to the 
relative probabilities of transitions to the terminal states A and C from 
the intermediate state B. A relative probability of four to one for the 
B --f A and B --f C transitions would then explain the quantum yield 
of 0.2 observed for the Sn(II),Sn(IV) exchange. More precisely, the 
intermediate state B is really two states, one a spin singlet and one a spin 
triplet, and the quantum yield will depend upon the relative rates of 
reaching A and C from both of the B surfaces, and also on the rate of 
excited state singlet-triplet intersystem crossing. By whatever mech- 
anism the relaxation from the intermediate state proceeds, i t  seems 
clear that Franck-Condon factors play an important role in determining 
the relative probabilities involved in the photoinduced exchange 

Cl 

Cl c1 

H2O 

H 20 CL H20 Cl H20 

CL CL ct 

A 0 C 

FIG. 41. Configurations involved in photochemical isotope exchange in the 
three-level systom Sri2Cle(H20)z. 

phenomenon ; that terminal state with the larger Franck-Condon overlap 
with the intermediate state will be favored. 

The mixed valence tin oxide Sn304 has been identified in various 
thermochcmical studies of SnO (678,  679) .  However, preliminary work 
on the powder pattern of Sn,04 showed that it could not be indexed as 
tetragonal (272) ,  this being the crystal system of the analogous lead 
compound Pb,04. Similar studies in the Sn-S system ( 7 )  indicate the 
formation of Sn,S, and Sn3S,, mixed valence compounds which may be 
related to the mixed valence lead oxides of the same stoichiometry. The 
preparation of the oxide Sn1rSn1V06 by heating SnO at  475°C is described 
by Decroly and Ghodsi (183) .  

V. LEAD 

The study of the mixed valence oxides of lead is confused by a 
number of reports on substances thought to be unique compounds, but 
whieh may well be mixtures. The mixed valenoc oxidcs of lead which 
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have been authenticated to date have been described most recently by 
White and Roy (769),  who find experimental evidence for Pb304, 
Pb,03, and PbI2Ol9. Bystrom (121)  also discusses the structures and 
compositions of these compounds and others of less certain stoichiometry. 

Pb304 (red lead) is obtained as transparent scarlet crystals from a 
solution of PbC03 in molten KN03-NaN03 flux. According to the X-ray 
studies of Gross (317) and of Bystrom and Westgren (118, 122) and the 
neutron diffraction study of Fayek and Leciejewicz (233)) Pb304 has a 
class I crystal structure in which lead ions in very different environments 

FIU. 42. The class I crystal structure of Pb3O4 (756) 

share oxide ligands. As shown in Fig. 42, the Pb(1V) ions lie a t  the centers 
of oxygen atom octahedra which share edges to form chains and have 
Pb(1V)-0 distances equal to  2.15 A, whereas the Pb(I1) are inserted 
between the Pb1\'06 chains in such a way that each has three oxygen 
atoms a t  about 2.2-2.3 A, the next nearest oxygen neighbor being a t  
3.0 A. The O-Pb(I1)-0 angles are all approximately 90". Consonant 
with the class I structure, polycrystalline PbyPb1\'04 has a resistivity 
of 1012 ohm cm (769),  and a color (red) which would appear to be just the 
sum of the colors of Pb"0 (red) and Pb1"02 (red). The bonding and 
hybridization in Pb304 have been discussed by Dickens (194). 

An anhydrous form of lead sesquioxide, Pb203, can be produced by 
hydrothermal synthesis as large crystals of a lustrous jet black color 
(143).  The striking difference between the colors of Pb203 and Pb304 a t  
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first suggests that the lead ion environments are not nearly as dissimilar 
in PbzO, as they are in Pb,O,. The structure of Pb203 has been only 
partially solved, the all-important positions of the oxygen atoms still 
being in some doubt (120 ,127) .  It appears that one type of lead atom is 
a t  the center of a distorted square with a mean Pb-0 distance of 2.1 8, 
whereas the second type of lead atom is a t  the center of a distorted 
octahedron with four Pb-0 distances equal to 2.39 b, and two additional 
oxygens a t  2.81 8. If this is so, the two types of lead ion in Pbz03 would 
seem to form a class I system, judging from our limited experience. On 
the other hand, the black color of PbzO, would seem more understandable 
if it were a class I1 system. However, the black color may be due to a 
constituent ion absorption. Because there are two ions of lower valence 
for every ion of higher valence in Pb,O,, and because the crystal contains 
twice as many metal ion sites of one type as of the other, the stoichio- 
metry clearly suggests which oxidation states occupy which metal ion 
sites. Such is not the case in PbzOs. However, although the question of 
which oxidation state of lead occupies which type of site in Pb203 cannot 
be answered a priori, the bond distances suggest that the Pb(1V) ions are 
in the distorted square sites and the Pb(I1) ions are in the distorted 
octahedral sites. 

The resistivity of Pb203 is reported as 10“ ohm cm, a value which is a 
composite of bulk resistance, surface resistance, contact resistance, and 
grain-contact resistance values (769). The fact that the reported 
resistivities of Pbz03 and class I Pb,O, are of the same order of magnitude 
demonstrates either the difficulty of divining the significance of resist- 
ivities as measured on powders, or that Pbz03 really is a class I system 
as intimated by its crystal structure. Only further work can decide which 
is the case. 

An experiment widely quoted as refuting the “oscillating valence” 
concept was preformed by Zintl and Rauch (817)  on the mixed valence 
hydrate Pbz03 . 3H20 .  This yellow-orange material was synthesized, 
using radioactive Pb(I1) and inactive Pb(IV) in a way previously shown 
not to exchange the Pb(I1) and Pb(1V) ions. The solid was irradiated 
for 3 hours and then decomposed, again without exchange, and the two 
types of lead were separated and then assayed for radioactivity. It 
was found that, after irradiation and decomposition, the Pb(1V) was 
only 1.3% as radioactive as the Pb(I1). From this, the conclusion was 
drawn that in this compound, the valences did not oscillate on irradia- 
tion with light and, by analogy, that they did not oscillate in any other 
mixed valence compound. With the advantage of hindsight, one can 
point out that, although no structure is available for this hydrated oxide, 
its lack of an intense, low-energy mixed valence color suggests that the 
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lead ions are in very different environments in the crystal and that, 
although it is a three-level system (see tin, subsection U), the excited 
state reached in a mixed valence absorption will always relax to the no- 
exchange ground state. This will be especially true in crystals where 
nuclear rearrangements are difficult. Although the Zintl and Rauch 
experiment performed on Pb,0,.3Hz0 therefore sheds no light on the 
problem of “oscillating valence,” the experimental idea has been used 
with interesting results by Craig and Davidson (164) in the aqueous 
Sn(II),Sn(IV) system. 

A brown-black mixed valence lead oxide, earlier known as a-PbO, 
(122) and now known to have the stoichiometry Pb,,019, has been 
briefly described. A crystal structure, deduced both from a single 
crystal X-ray study (122) and from studies of the lead-oxygen phase 
equilibria and powder patterns (12, 769), shows that the structure of 
Pb12O19 is derived from that of tetragonal PbO by the insertion of a 
layer of oxygen atoms between the Pb-0-Pb layers. The result is a 
face-centered, nominally cubic cell having a small monoclinic distortion 
in which all lead atoms are in nearly equivalent, cubic, eightfold 
coordination. Because the lead atoms in Pb12019 occupy slightly dis- 
similar sites (class 11), its resistivity will not be metallic, but should be 
considerably lower than those of Pb304 and Pbz03. This expectation is 
fulfilled, for the resistivity of Pb12O19 is reported to be eight orders of 
magnitude smaller than that of Pb304 and Pb203 (769). 

As expected, orthorhombic PbO is an insulator. Strangely, although 
Pb12019 appears to be a relatively good conductor of electricity, i t  is to 
be noted that, according to the data of White and Roy (769) ,  the single 
valence material Pb”0, has a resistivity which is three orders of 
magnitude smaller still than that of Pbl2OI9. However, it is pertinent to  
note that a sample of analytical reagent grade Pb0,  has been analyzed 
earlier to beofthe compositionPb01.9B~0.04Hz0 (117), thus demonstrat- 
ing that “Pb02” may well be nonstoichiometrically mixed valence, 
although nominally it is not. Bystrom (121) also reports a nonstoichio- 
metric composition for commercial “Pb02.” There are many examples 
of the difficulty of getting oxide crystals of many metals free of interfer- 
ing, extraneous oxidation states. Because of this, it is difficult to assess 
the true meaning of powder conductivities in oxides. 

Infrared spectra of the mixed valence oxides are given by Roy and 
co-workers (768) in a paper concerned primarily with their high pressure- 
high temperature polymorphism. 

The addition of a solution of [MIT1(NH3),]CI3 to an HCl solution 
containing Pb(1V) precipitates a pale colored Pb(1V) salt, which 
subsequently evolves C1, to form darkly colored mixed valence chloro- 
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plumbates(I1,IV). The salts [CO'1'(NH3)6]PbCl, and [CO~~~(NH,),H,O]- 
PbCl, have been investigated by Mori (515),  who found them to be 
diamagnetic. This lack of paramagnetism suggests that, as in the 
Sb(III),Sb(V) halides, the lead in these compounds is in fact an equimolar 
mixture of the diamagnetic ions Pb(I1) and Pb(1V). The corresponding 
chromium salts [Cr111(NH3)6]PbC16 and [Cr'"(NH,),H,O]PbCI, are 
strongly paramagnetic owing to the presence of the Cr(II1) ion. This 
series of four salts present an interesting situation in that the two 
aquopentammines are pale red, as might be expected for a PbIICI,,- 
Pb"C1, system, but the hexammines are reported to be violet-black. 
The suggestion is that the two types of salt have rather different crystal 
structures. 

The crystal structure of the black-violet [CO"~(NH,),]P~C~, was 
investigated by Atoji and Watanabe ( 3 4 ) ,  who found it to be closely 
related to that of [CO~~'(NH,),]T~C~,, a compound studied by them 
earlier (748) .  In  the latter substance, the [T1C1,I3- and [CO(NH~),]~+ ions 
form a cubic sodium chloride type lattice with four formula weights per 
unit cell. Each [T1C1,I3- octahedron is surrounded by eight [Co(NH3),13+ 
groups as nearest neighbors and eight [T1C1,I3- groups as second nearest 
neighbors a t  2* times the Co-T1 distance. The powder pattern of the 
hexachloroplumbate compound was interpreted as showing a cubic cell 
much like that of the hexachlorothallate, in spite of several lines observed 
in the former which are not present in the latter. If the hexachloro- 
plumbate is indeed cubic as claimed, then either all lead ions must have 
the intermediate valence 3+ and be paramagnetic, or the system is 
metallic. The situation is completely analogous to the dilemma discussed 
in the case of the M2SbX6 salts, where a cubic structure implied a para- 
magnetic species, yet the compounds are observed to be diamagnetic. 
And just as the solution to that dilemma rested on showing that the 
crystals were in fact tetragonal, not cubic, i t  seems a good guess that a 
more careful study of [CO(NH,),#bC1, will show that it too is tetragonal, 
with valences trapped as Pb'ICl, and PbIVC16. Indeed, some of the weak 
lines in the powder pattern of the lead compound index as reflections not 
allowed in the cubic space group reported for it (180). 

If the valences are really trapped, then the PbCI, sublattice of 
[Co(NH,),]PbCl, is probably related quite closely to the SbBr, super- 
lattice of (NH,)2SbBr, (Fig. 46). The analogy between the lead and 
antimony mixed valence halides can be carried further, since Sb( 111) 
and Sb(V) areisoelectronic with Pb(I1) andPb(IV), except for adifference 
in principal quantum number, and hence should have quite similar 
mixed valence spectra. The powder reflection spectrum of [Co(NH,), ] 
PbCl, (shown in Fig. 43) contains intense bands at  lower frequencies 
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than the absorptions of the component ions, which should probably be 
assigned as class I1 mixed valence transitions, although in this case some 
care is needed to distinguish the mixed valence absorption from absorp- 
tion due to the [ C O ( N H ~ ) ~ ] ~ +  ion. 

I n  this regard, it is of interest that the narrow band a t  36,300 cm-l 
corresponds very closely in energy to the lS, -+ 3P, ( 6 2  --f 6s16p1) 
transition of the Pb(I1) ion in KC1 (807). Again, as with the corresponding 
antimony halides, the frequency and intensity of the mixed valence 
transition in the chloroplumbates(I1, IV) would appear to depend upon 
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FIG. 43. The diffuse reflectance spectrum of [Co1"(NH3)6]PbC16 (180) .  

the overlap of halide orbitals on neighboring MX, groups transforming 
the system into class 11. Not unexpectedly, the far infrared spectrum of 
[Co(NH,),]PbCl, (42 )  containsa band coincident withthat of [PbXVCl,J-, 
as well as bands at lower frequencies presumably due t o  [Pb1'C1,I4-. 

Arguing by analogy with the BiG+ ion characterized by Hershaft and 
Corbett (356, 357), Britton (98) had proposed that the isoelectronic ion 
Phi- of Zintl and co-workers (818) also has the tripyramidal structure 
(Fig. 44). The suggestion of Marsh and Shoemaker (483) that the Pbt- 
ion is formed of three Pb, tetrahedra sharing two vertices each is readily 
seen to be equivalent to Britton's description with allowances for 
distortion. 

A brief note by Gasperin (270) describes the structure of a mixed 
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valence lead oxychloride of the composition Pb3JJ1,S04, in which 10% 
of the metal ion sites are empty, 50% of these sites being filled with 
Pb(I1) and 32 yo with Pb(1V). In  the ideal structure, all metal ion sites are 
equivalent, having as nearest neighbors four oxygen atoms and one 
chlorine atom in a square bipyramidal arrangement. As the material is 
reported to be yellow, i t  appears that the true structure involves consider- 
able distortion from the ideal, such that the lead valences are firmly 
trapped as in a class I system. 

FIG. 44. The structure proposed 
for the Pb:- ion and observed in the 
iso-electronic Biz+ ion in crystalline 
Bil~C114. 

A second compound of apparently nonintegral stoichiometry , 
PbsSb208.47, is discussed by Kuznetsov and Koz’min (452). I n  this 
substance, the ratio Sb(V):Pb(IV) :Pb(II)  is equal to 4.0:  1 :5.0, and the 
two valences of lead appear trapped, the ions being in different environ- 
ments. The Pb(1V) is eight-coordinated with six oxygens a t  2.19 A and 
two at  2.30 A, whereas the Pb(I1) is six-coordinated with oxygens a t  
2.43 A. There is no description of the physical properties of Pb,SbeOs.47. 

A nominally trivalent lead fluoride, PbF,, has been mentioned (371) ,  
but nothing appears to be known about it. 

W. PHOSPHORUS A N D  ARSENIC 

Between the two phosphorus oxides, P,VOlo and P,TIf06, there exist 
three intermediate oxides, P409, P,OS, and P407, each of which contains 
P(II1) and P ( V )  oxidation states in the same molecule. As can be seen 
from the structures given below, the valences in these molecules are 



382 MELVIN B. ROBIN AND PETER DAY 

firmly trapped as P(II1) and P(V), and so the crystals are class I (353, 
400, 401) : 

0 

p4°10 p409 P40e e l 0 7  p4 06  

These mixed valence oxides are colorless and diamagnetic, as expected. 
Similar mixed valence oxides are reported in the arsenic oxide (466) and 
the phosphorus sulfide (199) systems. As might be expected from the 
lack of color in the solid mixed valence arsenic oxides, a concentrated 
HCl solution containing As(II1) and As(V) failed to give a mixed valence 
absorption band in the 14,000-31,000 cm-’ region (772). 

X. ANTIMONY 

There are two general types of mixed valence system thought to 
contain Sb(II1) and Sb(V) ions. The double halides of Sb(II1) and Sb(V) 
are, with one exception, of a very dark violet, blue, or black color and all 
present interesting problems in electronic structure, color, magnetism, 
and molecular structure. The mixed valence antimony oxides, on the 
other hand, are colorless, and, in the light of the deeply colored halides, 
present yet another problem in the study of color and constitution. 

Salts of antimony of the kind Cs,SbX, were long ago regarded as 
examples of the 4+ oxidation state of antimony. Although the possibility 
of the presence of Sb(1V) in such halide salts now appears quite remote, 
there still remains considerable confusion as to the molecular and 
electronic structures of the component ions, in spite of recent efforts to 
rationalize seemingly contradictory experimental results. Setterberg 
(654) first synthesized the intensely blue salt CszSbC18 from the colorless 
components CsCl, SbCl,, and SbC16, and raised the question as to whether 
it was a salt of Sb(1V) or was to be formulated as the mixed valence 
compound Cs4Sb1”SbVC1,,. For comparison, the salts Rb3Sb11’C1, and 
RbSbVC16 are colorless and pale yellow-green, respectively. The first 
indication that Cs2SbC16 was a salt of Sb(1V) came from the work of 
Wells and Metzger (757), who showed that it was isostructural with 
CS2PbxVC16, forming mixed crystals with i t  having a pale to dark green 
color depending upon the Sb/Pb ratio. Following this, black RbzSbC1, 
was found to give violet-colored mixed crystals with Rb,PtIVCl6, as did 
the corresponding potassium salts, and the unstable (NH,),SbCl, was 
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obtained readily as a deeply colored mixed crystal with either 
(NH4)2Pt1VC16 or (NH4),Sn1VC16 (752).  That these salts contain Sb(1V) 
was apparently confirmed by X-ray powder diffraction work on 
(NH,),SbBr,, Rb,SbBr,, and Rb2SbCl,, in which consideration of 
extinctions and intensities led to the conclusion that each of the salts is 
face-centered cubic (381), having the anti-fluorite structure of the 
M2Pt1VC1, salts. Thus, in these salts all antimony ions appeared to be 
crystallographically equivalent, and the unusual colors were therefore 
ascribed to the Sb(1V) ion in octahedral coordination. 

The Sb(1V) ion has the outer electronic configuration 5s1 and as such 
should show the paramagnetism characteristic of a ,S state, whereas the 
ions Sb(II1) and Sb(V), being 5s' and 5s0, respectively, are diamagnetic. 
Repeated magnetic susceptibility measurements on the MzSbX6 salts 
and on (NH4),(Sb,Sn)C1, have shown them in every case to be dia- 
magnetic with X g  - 0.3 x lo-' cgs (28,29,218,381,382).  Although dem- 
onstrating that these substances do not contain magnetically dilute 
Sb(1V) ions, the observed diamagnetism may not rule out a strongly 
antiferromagnetic aggregation of Sb(1V). The latter possibility, however, 
is a remote one, for the crystal structure determination shows that 
neither direct Sb-Sb interactions nor bridged configurations of the type 
Sb-X-Sb are present, but, instead, only SbX,-X,Sb contacts with a 
center-to-center distance of about 7 A, a grouping which has never been 
found to give antiferromagnetic ordering at  300°K. On the other hand, 
the observed diamagnetism of these compounds agrees with the Sb(III),- 
Sb(V) formulation. 

The high resistivity of the salts (29, 382) demonstrates that, if they 
are indeed mixed valence, the valences are firmly trapped, although it 
should be marked that thermally activated electron transfer remains a 
possibility in class I1 mixed valence systems. Indeed, (NH4)2(Sb,Snl-,)- 
C1, mixed crystals behave as high resistance semiconductors (33) ,  with 
a room temperature resistivity which drops sharply with increasing 
antimony concentration. On the other hand, the thermal activation 
energy for conductivity is almost independent of composition, suggesting 
that it is dominated by the energy of mobility rather than production of 
charge carriers, as in mixed valence hopping semiconductors like 
Li,Nil-,O (Section 111, G). 

In an interesting application of the continuous variation technique 
to the problem of the valences in the solid state, Brauer and Schnell(91) 
attempted to refute the presence of Sb(1V) in these complexes. In  this 
experiment, the intensity of light reflected from powdered samples was 
measured as the concentration of (NH,),SbBr, was increased in the 
host crystal (NH,),SnBr,. Here, as in the solution work (vide in&), it  
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was found that, at  low antimony concentrations, the reflectivity varied 
as the square root of the (NH4),SbBr, concentration and not linearly 
as would be expected if the chromophoric grouping were [SbIVBr,12-. 
At higher antimony concentrations, the variation of the reflected light 
intensity with antimony concentration was not so marked. Such solid 
state spectrophotometry can sometimes yield useful results when 
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FIG. 45. The diffuse reflectance spectrum of solid solutions of (NH4)zSbBrs in 
(NH4)zSnBre a t  high (-), and low (---) concentrations. The bands B and C 
are mixed valence transitions. 

comparisons are made between sets of very similar samples and pre- 
cautions are taken to ensure uniform particle sizes. However, it  is not 
clear whether such precautions were taken in this case, and since the 
frequency at  which measurements were made (21,300 cm-l) does not 
correspond to the interaction absorption frequency (Fig. 45), it is difficult 
to draw conclusions from the experiment. 

Further evidence of the mixed valence nature of the hexahalo- 
antimoniates was provided by Turco and co-workers (711-714), who 
have shown in a series of studies that the introduction of radioactive 
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Sb(II1) into these salts does not yield equal amounts of radioactive 
Sb(II1) and Sb(V) on decomposition, as would be expected if all the 
antimony ions in the crystal were equivalent. They also report that 
Rb2SbC1, can be made with Sb(V)/Sb(III) ratios as large as 1.6, while 
still maintaining the color and external form of the 1 : 1 substance. Even 
larger deviations of the Sb(V)/Sb(III) ratio from 1.0 were reported for 
the mixed crystals of (NH4)2SbC16 in (NH4)2SnCI,, but a recent study of 
this system (33) did not confirm this result. 

The major objection to the Sb(III),Sb(V) mixed valence model of the 
M2SbX6 crystals was removed by Tovborg Jensen and Rasmussen (705),  
who found that the crystals reported as cubic by Jensen (381) are in fact 
tetragonal with c/a = 1.43, whereas this ratio is 1.414 for a cubic cell. In  
particular, it was found that (NH4),SbBr6, RbzSbBr6, and CszSbBr6 are 
tetragonal and that Rb,SbC16 is strictly cubic but has an anomalous 
X-ray intensity distribution, which suggests disorder among the Sb(II1) 
and Sb(V) ions. Recent confirmation of Tovborg Jensen and Rasmussen's 
powder measurements has come from single crystal X-ray work by 
Lawton and Jacobson (456) on (NH4)zSbBr6. They found a small tetra- 
gonal distortion of the cubic cell resulting from ordering of the [SbVBr6]- 
and [Sb"'Br613- units, as shown in Fig. 46. In  this structure, each 
[SbBr613- is surrounded by eight [SbBr6]- and four [SbBr613- ions, and 
vice versa. The average Sb(II1)-Br and Sb(V)-Br bond lengths were 
2.795 A and 2.564 A, respectively. Thus, the sites of the two types of 
antimony ion are quite similar, which, when taken with the mixed 
valence absorption in the visible, strongly suggests that the system is 
class 11. However, it is not immediately obvious how this can be, since 
there do not appear to be any shared ligands. 

Experimentally, the only spectra available are those obtained by 
diffuse reflection by Day (178) in the systems Mz[Sb,Sn]X,, where 
M = K, NH,, N(CH,),, N(C2H5),, Rb, or Cs, and X is C1 or Br (Figs. 45 
and 47). The latter was recorded as the difference spectrum between 
samples of differing dilutions and thus accentuates the visible absorption. 
In these spectra, the host lattice absorptions are assigned as those bands 
which do not lose intensity on lowering the concentration of antimony in 
the solid solution. I n  the cesium stannic chloride mixed crystal, the 
sharp band at  31,000 em-' (marked A) is most probably the lX0 + 
component of the 5s2 --f 5s15p' transition in Sb(III), which occurs a t  
29,000 em-' in [Co(NH,),] [Sb'"C16]. The first absorption band of 
[Sb"Cl,]-, which occurs at  37,000 cm-' in solution (772) ,  is hidden under 
the host lattice absorption. The lower frequency bands (marked B and C 
in Figs. 45 and 47) are clearly the interaction bands responsible for the 
mixed valence color in M2SbX6 systems. 
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Day (178) suggested that the two mixed valence transitions B and C 
are the singlet and triplet components of the lowest symmetry-allowed 
excitation, but i t  does not now seem likely that an exchange interaction 

FIG. 46. The class I1 tetragonal unit cell of (NH~)~Sb" 'SbVBr~~,  showing the 
relative disposition of SbVBr6 and Sb"'Br6 octahedra. The distortion of the SbVBre 
octahedron is as indicated at the bottom (456) .  

between two 5s orbitals separated by about 7 A could produce a singlet- 
triplet separation of '3000 cm-'. Two other explanations present them- 
selves. As can be seen from Fig. 46, each Sb(II1) ion in (NH4)2SbBr, is 
surrounded by four Sb(V) ions in a plane, and by four Sb(V) ions a t  the 
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vertices of a tetrahedron. If the salts that Day investigated also have this 
structure and are sufficiently tetragonal, then two symmetry-allowed 
mixed valence absorption bands would be expected, one, a doubly 
degenerate, in-plane-polarized transition involving the Sb(II1) ion and 
the planar array of Sb(V) ions, and the second a nearly triply degenerate, 
weakly polarized transition involving the Sb(II1) ion and the tetrahedral 
array of Sb(V) ions. Another explanation for the second band is that 
electron transfer occurs to higher orbitals on the Sb(V). The transition 
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FIG. 47. The diffuse reflectance spectra of CszSnCl6 (---), and of CszSbCl6 
doped into CszSnCl6 (-) (180) .  

--f $A5~1$B5p1 is expected to lie above $A5s2$,5s0 + 
4A5s1$B5s1 by an amount corresponding to the excitation t,hn5s1 + 
$,5p', which is about 86,000 cm-' in the Sb(1V) free ion (510), but could 
be considerably less when the Sb(1V) is imbedded in a crystal as a hexa- 
halogen anion. 

As was seen in Section 11, for a mixed valence transition in the trapped 
valence case, the transition moment cannot be large unless there is 
overlap between the functions, 

YA(5s) and C CiYB,(5s) 
The former function is that of the 5s orbital on the central antimony ion, 
and the sum is taken over the 5s orbitals of the surrounding antimony 
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ions, with the signs of the coefficients Ci taken so as to give a function 
which has a single nodal plane. Thus the qualitative reports, which 
describe the M2SbX6 mixed valence colors as very intense, necessitate 
a significant overlap between the antimony ion wave functions of 
neighboring Sb"'X, and SbVX, groups. This is rather unexpected since 
the Sb-Sb distance is approximately 7 A in all cases. The required 
overlap between the antimony could be imagined to arise from de- 
localization of the 5s orbitals through a-bond formation with the halide 
p a  orbitals. If the halide ions on adjacent [SbXJ and [SbX,]3- ions 
have a nonzero overlap, there is then formed a path over which an 
electron could be transferred from Sb(II1) to Sb(V). That such an 
SbX6-X6Sb overlap may exist was first suggested by Jensen (382), but 
Lawton and Jacobson state specifically that there is nothing in the least 
unusual about the SbBr,-sbBr, distances in (NH4)2SbBr, (456). Since 
it is notoriously difficult to assess absorption intensities in solids from 
visual depth of color, it may well be that the transition moment of the 
mixed valence absorption and the associated overlap are really quite 
small, and that it is this small ligand-ligand overlap which turns the 
formally class I system into a class I1 system with a visible mixed 
valence absorption. Charge transfer from halide to metal in adjacent 
hexahalogen anions has been proposed already by Owen to explain the 
antiferromagnetic interaction between the Ir(IV) ions in the lattice of 
K,IrCI, (553). 

As might be expected, the substitution of the Sb(II1) in 
M4Sb1"SbVCI1, by the ions Fe(II1) or In(II1) changes the color from 
black to pale yellow, since all metal ions are then fully oxidized and there 
is no electron readily available for low-energy transfer. Day (178) 
reports the intermolecular charge transfer transition of Cs4In1"SbVCl1, 
to  fall at  30,800 cm-l, and that of the TI(II1) analog to fall at 29,600 cm-'. 
The corresponding Bi(II1) compound has a deep red color with a 
maximum at 24,000 cm-l in the diffuse reflectance spectrum. 

Many other halide salts have been described as containing Sb(II1) 
and Sb(V). Brauer and Schnell (89) have prepared black Rb3Sb2Brll 
and also mention the salt TlSbCl,. Since this latter substance is re- 
ported to have only a pale color, and in view of the fact that the mixed 
valence thallium chloride compounds are never deeply colored, it may be 
more reasonable to consider it as being T1lT1lllSb~l'Cl rather 
than TI$3b1"SbVCI The materials Rb,Sb ,C1 18, (NH 4) ,Sb,CI 2, 

(pyH),Sb3C11,, and (pyH)llSb5C130 (752) are all brown-black crystalline 
solids of apparent mixed valence constitution, but a recent X-ray study 
of [N(CH3)4]3Sb2Brll (455) reveals that the compound is not an example 
of antimony mixed valence, for [Sb;"Br,l3- groups alternate with 
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bromine molecules in the lattice. The only mixed valence antimony 
fluorides reported to date have the compositions Sbi1ISbVFI, and 
Sb;I1SbVF,, (607), and are low melting, colorless solids. 

Ephraim and Weinberg (224) report a thermochromic effect in an 
Sb(III),Sb(V) halide system which certainly deserves more exploration, 
both crystallographically and spectroscopically. Addition of NH,CI in 
sufficient quantity to a molten mixture of SbC13 and SbCl, leads to the 
formation of a black mass which on cooling becomes colorless. Heating 
then restores the black color, and the white-black cycle can be repeated 
indefinitely. Clearly, more crystallographic and spectroscopic work will 
be needed before a clear picture emerges of the relationship between the 
color and constitution of the many mixed valence antimony halides. 

The "interaction color" of concentrated HCI solutions containing 
both SbC1, and SbCl,, first observed by Weinland and Schmid (752), has 
since been studied by a very large number of workers. Hydrochloric acid 
solutions of SbC13 and SbCl, are colorless and pale yellow, respectively, 
and both obey Beer's law, showing that there are no Sb(II1)-Sb(II1) or 
Sb(V)-Sb(V) interactions in the solutions. However, the HCI solution 
containing both Sb(II1) and Sb(V) is a deep lemon-yellow to brown color, 
and continuous variation studies show that the concentration of the 
species responsible for the mixed valence absorption, as measured by the 
optical density of the solutions a t  frequencies where the components are 
only weakly absorbing, is a maximum for [Sb(III)J/[Sb(V)] = 1.  More- 
over, the concentration of this colored species varies as the product 
[Sb(III)] [Sb(V)] (177, 215, 770, 772). These facts are consistent with a 
color-producing reaction of the sort 

HC1 
Sh"'C13 + SbVClS ---+ SbIIIC1,Sb" 

but inconsistent with the reaction 
HCl 

Sh"'C13 + SbVCls + 2Sh'VClz 

It is to be noted, however, that, since the two antimony atoms in a mixed 
valence dimer complex in solution might very well have identical ligand 
fields, the spectrophotometric studies do not rule out the formation of 
SbIVCl,SbTV in these solutions. The susceptibilities of the Sb(III),Sb(V) 
solutions have not been measured. 

Studies of electrochemical redox reactions (,101,102) as well as radio- 
chemical exchange experiments (79,434,529) also point to the formation 
of an Sb(III),Sb(V) dimer in concentrated HC1 solutions. Bonner and 
Goishi (79) made a careful study of the rate of electron exchange in HC1 
solutions, using 124Sb as a tracer. The exchange rate increased steadily 
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with increasing HCI concentration, reaching a maximum a t  approxi- 
mately 9.3 M HC1 and decreasing again in 12 M HCl. Up to 8 M HCl, 
complex exchange curves were observed and explained by slow inter- 
conversion among two complexes of Sb(V) which exchange a t  different 
rates with Sb(II1). To discover whether the interaction absorption 
complex in solution was also the reaction intermediate for exchange, they 
made qualitative observations on the interaction absorption in non- 
equilibrium solutions. Their conclusion was that the interaction absorp- 
tion, which occurs only between [Sb"ICl,]- and [SbVCI,]- ions, does not 
result from a symmetrical dimer, nor does it lead to a symmetrical 
excited state, because there is no correlation with the rate of electron 
exchange. Transition states such as [C15Sb111ClSbVC15]3-, [Cl,SbII'- 
C1,SbVC14]2-, and [C14Sb111C12SbVC13]- have been suggested for the 
thermochemical electron exchange (434 ,529) ,  but no unequivocal choice 
has been made between them. However, the fact that the mixed valence 
dimer has a class I1 absorption suggests that  the coordinations about the 
two antimony ions are very similar. 

Under the influence of an electric field, the colored Sb(III),Sb(V) 
species in 12 M HCl was found to migrate to  the positive electrode (215) ,  
showing that it had a negative charge. Thus, there are more than eight 
chloride ions in the mixed valence complex [SblllSbVCI,y-. Although a 
high formal concentration of HC1 is required to  form the complex, a 
brown color is also reported to form on heating a mixture of pure SbC13 
and SbC154 (224) .  Usanovitch et al. (715) studied this system and con- 
cluded that the components reacted to  form the ion pair [SbCl,]-[SbCl,]'. 

Solution of metallic antimony in the molten halides SbXs might be 
expected to lead to the formation of reduced species in the presence of 
the oxidized SbXs, and thence to mixed valence compounds. However, 
Corbett and students (107 ,151)  have studied the product of dissolution 
of antimony in Sb13 and found it to be diamagnetic Sb21,. 

The oxides of antimony present a most interesting contrast, for 
although the mixed valence halides are black, the mixed valence oxides 
are colorless! The difference is even more striking when one realizes that 

4 Whitney and Davidson (772)  report that there is no perceptible color change 
on cooling the concentrated HCI solution of SbCls and SbCl5 to - SOT, and conclude 
that the reaction forming the colored species has a very low heat. An alternate 
explanation rests on the fact that, in any case, one sees only the band edge as the 
source of color and the intensity of absorption in the band edge will decrease 
rapidly with a decrease in temperature. The experimental result is then under- 
standable as the simultaneous decrease of visible absorption intensity per absorbing 
molecule, and increase of the number of absorbing species as the temperature is 
decreased. According to such an explanation, the heat of dimer formation could be 
appreciable. 
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the oxides contain anions bridging the mixed valence antimony whereas, 
formally, the halides do not. As expected, the difference in color of the 
oxides and halides can be traced directly to differences in structure. 

The primary product formed on heating hydrated Sbz05 is Sb30,0H, 
which contains two gram ions of Sb(V) and one gram ion of Sb(II1) per 
formula weight, and is reported to be colorless to pale yellow, suggesting 
a class I crystal structure. After a few near misses (185,527), the crystal 
structure of Sb30aOH was finally deduced by Dihlstrom and Westgren 
(196) from the powder pattern. They found a face-centered, cubic cell 
in which all the Sb(V) ions lie a t  the centers of oxide ion octahedra having 
an Sb(V)-0 distance of 2.02 A, whereas each of the Sb(II1) ions is 
surrounded by six oxide ions at  a distance of 2.48 d and two OH- ions a t  
2.23 A. Since a normal Sb(II1)-0 distance is 2.02-2.1 A, the Sb(II1) is 
in effect only two-coordinated and the other six oxygens, which simul- 
taneously surround the Sb(II1) ion and form octahedra with the Sb(V) 
ions, have only a very weak interaction with the former. Thus it appears 
possible to rationalize the lack of color in this compound as the conse- 
quence of a class I crystal structure. 

On further dehydration of Sb3060H by prolonged heating a t  900°C, 
the colorless, diamagnetic, insulating, mixed valence oxide a-Sb204 is 
formed. Although a structure had been advanced for a-Sbz04 in which 
both the Sb(II1) and Sb(V) ions were octahedrally coordinated (197), 
Wells (756) has criticized it, pointing out that the four shortest Sb(II1)-0 
distances were 0.5 d longer than the 2.0 A expected. The validity of this 
criticism is now apparent from the work of Skapski and Rogers (599, 
670), who solved the crystal structures of a-Sb204 and of a second 
polymorph B-Sbz04. In  both the a and forms of Sb204 the Sb(V) ions 
are found in layers, each Sb(V) being at  the center of a slightly deformed 
octahedron with Sb-0 distances ranging from 1.956 to 1.990 A. On the 
other hand, the Sb(II1) ions form columns between the layers with each 
Sb(II1) ion having two oxide ions at  2.032 d and two a t  2.218 d (as 
shown in Fig. 48). Although the color of p-Sb,04 is not given, one pre- 
sumes that it is colorless, like the a-Sb204 from which it is made, and that 
both are class I systems. Titration of solutions of Sbz04 in mineral acids 
is said to show that the antimony in such solutions is present as Sb(II1) 
and Sb(V) in equal amounts (435). 

There is a naturally occurring mixed valence mineral, stibiconite, 
which has the general formula 

[Sb"',Crt],Sb~-,( O,OH,HaO)e-., 

in which x varies from zero to almost one, and y is approximately one 
(486).  Because this yellow mineral has been shown to be isostructural 
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with the pyrochlore minerals (5 ,  389, 810), it no doubt has a structure 
closely related to that of Sb,OBOH, described above, with Sb(II1) and 
Sb(V) ions in distinctly different environments. 

Thus, in the mixed valence antimony oxides, the Sb(V) ion prefers a 
sixfold, octahedral coordination, whereas the Sb( 111) ion has only four 

h 

\ 

FIG. 48. The class I crystal structnres of a-Sbz04, upper, and P-SbzOa, lower 
(599, 670).  

near neighbors. The fact that  no mixed valence optical transition is 
observed in the visible region in these compounds, even though there are 
Sb(II1)-0-Sb(V) bridges, may result not only from the difference in site 
symmetries, but also from the very high stability of the Sb(II1) ion in 
fourfold coordination and its consequent resistance to thermal or photo- 
chemical oxidation. The mixed valence oxide P-Sb2O4 can be heated to 
over 1000°C in oxygen without oxidation of the Sb(II1). 
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Y. BISMUTH 

Metallic bismuth has long been known to dissolve in molten bismuth 
trichloride, forming lower halides of debatable composition (149).  
Although BiCl is a predominant species in the gas phase reaction, the 
condensed phase reaction has been shown by a single crystal X-ray 
study to  yield a compound of the stoichiometry Bil2CII4 (356,357). The 
compound was shown to consist of two [BiCl,]'-, one-half [BiZC1,l2-, 
and one mole of the mixed valence cation Bii+ per formula weight. This 
latter cation is a tripyramid of nominal symmetry D3h, having six 
bismuth atoms at  the vertices of a trigonal prism and a bismuth atom 
placed symmetrically above each of the three rectangular faces of the 
prism (Fig. 44). Although the observed structure of Bi$+ is of a symmetry 
lower than i t  approximates the ideal arrangement wherein all nine 
bismuth atoms are equidistant from a central point. As there are two 
types of bismuth atom in the complex (the six prism atoms and the three 
equatorial ones), one might at first attempt to assign integral valences in 
accord with the trapped valence model. However, this is not possible if 
the overall charge is to be 5+. Thus the ion is a class III-A system in 
spite of certain inequivalences between atoms, and is best considered by 
using molecular orbital theory. This has been done by Corbett and 
Rundle (153), who found that the MO theory, using 6p orbitals only, 
predicts a diamagnetic ground state, as observed, and that the equatorial 
atoms are much less positive than the prism atoms. 

Spectroscopically, there are no quantitative data for BilzCllr, but i t  
is reported to form shiny black prisms, the color being due no doubt to 
the Bii+ cation. Because the mixed valence Big+ units are separated by 
essentially insulating material, the Bi12Cl14 crystals will probably be 
found to be insulators, unless, however, there is an additional mixed 
valence interaction between the reduced Bi;+ and oxidized [Bi1"C1 ,I2- 
groups. 

Spectra of Bi-BiC1, melts recorded by Boston and Smith (81) in the 
visible region show a large absorption tail in the 20,000-25,000 cm-' 
region due to hot BiCI, (BiC1, in a KCl matrix shows a transition centered 
at  30,500 cm-l) (277) and a broad band centered a t  17,860 cm-' with a 
weak shoulder claimed at  16,400 cm-', the combination of the three 
acting to make the melt black. The large deviation from Beer's law 
observed by them in the visible region was felt to be due to the presence 
of two species of unknown structure, each absorbing in the same spectral 
region. It is to be remembered, however, that, although the black sub- 
stance Bi,,CIl4 is a solid recovered from a solution of bismuth in BiCI,, 
there is in fact no evidence for the Bii+ ion in the melt. I n  a later spectral 
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study, Bjerrum et al. (71) found that solution of metallic bismuth in 
dilute solutions of BiC1, in liquid AlC1,-NaCl and ZnC1,-KCl eutectics 
resulted in the formation of Bi+ ions with three bands in the 10,000- 
16,000 cm-l region, and Bif+ ions with major bands a t  12,000 and 
25,000 cm-'. This latter mixed valence species may be further co- 
ordinated by halide ions. 

The magnetic susceptibility of Bi-BiC1, solutions has been measured 
by Nachtrieb (523).  I n  accord with the observed lack of electronic 
conduction in the dilute melts (30, 31),  the Bi-BiC1, solutions are 
diamagnetic, indicating that there are neither metallic conduction 
electrons nor neutral ground state Bi atoms (4Sslz) in the melt. Thus the 
dissolved metallic bismuth is associated with itself and/or the BiC1, 
solvent. The susceptibilities and conductivities of solutions of bismuth 
metal in molten BiBr, (308) and BiI, (307, 576, 704) have also been 
studied recently. 

There are a few bismuth oxides about which little can be said, but 
which may later prove to be of mixed valence interest. Zemann (811) has 
described the preparation and results of a crystal structure study of an 
orange-red "bismuth acid," thought to contain Bi(II1) and Bi(1V) in a 
structure like that of "antimony acid," Sb1"Sb;O60H. In addition to  
the red and brown-black forms of Bj204.zHz0 (639), anhydrous BiO 
has been reported (809). BiO has a slightly distorted sphalerite structure 
and probably contains equal numbers of Bi(1) and Bi(II1) ions. 

Z. LANTHANIDES 

The reduction of CeIV02 by Hz at high temperatures results in the 
formation of lower oxides of cerium having a deep blue-black color, 
which fades to pale yellow-green as the reduction proceeds to Ce:I1O3 
(64 ,65 ,86 ,92 ,587) .  Similar lower mixed valence oxides can be produced 
by firing mixtures of Ce1'O2 and Ce;"O3 (88,108) .  Studies of the phase 
diagram in the region CeOz-Ce01.50 show the presence of three stoichio- 
metric intermediate phases, CellOzo, CeQOI6, and Ce,Olz, and two other 
regions of composition CeOl.io-Ce01.6i and Ce01.67-Ce01.50 (64, 65,88).  
There is no evidence for the earlier reported compound Ce407. The 
stoichiometric intermediate phases have rhombohedra1 structures based 
on that of fluorite with an extension along a cube diagonal. I n  these 
structures, the cation lattice is complete, but there is presumed to be an 
ordering of vacancies in the anion lattice. The other two regions of lower 
oxide homogeneity have the type-C and type-A rare earth oxide 
structures, respectively (64) .  The lower cerium oxides are most likely 
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class I1 systems, but no other physical measurements on them have been 
reported as yet. 

Numerous mixed valence oxides of the other lanthanide elements 
known to exist in oxidation states higher than 3+, i.e., praseodymium 
and terbium, have also been widely studied. The best known praseo- 
dymium oxide is Pr,Oll, which is formed when any other praseodymium 
oxide or oxy-salt is strongly heated in air. There was once speculation 
(573) that praseodymium could be oxidized beyond 4+ in the presence 
of other trivalent rare earths, and, on this basis, PreOll was given the 
formula 2PriI1O3.Pr,VO5, and PrIV02 was thought to be Pri1IO3.Pr;O5. 
Marsh (482), however, was able to oxidize praseodymium only to the 4+ 
oxidation state, a conclusion many times reconfirmed (229,485,500,501). 
The major features of the phase diagram between Prop5 and Pro,  were 
mapped by Martin (ads),  who found two types of phase, one cubic, with 
essentially the fluorite lattice of Pro, systematically deficient in oxygen, 
and the other hexagonal, based on the A-type Pr203 lattice. Since 1950 
many structural investigations of the Pro, system have been made by 
Brauer (88) and by Eyring and his associates, whose results have recently 
been reviewed (229). We shall not go into details here, except to say that, 
for carefully annealed samples, it  now seems likely that the entire range 
of composition between Pr01.5 and Pro2 will be resolved into definite 
compounds with narrow composition ranges separated by two-phase 
regions. The existence of a homologous series M,Oz,-l has been proposed 
(229), with slabs of M 0 2  joined by facesharing of their coordination 
polyhedra, as in A-type M203. 

Similar conclusions would apply to the terbium oxides, of which 
Tb,O, and TbeOll were characterized by Prandtl and Rieder (573) and 
confirmed by Gruen et al. (322), and may also be relevant to the so-called 
solid solutions of La203, Nd203, and Smz03 in CeOz and Pro2. The latter 
were said (167,168) to show a region of homogeneity from MOz to about 
60 yo M203, but closer examination might reveal details of ordering 
comparable to that found with the mixed valence transition metal oxides 
(compare Ti,OznW1 and Cr~l*Ti~!zOzn-l, for example). 

Measurements of the physical properties of the lanthanide(II1,IV) 
oxides began with the observation of Foex (255) that Pr,Oll had a 
conductivity a t  500°C a t  least lo7  times greater than that of Pr203, and 
further careful work on all the trivalent lanthanide oxides (535, 536), as 
well as Pr,Oll and Tb,07, showed that the latter two compounds were 
very much more conducting than any of the others. It was also concluded 
that the conductivity was electronic and not ionic. In  his work on the 
Pro, phase diagram, Martin (485) used thermoelectric measurements to 
show that, while type-A Prz03 is a p-type semiconductor, indicating 
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that the Pr20, lattice can accommodate small amounts of additional 
oxygen, Pr,Oll is n-type, suggesting that it is effectively Pro2 with an 
oxygen deficiency, rather than Pr,O, with excess oxygen. Eyring and 
his collaborators (228) as well as Honig [quoted in Eyring and Baenziger 
(228)] have begun to make electrical measurements on the praseodymium 
oxides as a function of temperature and oxygen pressure, but their 
results as reported up to the present add little to  the earlier qualitative 
conclusions, except that the transition from n-type conduction in 
Pro, occurs when x is between 1.65 and 1.83. 

All the praseodymium(II1,IV) oxides are reported as black (229) 
and those of terbium as dark brown, but, in the oxides closest in composi- 
tion to Pr203, f-f transitions of Pr(II1) are clearly seen (734) against a 
background of absorption steadily increasing into the ultraviolet. There 
is also an extremely broad absorption in the near infrared, beginning at 
about 12,000 cm-l. In  the terbium(II1,IV) oxides, there is a very broad 
absorption centered near 15,000 cm-', extending into the near infrared 
and as far as the ultraviolet cut-off of Tb,03. From the available 
structural and physical evidence it therefore appears that all these 
oxides are class I1 systems. 

Mixed valence oxides of those lanthanides which form stable divalent 
states have been much less investigated than the quadrivalent ones. 
One of the best characterized compounds of this type is E U @ 4  

(Z) ,  which, with the isomorphous compound SrEu20, (all), is related 
structurally to CaFe,04. A recent structure analysis (577)  showed that 
each Eu(II1) was surrounded by six oxide ions and each Eu(I1) by eight, 
so the compound, which is dark red by transmitted light (577) ,  belongs 
to class I. Nothing has been reported about its electrical properties. 
Another mixed valence europium oxide, LiEu,O, ( 4 4 ,  has been described 
as isomorphous with L ~ S ~ , E U I ~ ~ O , .  

By melting some lanthanide metals with their respective sesquioxides, 
compounds LnO, with 1.450 < x < 1.500 were prepared for Gd, Y, Er, 
and Lu (507),  and their dark colors were attributed to the presence of 
high concentrations of color centers. Whether this is the case, or whether 
the excess electrons are trapped on metal ions, forming Ln(II),Ln(III) 
mixed valence systems, remains to be seen. 

Although a mixed valence cerium chloride and fluoride have been 
mentioned in the literature, it appears that, to the moment, the only 
genuine mixed valence cerium halide is an iodide. Asker and Wylie (27)  
mention the double fluoride (NH4),Ce111Ce1VF,, but give no details or 
references about it ; it  may well exist only as a misprint. On the basis of 
e.m.f. studies, Senderoff and Mellors (653) have suggested that the 
dissolution of Ce metal in molten CeCl, results in the formation of 
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Ce1[Ce111C14], analogous to the Ga1[Ga111X4] compounds. On quenching 
the Ce/CeCl, melt, an intensely black solid phase resulted which analyzed 
for large amounts of both metallic cerium and CeC1, (170).  Later work 
(99), however, convincingly refutes the conclusions of the e.m.f. study, 
and so it would appear that there is no evidence for a mixed valence 
cerium chloride. 

A phase study of the Ce-CeI, system by Corbett et al. (152) shows that, 
in addition to CeI,, a lower iodide of composition CeI,., can be made. 
The compound is isomorphous with PI-I,.~ and can be formulated as 
Ce~’ICe~II,,. Although nothing more is known of this material, it may 
well be a metallic conductor, for CeI, itself is metallic (152) due to the 
fact that the Ce(I1) ion prefers to put its second 4f electron into a 
conduction band of the solid, thereby becoming Ce(II1). According to 
Sallach and Corbett (616),  there are no intermediate mixed valence 
cerium bromides. 

There are a number of lower-valent halides of the other lanthanides 
which may be of mixed valence interest. By dissolving lanthanide metals 
in the appropriate molten trihalides, the following “nonstoichiometric” 
phases have been detected (152, 206-208, 505, 616) : NdC12.3,, NdIl.95, 
PrClz.31, PI-B~,.,~, P T I ~ . ~ ~ ,  and GdC11.58. Scandium (154), yttrium, and 
erbium (155) do not form such compounds. Like cerium, the diiodides 
of praseodymium and neodymium are metals, so the corresponding 
mixed valence compounds may be class 111-B systems with partly filled 
conduction bands based on 5d orbitals. In  contrast, the other mixed 
valence halides have very low electrical conductivities including, 
surprisingly, GdC11.6, which has a magnetic moment of 7.89 & 0.03 B.M. 
per gadolinium (313), very close t o  that expected if all the gadoliniums 
had effective 4f configurations (7.94 B.M.). What has happened to the 
“extra” 1.4 electrons per metal atom has by no means been determined, 
but the close proximity of the configurations 4f ‘5dl  and 4f for Gd(I1) 
suggests that spin pairing might have occurred through the formation of 
metal-metal bonds using 5d orbitals. The compound would then be a 
member of our class 111-A. 

AA. ACTINIDES 

Stimulated in large part by their potential use as nuclear fuels, large 
areas of the complicated uranium oxide phase diagram have been 
studied, revealing many mixed valence materials. Makarov (478) 
attempted to  bring some order to the wealth of data collected by 1961, 
by suggesting that the uranium oxides form a related series of compounds, 
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just as was found with the titanium, vanadium, molybdenum, and 
niobium oxides. I n  the case of uranium, the general formula Un021a+2 
accounts for a number, but not all the reported oxides. The most studied 
region of the uranium oxide phase diagram (70,72,362,364,481,589,590) 
lies between U 0 3  (n = 2) and UOz (n = w),  wherein five members of the 
series with mixed valence stoichiometry have been located so far. 

UOz, the end member of the series, is a readily oxidizable material 
which, a t  low temperature, can incorporate oxygen into its fluorite 
lattice up to a composition of UOz.3 (24, 316, 568). On annealing, this 
oxide decomposes to a mixture of UOz and u4og (25,316,438,481,589) .  
Further oxidation leads to the formation of U7016 (568),  U60,, (189, 
191, 364, 387, 636, 637), U5OI2 (636, 637),  U4OlO (361, 481, 610), and 
U30s (191, 316, 481). In addition to these compounds, the compositions 
UOz.oo (51, 363, 689), U5OI3 (72, 637), U304 (806), UOz.61 (589),  and 
UROli (481) have been reported. Many of these phases listed above have 
polymorphic forms and are of appreciable breadth. 

In  the U02+% phase, in the region 0 < x < 0.3, the excess oxygen ions 
occupy interstitial sites in the host UOz fluorite-type lattice in a random 
manner (24,781).  The contraction of the UO, unit cell as oxygen is added 
to  it was interpreted by Anderson et al. (11)  to result from the partial 
oxidation of U(IV) to the smaller U(V) ions. Because the interstitial 
oxide ions form part of the uranium ions' coordination sphere, these ions 
effectively trap the uranium valence, turning UOZ+% into a class I1 
system. Over wide variations of x, the systems all seem to havc a resist- 
ivity of approximately lo5  ohm cm a t  300" K (521).  The color of "UOz" 
has been reported variously as all shades between green and black, due 
no doubt to the ease with which UOn_,, is formed even a t  room tempera- 
ture. 

U40, has a structure much like that of the U02+% phase, except that  
the interstitial positions are filled in an orderly way (52, 782). Like 
UOz+z, U400 is a semiconductor (EaCt = 0.46 eV) (521) and is para- 
magnetic from 1.4" to 500°K with a maximum susceptibility a t  B.4"K 
(302 ,  457). The effective magnetic moment of u4og is 2.06 B.M. per 
uranium, to be compared with 2.83 B.M. in pure U02.  Gotoo et al. (301) 
have computed the effective magnetic moment of U40, on the assump- 
tion that the valences are trapped as either U$"U;O, or Ui"Uv109, and 
find 2.10 B.M. for the former and 1.42 B.M. for the latter. Although 
appearing to support a U(IV),U(V) configuration for U,Ou, it  must be 
said that the calculation is based upon a simplified model of the structure. 
The compound CaU30u also has a face-centered cubic structure and very 
nearly the resistivity of U,O, (804). 

The application of X-ray (315) and neutron diffraction (467) 
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techniques to the problem of the structure of U308 was successful in 
showing the positions of both the uranium and oxygen atoms in the unit 
cell. There are two types of uranium site in U308 (467), the first having 
six oxygens at  2.07-2.23 A and a seventh a t  2.44 A, and a second with 
six oxygens at  2.07-2.23 A and a seventh a t  2.71 A, there being twice as 
many of the latter as the former. Such a structure allows one to assign 
the valences in U308 as either Uv1Ux08 or U,V1UIVO8. Whereas the 
U(VI),U(V) formulation is suggested by Loopstra (467), the U(VI),U(IV) 
formula is compatible with the general formula U~'U~!z02n+2 for the 
uranium oxide series. The green color of U308 is also that expected for a 
material containing the U( IV) ion. A radiochemical exchange experiment 
on U308,  using first radioactive UOz and then radioactive U 0 3  in the 
preparation of U308, yielded equal amounts of uranium radioactivity in 
both oxidation states, suggesting at first that all the uranium atoms were 
equivalent in the structure (73). The authors admit, however, that i t  is 
more likely that an  isotopic exchange occurred on formation of the 
U308. Reported resistivity measurements on U308 differ by a factor of 
loG, due no doubt t o  the fact that U308 and U 0 3  readily form solid 
solutions which upset the stoichiometry. The resistivity of stoichio- 
metric tc-U308 would seem to be lo5 ohm cm at  300"K, with a semi- 
conduction activation energy of 0.6-0.7 eV (274, 521). U308 is para- 
magnetic with a susceptibility anomaly at 4.2"K (457), and a n  effective 
magnetic moment per mole of 1.39 B.M. (338). Assuming that the electron 
spin is the only source of paramagnetism, Uv1U,V08 has an expected 
moment of 1.41 B.M., and Ul1UTVO8 has one of 1.63 B.M., both in 
acceptable agreement with the experimental value. 

The tc- and p-forms of U,07 have structures much like that of UOz, 
except that they are tetragonally deformed. As with many of the other 
mixed valence uranium oxides, the material is paramagnetic with a 
maximum susceptibility a t  6.4"K (457), and, as with the others, the 
resistivity has been reported to be as low as 3 x 10' (780) and as high as 
3 x lo6 ohm cm (521) for different samples a t  300°K. 

There are indications that spectral studies on the uranium oxides 
might be of value in understanding their molecular and electronic 
structures, particularly as regards the distribution of valence. Thus, 
Narbutt and Laputina (526) have studied the X-ray fluorescence M 
spectra of UOz, U308,  and U03,  and find small but distinct differences 
between UOz and U03,  with U308 occupying an intermediate position. 
Gruen's study of the optical spectrum of U02 in ThoB (323) clearly shows 
the presence of the U(1V) ion, and his technique might be of value in 
determining the presence of this valence state in other class I1 oxides. 
Finally, Hoekstra and Siege1 (363) report that  the infrared spectra of 
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U308 and UO,., show that neither of these substances contains the 
isolated [U”102]2+ group. 

Hofmann and Hoschele (366) first reported the preparation of the 
deep blue materials “cerium-uranium blue,” having the approximate 
composition 2 CeO2.UO2, and a dihydrate having the same Ce/U ratio. 
Because UI”0, is brown and CeIV02 is colorless, these authors ascribed 
the blue color of the mixed oxides as due to an oscillation of valence : 

Ce~vU’vO~ % Ce~l’UV’O~ 

Later investigators (87, 372, 475, 604, 606) have since shown that, 
because both CeO, and UO, have the fluorite lattice with only a very 
small difference in their lattice parameters, mixed crystals of UO, and 
CeO, are to be expected over a wide range of composition, and that the 
Ce,UO, composition is but one unexceptional example of these solid 
solutions. In  addition to the Ce/U ratio, the water content of the cerium- 
uranium blue “dihydrate” is also variable continuously (87) .  I n  spite of 
extensive X-ray work on the Ce02-U02 system, a disagreement still 
remains as to the upper limit of UO, solubility in CeO,, Hund et ul. (372) 
claiming that a solid solution forms only in the range 0-63 yo UOz, while 
Magneli and Kihlborg (475) and Rudorff and Valet (604, 606) find un- 
limited UO, solubility, with the Vegard law very nearly obeyed. 

In  HC10,-NaC1O4 solutions, the Ce(1V) ion rapidly oxidizes the 
U(IV) ion, according to the reaction (36u) : 

2 Ce(1V) + U(1V) --f 2 Ce(II1) + U(V1) 

If such a redox reaction were to occur during the formation of cerium- 
uranium blue, then, depending upon whether the Ce(1V) or U(1V) ions 
were in excess in the crystal, there would arise the possibility of either 
Ce(III),Ce(IV) or U(IV),U(VI) mixed valence optical transitions. 
However, at the 2Ce(IV) :lU(IV) stoichiometry there would be no excess 
ions for mixed valence interaction and the blue color should fade at  this 
composition. In  fact, the intensity of the blue color is maximal at 
approximately the 2: l  composition (87) ,  showing that the blue color is 
instead due to a Ce-U interaction. Now the U(V1) ion when in eightfold 
oxygen coordination, as it would be in the fluorite lattice of cerium- 
uranium blue, is known to always draw two of the oxygens toward itself 
so as to form the [UO2I2+ ion (756).  However, were such to happen in 
cerium-uranium blue, the lattice would no longer be that of fluorite. 
Thus it appears that the blue color is due to the transfer of an electron 
between Ce(1V) and U(1V): 

CeIv(4p) + UIv(5f2) + CelII(4fl) + UV(bf1) 

Solution of UO, in the not easily reduced host Tho, results in brownish 
solids, as expected (87) .  Pressed pellets of cerium-uranium blue of 
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various Ce/U ratios show a minimum resistivity of 1.6 x 10' ohm cm a t  
about 40% CeO, with maximal resistivity a t  pure CeO, and U 0 2  (606).  

Oxidation of cerium-uranium blue leads to the formation of Ce0,- 
U308 mixed crystals containing up to 45 mole yo U30s while still main- 
taining the fluorite structure. As determined from density measurements, 
the excess oxygen ions in Ce02-U308 mixed crystals occupy both inter- 
stitial and cation sites. The Ce0,-U308 crystals are described as being 
dark green to black (606). 

The mixed valence halides of uranium have been investigated but 
very little. There are two chlorides of possible mixed valence interest, 
ZUIVCl4 .UvlCI, .6POC13, described as dark green crystals (560), and the 
dark brown prismatic crystals formed by the action of CCl, on U308, 
formulated as either 2UIVCl4 .UV1O2C1,, or 3uIVc14 .U'v0C12- 2UV'O2Cl2 

Uranium enneafluoride, UzFQ, is a black substance formed in varying 
yield in many fluorination reactions (4,  531, 534). According to 
Zachariasen (808), U,Fg has a class III-B crystal structure with all 
uranium atoms in structurally equivalent positions. The unit cell is body- 
centered cubic with the uranium in ninefold coordination, the average 
U-F distance of 2.30 b being intermediate between the U(1V)-F and 
U(V)-F distances of UF4 and UF5. However, the same cannot be said 
for the black color of U2Fg, for UF, is green and UP5 is colorless. An 
effective magnetic moment of 2.11 B.M. per uranium atom has been 
measured for U2F9 (595). The resistance of U2FB has not been measured, 
but would be very interesting as i t  might suggest whether the system is 
really class III-B or class 11. A second black mixed valence uranium 
fluoride, U4F1,, has a structure described as "distorted UF4," and ti 

specific susceptibility of 8.8 x 10-'' cgs a t  22°C (4,531).  
The physical and chemical properties of many of the uranium halides 

and oxides have been described in detail in reference works (406) and (649). 
Of the other actinide elements, there are only a few oxides whose 
stoichiometry suggests that they are mixed valence (649). Protactinium 
forms the oxide Pa,Og which is cubic, as is u4og, but which is white, 
whereas u4og is black. The lower oxides Pa02.25-Pa0z.20 (cubic), 
Pa5O1 (tetragonal), and PaOz,zo-PaOz.oo (cubic) are all black, however. 
Neptunium forms a chocolate-brown oxide Np308 isomorphous with 
U30R (405), and plutonium forms an oxide phase P U O ~ . ~ ~ - P U O ~ . ~ ~  
isomorphous with Mn,03. 

(375). 

BB. MISCELLANEOUS 
Those elements which have as yet only a scant mixed valence 

chemistry are brought together in this section. The most surprising of 
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these is xenon, which forms a stable yellow oxide of the apparent 
composition K4XeV111Xe,V1012, which by its color is most likely class I 
(21, 680). A possible mixed valence compound of aluminum, 
Al,B[N(CH3)2]3(CH3)6, has been reported as a yellow solid having an 
average aluminum oxidation number of 1.5+ (644) .  Solutions of cadmium 
metal in molten CdC12 have been shown repeatedly to contain species 
formed from one cadmium atom and from one to three Cd(I1) ions (520), 
but no mixed valence compounds have yet been isolated. 

Considerably more can be said about the mixed valence poly- 
halides; however, we shall limit our remarks to the triiodide ion, and 
refer the interested reader to the review by Wiebenga et al. (773) for 
information on the other polyhalides. The triiodide ion, 13-, is a 
nominally linear species with ends which are more or less equivalent, 
depending upon the environment in which it finds itself. Its bonding has 
been investigated and its electronic spectrum in water explained on the 
basis of a slightly bent, class III-A system (91). The blue starch-iodine 
complex has been described as both a class III-A (592) and class III-B 
(62) polymer of the triiodide ion. 

IV. Conclusions 

A t  this point, a survey study of mixed valence chemistry is rather 
frustrating, because the data for virtually every substance are too 
meager to allow the deduction and testing of firm conclusions. The 
reason for this lies in the fact that mixed valence compounds up to now 
seem to have been studied only by chance, without a real appreciation 
of their uniqueness and the complementary nature of their various 
properties. The future is bright, however, in that papers on mixed valence 
chemistry are presently appearing at  the healthy rate of about 60 per 
year and could easily double, once mixed valence chemistry becomes 
fashionable. As it stands now, though, the dearth of information is not 
only in a way frustrating, but also stimulating, we think, and it is our 
hope that this article will prompt the work in the near future needed to 
build a proper understanding of this phenomenon. Moreover, the 
thermodynamic, kinetic, and mechanistic aspects of mixed valence are 
all important ones which we have not mentioned, along with mixed metal 
mixed valence, covalent materials, and intermetallics. 

It appears that until the properties of mixed valence substances have 
been more completely investigated, the classification scheme presented 
here can be used profitably to predict the properties of a substance, given 
any one of them. One imagines that, in the future, as mixed valence 
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becomes more and more understandable, it will prove as rewarding t o  
inorganic chemistry as the concept of reasonance has been to organic 
chemistry. 
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