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CHAPTER I 

INTRODUCTION 

In the transition state of many catalytic reactions one or more of 
the reaction partners forms a, maybe very short-lived, complex with a 
transition metal ion. An understanding of such complexes is essential 
for the understanding of catalysis. Various precise questions may be 
asked in this connection: 

(a) what is the valency of the transition metal ion; 

(b) what are the solid-state ligands participating in a transition complex; 

(c) what is the symmetry of the transition complex; 

(d) what type of bond is formed between reaction partners and transition 
metal ion; 

(e) how well can the reaction partners compete with tl'ie normal solict­
state ligands for empty coordination sites of the transition metal ion? 

More and more the viewpoint bas developed that the answers to 
such questions for the surface are very simHar to those for the crys­
talline interior or for complexes in homogeneaus solutions. There is 
even a surprlsing analogy in many quantitative details. 

Now the last ten years have shown a rapid development in the in­
organic obernistry of transition metal ion compounds. Two factors have 
been responsible in a large measure for this development: the growing 
appreciation of the power of crystal- and ligand-field theory in descrihing 
transition metal ion complexes 1, 2,3 and the exploitation of the electron 
spin r.esonance (esr) technique as a very sensitive means of analysing 
transition me tal ion complexes 4- 8. These new i de as and new methods 
have been very welcome in the study of transition metal ions in catalyst 
surfaces and there have led to many interesting results 9. 

The first studies along these lines were directed to oxide catalyst 
systems. One group has been studied particularly: the supported chro­
mium oxides. From the point of view of catalysis these are interesting 
substances as they may catalyse such diverse reactions as the dehydro­
genation of saturated hydrocarbons and the polymerization of ethylene. 
From the point of view of surface obernistry supported chromium oxides 
are equally interesting as the chromium may occur in a plurality of 
valencies, ranging from two to six, and a variety of coordinations. 

Apart from an incidental application of X-ray diffraction 10, most 
of the older work on chromia systems has been in the field of magneto­
chemistry. Valencieshave.been identified by their magnetic moments 11,12, 
and the state of aggregation of the chromium bas been analysed by a 
discussion of the phenomenon of anti-ferromagnetism 11. In these studies 
only the valencies three and six were discussed. 
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Only after the application of electron spin resonance were new 
valency states identified. The combination of this tecbnique with sus­
ceptibility measurements and reflection spectroscopy has provided the 
answer to a number of the questions raised in the beginning of this 
chapter 13 -21 • 

The present thesis deals with investiflations into the surface ebam­
istry of the valency statea erS+ and er3 in aluminas 11t,15, 22 • Four 
separate studies are presented: 

(a) a theoretica! and experimental study of the spin-lattice relaxation of 
erS+ in tetrabedral coordination; 

(b) a combined electron spin resonance and spectroscopie study of the 
?t-bonded (er-0)3+ group; 

(c) a study of the interpretation of the esr spectrum of octahedrally 
coordinated er3+ in polycrystalline randomly oriented samples; 

(d} an electron spili resonance investigation, using er3+ as a probe, 
into the structure and the texture of hydrated and dehydrated alu­
minas. 

The studies (a) and (c) are essentially theoretica! in nature and 
have to do with the electron spin resonance technique as a tool in the 
study of valency and coordination of transition metal ions. The studies 
(b) and (d) arose from our conviction that the understanding of problems 
of surface chemistry can benefit a great deal from a better knowledge 
of the corresponding phenomena in the homogeneous phase. 

In the next chapter, ehapter 11, an account will be given of the 
origin of the four problems to be treated in this thesis. The four studies 
(a), (b}, (c) and (d) will be presented in ehapters lil, IV and V, ehap­
ters VI and VII, ehapter VIII and ehapters IX and X, respectively. 
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It is well known from X-ray diffraction work 28 thai a variety of 
metastable crystalline modifications may occur in the dehydration prod­
ucts of gelatinous alumina precipitates. The structures of some of these 
modifications are well known. Other modifications have partially or 
totally unknown structures. It was feit that the preparation of well-defined 
alumina dehydration products with incorpcration of cr3+ is a good way 
of preparing cr3+ in octahedral coordinations of various symmetries. 
Empirically in this way a good background may be obtained for the in­
terpretation of the coordination of cr3+ in unknown substances and in 
surfaces. The reverse is also true: by a study of t:he coordination of 
cr3+ by means of electron spin resonance it should be possible to obtain 
information about the structure of t:he compounds in which the cr3+ bas 
been incorporated. This idea ledtoa systematic study of the structure 
of hydrated and dehydrated aluminas, in which cr3+ bas been used as 
a probe to detect local symmetries. In Chapters IX and X of this thesis 
the results of this study will be presented. Esr spectra and X-ray dif­
fraction patterns of three characteristic alumina dehydration sequences 
have been strl.died side by side. The results will be interpreted in terms 
of the structure and texture of the aluminas concerned. 
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It is striking that the low-lying orbital 3z2-r2 has no influence on 
the anisotropy of the Zeeman effect. The reason bebind this is that there 
are no non-zero matrix elements of Lx;, Ly and Lz between the orbitals 
x2-y2 and 3z2-r2. The orbital doublet x2-y2 and 3z2-r2 is a so-called 
non-magnetic doublet. 

For ions such as Cr5+ and Mn6+ in tetrabedral coordination, Exy• 
E z and Ezx are of the order of 10,000 cm-1, while r.. is of the order 
of 200 cm-l. Hence the g-values derived will not differ more than a 
few per cent from the spin-only value. This result was indeed encoun­
tered for cr5+ and Mn6+ in tetrabedral coordination. 

The discussion of the spin-lattice relaxation of (3d)1 ions in the 
next chapter will compare the three coordinations mentioned in this sec­
tion: strongly deformed octabedral, nearly regular octabedral and nearly 
regular tetrabedraL From Fig.III-2 and III-3 we have seen that the 
ground statea are an orbital singulet, a nearly degenerate orbital triplet 
and a nearly degenerate orbital doublet, respectively. We have also seen 
that only for the triplet ground state may the g-values deviate consider­
ably from 2. For the singulet and the doublet ground state the g-values 
are expected to be close to 2. We shall have to show that nevertheless 
there may be a marked difference in the rate of the spin-lattice relaxa­
tion processes for the latter two situations. 
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CHAPTER IV 

SPIN-LATTICE RELAXATION OF (3d)1 IONS: THEORY 

a. Three processes of spin-lattice relaxation 

The spin-lattice relaxation of transition metal ions can be dis­
cuseed in terms of three processes for the turning-over of the spin 
magnetic moments, see Fig. IV-1: 

..,.....,.--- + 

hJi 

hl' 

DIRECT RA MAN ORBACH 

Fiqure IV-1 

The three mechanisms of spin-lattice relaxation 

(1) direct process 33 : a transition between two Zeeman levels caused by 
the absorption or emission of a phonon, such that hv of the pbonon 
matches the energy difference of the Zeeman levels; 

(2) Raman process 33 : a transition between two Zeeman levels caused by 
the scattering of a phonon, such that the difference hv1 - hv2 of the 
incident and scattered pbonon matches the energy difference of the 
Zeeman levels; 

(3) Orbach process 25 • 26 : a transition between two orbitallevels with op­
posite spin caused by the absorption or emission of a phonon. 
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The transitions giving rise to spin flips are ca:used, in all these 
cases, by fluctuations of the local crystal field at the site of the metal 
ion. A quantitative estimate of the transition probabilities is only possi­
bie after computation of the matrix elements of the perturbation between 
the initial and the final state. The per1urbation giving rise to the tran­
sitions should have frequency components in its Fourier spectrum that 
match the energy difference between the initial and the final state. The 
availability of lattice vibrations with those frequencies is a very im­
portant factor in determining the rate of the relaxation processes. This 
item will he discussed first. Subsequently the amplitudes of the local 
variations of the crystal field have to he found in terms of the ampli­
tudes of the lattice vibrations. Finally it must be considered in detail 
how the local variations of the crystal field ca:use the spin flips. In 
this part of the problem it is essential to introduce the effect of spin­
orbit interaction, as the orbital magnetic moment is the only inter­
mediary available to conneet a varlation of an electric field to the ori­
entation of the magnetic moment of the spin. This part of the calcula­
tion is really complicated, and its result will depend strongly on the 
coordination of the ion and the type of relaxation process to be con­
sidered. 

hllmax hll -
Figure IV-2 

Speetruil of lattice vibrations 

b. Availability of lattice vibrations 

The distribution of the lattice vibrations over the frequencies is 
shown in Fig. IV-2, where: 

1 
hv/kT 1 e -
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The line width of the electron spin resonance of inorganic com­
pounds is significantly influenced by spin-lattice relaxation for rates of 
the relaxation process in excess of about 108 s-1 (line width 30 gauss). 
For relaxation rates in excess of 1011 s-1 the electron spin resonance 
cannot be observed. In Table IV -4 the temperatures are given at which 
these limits are attained. 

Table lV-4 

Range of temperatures where spin-lattice 
relaxation is seen in the esr line width 

Coordi nat i on Lower 1 imit Upper 1 imit 

Cr5+ tetr. 39"K 180°K 

Cr5+ oct. 1fi"K 29"K 

(Cr-0) 3+ 
275°K G10°K 

The results for the nearly regular and the strongly deformed octa­
hedral coordination (orbital triplet and orbital singulet ground states) 
check well with the general ideas put forward in Chapter m. Two fea­
tures emerge for the tetrabedral coordination (non-magnetic orbital 
doublet ground state): 

(1) the rate of the spin lattice relaxation for an ion with a non-magnetic 
orbital doublet ground state is intermediate between those for the 
orbltal triplet and orbital singulet situations; 

(2) the rapid increase with increasing temperature of the line width of 
the esr of a (3ct)1 ion in tetrabedral coordination is governed by 
spin-lattice relaxation processes of the Orbach type. 

The temperature dependenee to be expected for the spin-lattice 
relaxation of a (3d)1 ion in tetrabedral coordination is: 

where 8 is the separation of the two lowest orbital levels. According to 
Table IV-3 the constant A should be of the order of 4 x 1011 s-1, In 
Chapter V expertmental results for the spin lattice relaxation of cr5+ 
in tetrabedral coordination will be presented that allow of a comparison 
with these predictions. 
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e. Details of the calculation of transition probabilities 

In order to understand the order of magnitude of the transition 
probabilities given in Table IV-1 one bas to go into surprisingly great 
detail. It is the purpose of this section to illustrate the essential points 
of sucb treatment. Simplifying assumptions will be made as far as possi­
bie without leaving out essential terms. Tbe n""tst of these assumptions 
bas already been demonstrated in Fig. IV-4. Orthorbombic SYJllmetry is 
assumed throughout. Tbis makes the functions x2-y2, 3z2-r2, xy, yz 
and zx proper eigen functions in all cases. This group of five will be 
used to repreaent the tetrabedral and the pyramidal coordination, x2-y2 
being the ground state. The nearly regular octahedral coordination can 
be represented adequately by the three functions xy, yz and zx, with xy 
as the ground state. The results for this group of three functions are 
essentially identical with those for the group of three functions x2-y2, 
yz and zx, with x2-y2 as the ground state. Hence, these results can 
be read immediately from the calculations for the tetrabedral coordina­
tion. 

Now there are two steps to be taken: 

(1) .spin-orbit interaction and magnetic field have to be introduced; in 
particular the wave functions of the two components of the lower 
Zeeman doublet have to be determined, as these are the initia! and 
final states between which the spin-flip transitions occur; 

(2) the transition probabilities for the direct and the Raman processes 
have to he defined and evaluated. 

Tbe Hamilton operator repreaenting the spin-orbit interaction and 
the magnetic field is used in the following way: 

'1t = 'AL. s + I' ii. (Ï.+2S) 

Without loss of generality for our purposes we may assume that the 
magnetic field is along the z-axis, wbicb gives: 

j{ = l..(L S + L S + L S ) + !'HL + 2!'HS 
XX yy ZZ Z Z 

The relevant matrix elements are given in Table IV -5 and IV -6. 

llatri x e 1 ements of spin-orbit 
and Zeeman energy 

7l 2 2 
3z -r ,+ 

2 2 
3z -r ,-

2 2 
0 0 x -Y ,+ 

2 2 0 0 x -y .-
































































































































































































































