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ABSTRACT 

The chemical effects of several different nuclear 

transformations were studied in solid tellurium compounds 

using both standard radiochemical techniques and ~sssbauer 

spectroscopy with 129~. 

In the radiochemical investigation, a comparative 

study was made in telluric acid, H6Te06, of the molecular - 

fragmentation accompanying the 130Te (n, y) 131Te + 6- 1311 

process and the ~ - - d e c a ~  of 13 lmTe , 131~e, and 132~e. 

The chemistry of 12'Te recoil atoms formed in the 128~e ( n , y )  

12'Te nuclear reaction and the decay of 129m~e in telluric 

acid were also investigated. In each instance the thermal 

annealing reactions of the recoil fragments in the solid 

were investigated. The study of the radioactive decay of 

13 lmTe - , l3l~e-, 132~e-, and 129m~e-labelled samples was of 

particular importance. These isotopes differ in the degrees 

of electronic excitation and ionisation accompanying their 

decay. Thus it was of interest to see if such differences 

would lead to different patterns of molecular fragmentation 

or to differences in the subsequent annealing reactions of 

the recoil fragments. It was found that the 13'1 and 1321 

recoil atoms formed in the decay of the first three isotopes 
- - 

were present in the same chemical forms I , 103 , and 104 ) 

but in differing yields. Differences were also observed in 



iii 

the thermal annealing reactions in these samples, which may 

be interpreted in terms of the different processes accompanying 

the decays. It was found that the 12'~e atoms born in the 

129m isomeric transition decay of Te are similar in their 

annealing behaviour to the 1 3 2 ~  atoms born in the decay of 

132~e. Both of these decay processes are accompanied by 

large degrees of internal conversion of y-transitions, which 

leads to qualitatively similar annealing reactions of the 

daughter recoil atoms. The trends observed in the recoil 

product distributions and the annealing reactions are 

discussed in terms of the difference in the nuclear trans- 

formations producing the recoil atoms. 

The ~ossbauer experiments allowed the study of the 

recoil atoms in situ in the solid and thus provided a much 

more detailed picture of the chemical effects of the nuclear 

transformations. The chemical effects of the decay of 
6' 

129Te -+ 12'1 were studied in telluric acid, (H2Te04),, 

a-Te03, tetragonal Te02, and H2Te03 using the 27.7 keV,16.8 

nanosecond M6ssbauer transition in 12'1 to provide information 

about the chemical form of the iodine atom produced. These 

experiments were performed with a standard absorber 

and with the source and absorber at liquid nitrogen or liquid 

helium temperatures. No chemical effects of the 6--decay 

were observed in any of the above compounds, the iodine atom 

remaining bonded to the ligands of the precursor tellurium 



molecules. These results are in sharp contrast to the findings 

of the radiochemical experiments. 

Studies were made of the 129mTe -+ 12'~e isomeric 

transition in 129m~e-labelled compounds using the 12gI 

~ossbauer spectrum to provide information about the chemical 

form of the 12'Te atoms formed in the decay. Molecular 

fragmentation was observed to accompany the decay in a 

considerable fraction of events in f6Te0 and (H2Te04). with 
6 

2-  the formation of the T e O j  ion as the sole decomposition 

12 8, product. The ~ e ( n , y ) l ~ ~ T e  nuclear reaction was found to 

produce the same decomposition in H TeO 6 6' The thermal 

annealing reactions of the isomeric transition and (n,y) 

recoil atoms were also studied and found to lead to a 

simple, single-step reactinn, TeOj 2- -+ Te(V1). 

In addition to the above, the ~ossbauer work provided 

several pieces of information concerning bonding and structure 

in these tellurium compounds and allowed the determination 

of several constants of general interest in 12'Te and 
129= 

~ossbauer studies. 

The results of the Xossbauer work are compared and 

contrasted with those of the radiochemical study. 
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I .  INTRODUCTION 

When an  atom which i s  c h e m i c a l l y  bound i n  a  molecule  

undergoes  a  n u c l e a r  t r a n s f o r m a t i o n ,  t h e  d a u g h t e r  atom may 

be obse rved  t o  have broken some o r  a l l  of  i t s  o r i g i n a l  

chemical  bonds.  T h i s  may occur  a s  a  r e s u l t  of  s e v e r a l  

d i f f e r e n t  p r o c e s s e s  accompanying t h e  n u c l e a r  r e a c t i o n  o r  

r a d i o a c t i v e  decay e v e n t .  Thus,  t h e  e m i s s i o n  by t h e  n u c l e u s  

of  a  heavy p a r t i c l e ,  such a s  an a - p a r t i c l e ,  o r  a  h i g h  

energy  y-photon w i l l  i m p a r t  a  h igh  r e c o i l  k i n e t i c  ene rgy  t o  

t h e  d a u g h t e r  n u c l e u s  a s  a  consequence o f  momentum c o n s e r v a t i o n .  

A l t e r n a t i v e l y ,  molecu la r  d i s r u p t i o n  may occur  because  o f  

e l e c t r o n i c  e x c i t a t i o n  and i o n i s a t i o n  produced by t h e  n u c l e a r  

t r a n s f o r m a t i o n .  The l a t t e r  p r o c e s s e s  a r e  obse rved  f o l l o w i n g  

i n t e r n a l  convers ion  of  low-energy y-quanta ,  f o l l o w i n g  

r a d i o a c t i v e  decay by e l e c t r o n  c a p t u r e ,  and,  i n  a  s m a l l  

f r a c t i o n  of e v e n t s ,  f o l l o w i n g  t h e  @-decay p r o c e s s .  

E x t e n s i v e  s t u d i e s  of t h e  chemica l  e f f e c t s  accompanying 

n u c l e a r  r e a c t i o n s  and r a d i o a c t i v e  decay i n  s o l i d  i n o r g a n i c  

compounds have been made i n  t h e  p a s t  [I-81 The o b j e c t i v e  

of  such work h a s  been t o  c l e a r l y  d e f i n e  t h e  p h y s i c a l  

and chemical  p r o c e s s e s  which o c c u r  d u r i n g  and f o l l o w i n g  

t h e  d i f f e r e n t  t r a n s f o r m a t i o n s  i n  a  s o l i d  l a t t i c e .  

G e n e r a l l y  such s t u d i e s  have been c a r r i e d  o u t  i n  t h e  f o l l o w i n g  

way. A n u c l e a r  r e a c t i o n  o r  r a d i o a c t i v e  decay i s  chosen 



for which the daughter nucleus is itself radioactive. 

Following the nuclear transformation the solid is then 

dissolved in an appropriate solvent, in the presence of 

carriers for the chemlcal products suspected to be present, 

and a chemical separation and radioassay performed. In 

this way the different radioactively labelled chemical 

products formed in the solid following the nuclear process 

may be identified. 

If the solid is heated before dissolution, it is 

generally found that the subsequently observed recoil product 

distribution has changed markedly, due to the occurrence of 

solid state chemical reactions involving the recoil products. 

Studies of these so-called thermal annealing reactions in 

different solids have pre-occupied many investigators since 

their discovery by Green and Maddock in 1949. ['I oneof 

the principle objectives of such investigations has been to 

acquire information about the nature of the chemical environ- 

ment in which the recoil fragments find themselves in the 

lattice. By studying the chemical reactions of the recoil 

atoms in the solid it might be hoped to learn more about 

the surrounding molecular debris formed in the preceding 

nuclear transformation. However, the mechanisms of these 

annealing reactions have been found in many instances to be 

extremely complex and to reflect properties of the solid 

other than the local lattice environment of the recoil 

atom. 



A f u r t h e r  draw-back of c o n s i d e r a b l e  s i g n i f i c a n c e  

t o  t h e  above t y p e  o f  s t u d y  i s  t h a t  when t h e  s o l i d  i s  d i s s o l v e d  

i n  t h e  s o l v e n t  p r i o r  t o  t h e  a n a l y s i s ,  chemical  r e a c t i o n s  may 

o c c u r  d u r i n g  and f o l l o w i n g  d i s s o l u t i o n .  The f i n a l  r a d i o a c t i v e l y  

l a b e l l e d  p r o d u c t s  observed may n o t  t h e n  be  t h e  same a s  t h o s e  

i n i t i a l l y  p r e s e n t  i n  t h e  s o l i d .  While t h i s  c o n s i d e r a t i o n  

does  n o t  d e s t r o y  t h e  u s e f u l n e s s  o f  t h e  r a d i o c h e m i c a l  t e c h n i q u e  

f o r  making r e l a t i v e  measurements ,  it o b v i o u s l y  r a i s e s  some 

q u e s t i o n s  a s  t o  t h e  p r e c i s e  meaning of  t h e  r e s u l t s  o b t a i n e d  

i n  such i n v e s t i g a t i o n s .  

I t  would t h e r e f o r e  b e  a  c o n s i d e r a b l e  advantage  t o  b e  

a b l e  t o  d i r e c t l y  i d e n t i f y  t h e  chemical  form of  t h e  r e c o i l  

atom i n  s i t u  i n  t h e  s o l i d .  The number o f  r e c o i l  atoms produced 

i n  a n u c l e a r  r e a c t i o n  o r  r a d i o a c t i v e  decay i s  g e n e r a l l y  s o  

s m a l l  a s  t o  p r e c l u d e  t h e i r  s t u d y  i n  t h e  s o l i d  by most 

s p e c t r o s c o p i c  t e c h n i q u e s .  I n  r e c e n t  y e a r s ,  however, such  

s t u d i e s  have been made p o s s i b l e  by advances  i n  e l e c t r o n  s p i n  

resonance  s p e c t r o s c o p y ,  and by t h e  a p p l i c a t i o n  o f  p e r t u r b e d  

a n g u l a r  c o r r e l a t i o n  measurements and ~ o s s b a u e r  s p e c t r o s c o p y .  

Of t h e s e  t h r e e  t e c h n i q u e s ,  ~ g s s b a u e r  s p e c t r o s c o p y  a p p e a r s  t o  

be  t h e  most p romis ing .  While it l i m i t s  t h e  s t u d y  t o  c e r t a i n  

s p e c i f i c  n u c l e i ,  n e v e r t h e l e s s ,  i n  t h o s e  i n s t a n c e s  it p r o v i d e s  

a  v e r y  powerful  t o o l .  

I n  u s i n g  ~ o s s b a u e r  s p e c t r o s c o p y  i n  t h i s  s p e c i f i c  

a p p l i c a t i o n ,  a  n u c l e a r  r e a c t i o n  o r  r a d i o a c t i v e  decay i s  

chosen which produces  t h e  p a r e n t  ~ o s s b a u e r  n u c l e u s ,  o r  which 



directly populates the ~ossbauer state of interest. The 

Nossbauer transition then reflects the chemical effects of 

the preceding nuclear transformation, since it yields 

information about the chemical bonding of the atom containing 

the ~ossbauer nucleus. 

In the work of this thesis, both the radiochemical 

and Mossbauer techniques have been used to study tellurium 

and iodine recoil atoms in solid telluric acid, H6Te06, and 

several related tellurium oxy-compounds. In the radiochemical 

study, a detailed comparison of the chemical effects 

accompanying the (n,y) reaction, internal conversion, and 

f3--decay was made, and the thermal annealing reactions of 

the recoil products observed in each instance compared. Of 

particular inportance in this work was the study of the 

and 1 3 2 ~  recoil atoms formed in the decay of 131~e- , 

l3lrnie-, and 13*ye- labelled telluric acid. The decay of 

each of these isotopes differs in the degree of internal 

conversion of y-transitions accompanying the 6--decays, and 

it was of interest to see if these well-defined differences 

would lead to different recoil product distributions or 

differences in the observed thermal annealing reactions. 

Such a comparative study of the chemical effects of several 

well-characterised radioactive decay events in the same 

solid matrix has not previously been reported. 

In the ~ossbauer work the 2 7 . 7  keV, 16.8 nanosecond 

y-transition in '*'I was used as the probe to investigate 



similar nuclear transformations to those studied by 

radiochemical methods. It was not possible to investigate 

precisely the same transformations in all instances, however 

the Nossbauer s ~ u c i i e s  did alluw a iilcar~irlgf~l comparison with 

the results of the radiochenical work. The distinct 

advantages of being able to identify the recoil products 

directly in the solid by the ~ossbauer technique are clearly 

illustrated in this work. The similarities and differences 

of the results obtained using the two experimental techniques 

are discussed toward the end of the thesis. 

In order to ensure clarity of presentation, the 

radiochemical and ~6ssbauer techniques are treated separately 

in the introductory review, and in the sections on experimental, 

results, and discussion. 



11. A REVIEW OF THE CHEFIICAL EFFECTS ASSOCIATED 

WITH NUCLEAR TRAXSFORMATIONS 

A. Sources of Recoil Kinetic Energy and Electronic Charge 
In Nuclear Transformation Processes 

1. Thermal Neutron Capture 

In studying the chemical effects of nuclear 

transformations, the (n ,y) reaction has been the most 

extensively investigated of a11 nuclear transformation 

processes. When an atom undergoes thermal neutron capture, 

5-10 MeV in nuclear binding energy is liberated in the form 

of a complex y-ray cascade. In most cases several cascades 

of y-rays are emitted and the capture y-ray spectrum is 

often very complicated. Comprehensive descriptions and 

listings of capture y-ray spectra have recently been published 

[ l o 1  by Groshev et al. -- 
From the laws of conservation of momentum, an atom 

emitting a single y-photon acquires a recoil kinetic energy, 

ERI  given by the expressions 

where E is the energy of the emitted y-quantum in MeV, and 
Y 

A is the mass number of the emitting nucleus. Where a large 

number of y-quanta are emitted, however, vector cancellation 
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of recoil momenta must be considered, and several theoretical 

treatments of this problem have appeared in the literature. [ll-131 

Assuming that the de-excitation of the excited nucleus formed 

following thermai neutron capture occurs in a time less than 

ca. 10 -14 second, [14-16] the problem reduces to one of simple 

vector summation of the many individual recoil events, since 

chemical bond rupture occurs in times of ca.10-'aecond. The 

results of such calculations show that, even allowing for 

reduction of the recoil momentum because of such self- 

cancellation effects, the net recoil momentum acquired by the 

daughter nucleus will exceed chemical bond energies in almost 

all events. [12117 For example, Cifka [I7' has shown that 

for 3 2 ~  atoms recoiling from the 3 1 ~  (n,y) 3 2 ~  nuclear reaction 

(assuming a random distribution of the many y-quanta emitted), 

the spectrum of recoil kinetic energies acquired by the 

3 2 ~  recoil atoms extends up to nearly 1000 eV, with only 

about 1 per cent of the recoil atoms having a recoil energy 

less than 50 eV. In comparison, chemical bond energies are 

of the order of 5-10 eV. 

A further point of some importance concerning the 

(n,y) reaction is the possible existence of long-lived states, 

having lifetimes of nanoseconds or longer, in the de-exciting 

y-ray cascade. Internal conversion of the y-transitions 

from these states may lead to extensive electronic excitation 

and ionisation of the recoiling atom. Internal conversion 

of low-lying transitions accompanying the (n,y) reaction 



h a s  been d i r e c t l y  obse rved  f o r  i s o t o p e s  o f  B r ,  [ I 9 1  I191 

Mn , [201 
DY I 

E 20 I 
I n ,  L20,211 and Au 1 2 1 1 .  The impor tance  o f  

t h e  t i m i n g  of  t h e  n u c l e a r  e v e n t s  o c c u r r i n g  i n  t h e s e  i n s t a n c e s  

may be unders tood  I•’ a  q u a i l t a t i v e  p i c t u r e  of  t h e  r e c o i l  

e v e n t  i s  examined. 

Fol lowing t h e r m a l  n e u t r o n  c a p t u r e ,  t h e  prompt e m i s s i o n  

of  many y-quanta,  i n  a  t ime  less t h a n  10 -14 second ,  c a r r i e s  

o f f  most of  t h e  energy  of t h e  e x c i t e d  n u c l e u s  and t h e  

d a u g h t e r  atom may a c q u i r e  a  h i g h  r e c o i l  k i n e t i c  ene rgy .  The 

r e c o i l i n g  atom may b r e a k  i t s  chemica l  bonds i n  t h e  p a r e n t  

molecu le ,  and,  c o n s i d e r i n g  atoms bound i n  t h e  s o l i d  s t a t e ,  

w i l l  come t o  rest  i n  t h e  s o l i d  i n  a  t i m e  less t h a n  ca.10 -12 

second.  L22-251  I f  l o n g - l i v e d  e x c i t e d  s t a t e s  of  t h e  d a u g h t e r  

n u c l e u s  e x i s t ,  t h e n  long  a f t e r  t h e  r e c o i l i n g  atom h a s  s t o p p e d ,  

c o n s i d e r a b l e  e l e c t r o n i c  e x c i t a t i o n  and i o n i s a t i o n  may o c c u r  

a s  a  r e s u l t  of i n t e r n a l  c o n v e r s i o n .  T h i s  p r o c e s s  may s i g n i f i -  

c a n t l y  i n f l u e n c e  t h e  chemical  form i n  which t h e  r e c o i l  atom i s  

f i n a l l y  s t a b i l i s e d .  

A more d e t a i l e d  d e s c r i p t i o n  o f  t h e  e f f e c t s  of  

e l e c t r o n i c  e x c i t a t i o n  and i o n i s a t i o n  w i l l  now b e  d i s c u s s e d  

w i t h  s p e c i f i c  r e f e r e n c e  t o  t h e  i s o m e r i c  t r a n s i t i o n  decay 

p r o c e s s .  



2. Isomeric Transition 

Isomeric transition refers to the process in which 

a nucleus in a metastable excited state makes a transition, 

generally by emission of a gamma ray or ejection of an orbital 

electron (internal conversion), to a state of lower energy, 

often the ground state of the nucleus. Lifetimes for such 

metastable nuclear states range from ca. 0.1 second to 

several hundred years. 

Where the energy of an emitted y-quantum in an isomeric 

transition decay process is very small, chemical effects due 

to the physical recoil of the atom may be neglected. However, 

where the isomeric transition is highly internally converted, 

considerable excitation and ionisation will result from the 

so-called Auger charging process. This may then result in 

significant chemical effects accompanying the decay. 

The basic theory of Auger charging has been treated 

by several groups. 
[26-281 A nucleus may, as an alternative 

process to y-ray emission, de-excite with the ejection of an 

inner-shell atomic electron (usually a K- or L- shell 

electron), the kinetic energy of which will equal the nuclear 

transition energy minus the binding energy of the ejected 

electron. This process leaves an inner-shell hole or 

vacancy in the atom which is very unstable, and an electron 

from an outer shell irmediately drops into the hole. The 

difference in binding energy of the electron in the two 



shells is either emitted as an x-ray or is given to a 

second outer-shell electron which is then also ejected from 

the atom. This latter process is called the Auger process 

and leads to a multiplication of the number of holes as 

the initial hole moves out to the periphery of the atom. 

The end result is the creation of a very high charge on the 

atom in a time of ca.10 -I4 second following the internal 

conversion event. 

The effects of the above Auger charging process have 

been extensively studied in atoms in the gas phase using 

the technique known as charge spectrometry. For example, 

following the highly internally converted isomeric transition 

131mXe -+ 131xe, in xenon gas at low pressures, Pleasonton and 

Snell found the xenon ions to be distributed in charge from 

+1 to +23, with a most probable charge of +8. [291 

When the parent atom is chemically bound in a 

molecule, the excessively high charge resulting from the 

Auger process is observed to lead to gross molecular disruption 

in gas phase experiments at low pressures. Thus, following 

the production of an initial L - shell vacancy in the iodine 

atom in CH31 L301 and CH3CH21 [311 (through bombardment of the 

molecule with monoenergetic x-rays rather than by radioactive 

decay), the molecule was observed to virtually explode. A 

wide spectrum of charged fragments was found, and the mass, 

charge, and kinetic energy distribution of the fragments 

measured. It was concluded from this work that following 



the initial charging of the iodine atom, electron transfer 

from the other atoms in the molecule takes place, thus 

spreading the positive charge throughout the molecule. The 

many charged atoms then Coulomb repel one another, causing 

the molecule to explode, and the fragments are ejected with 

appreciable kinetic energy. 

It must Le emphasised that when the isomeric transition 

occurs by y-ray emission, rather than by internal conversion, 

bond rupture is not likely to occur. Examples which illustrate 

this point well are the gas phase isomeric transition 

studies in 6 9 m ~ n  (C2H5) 2, 127m~e (C2H5) and 129m~e ( C 2 H 5 )  2.  [32 ,331 

The 6 9 m ~ n  -+ 6 9 ~ n  isomeric transition is not highly internally 

converted while the other two processes are. It was found 

that in the former case 95 per cent of the 6 9 ~ n  atoms were 

found in the form of 6 9 ~ n  (C2H5) following the decay, while 

- 0  per cent of the 12'~e and 12'T'e atoms were found chemically 

bonded to the ethyl groups of the parent molecule. 

It is important to discuss what the effects may be 

of a highly internally converted transition when it occurs in 

a solid, rather than in a gas. The distinct advantage of 

gas-phase experiments is that they allow the direct study of 

the charging process and its immediate chemical effects in 

molecules. Such direct information is difficult to obtain 

in solids. However, as will be discussed later, the 

Mossbauer effect allows the investigation of these processes 

in solids and permits the study of the chemical state of 



the daughter atom in the solid only nanoseconds after its 

formation in the decay. 

It should be anticipated that the extremely high 

positive charges observed in gases will not be observed 

in solids. Rapid charge neutralisation will occur as 

electrons are transferred back to the excited atom from the 

surrounding lattice. Indeedthigh charges as such will 

probably not be achieved, as electrons will flow back to the 

atom even as the Auger cascade itself is moving out to the 

outer shells of the atom. In addition to the above, 

electronic excitation energy may be readily dissipated to the 

surrounding medium through the many atomic and molecular 

vibration modes of the lattice. This will again serve to 

reduce the amount cf molecular disruption accompanying the 

internal conversion event. 

Finally, for atoms bound in solids one must also 

consider the constraining effects of the surrounding atoms 

and molecules. This cage effect will prevent the rapid 

separation of molecular fragments in the event of partial 

loss of bonding electrons in the charging process. Immediate 

charge neutralisation and electronic de-excitation may then 

simply reform chemical bonds, since the recoil fragments 

will not have been able to separate. 



3. Negative Beta Decay -- 

In ~--emission an electron of high kinetic energy 

and an antineutrino are ejected spontaneously from the 

nucleus of the radioactive atom. Chemical effects observed 

for atoms undergoing 6--decay may thus be the result of 

the kinetic recoil energy acquired by the atom or the electronic 

excitation and ionisation which may occur as a direct result 

of the @--emission process. 

In order that momentum be conserved in a 6--decay 

event, the decaying atom must recoil. The total recoil 

energy acquired by the atom is determined by vector addition 

of the recoil momenta imparted by the 6- and antineutrino, and 

thus the angular correlation between the two should be 

considered. For a B--transition in which the energy of the 

antineutrino approaches zero, the recoil energy acquired by 

the atom is a maximum and is given by the expression 

548 E B -  (max) 
2 

536 Eg- (max) 
ER(max) = + eV 

A A 

where A is the mass number of the emitting nucleus, and E -(max) B 

is the maximum energy of the in units of MeV. 

Thus the maximum recoil energy in the @--decay of 

1 3 2 ~ e  (E (max) = 0.22 MeV) is 1.1 eV and for 6 ~ e  ( ~ ~ ( m a x )  = 3.508 MeV) F 
is 1418 eV. The average recoil energy acquired by an emitting 

atom in 6--decay is about one half of the maximum value. 



Of perhaps  g r e a t e r  impor tance  i n  @:decay w i t h  

r e g a r d  t o  chemical  e f f e c t s  i s  t h e  e l e c t r o n i c  e x c i t a t i o n  and 

i o n i s a t i o n  r e s u l t i n g  from t h e  change i n  charge  of  t h e  

n u c l e u s .  The emiss ion  of a  ~ - - ~ a r t l c l e  from t h e  n u c l e u s  

shou ld  g i v e  rise t o  a  d a u g h t e r  i o n  w i t h  a  s i n g l e  p o s i t i v e  

charge .  However, when t h e  l e a v e s  t h e  atom i n  a  

t ime s h o r t  r e l a t i v e  t o  p e r i o d s  of  o r b i t a l  e l e c t r o n  mot ion ,  

t h e  s u r r o u n d i n g  e l e c t r o n  c loud  may n o t  have t i m e  t o  a d j u s t  

t o  t h e  sudden change i n  n u c l e a r  c h a r g e ,  and may t h u s  b e  

l e f t  i n  an e x c i t e d  s t a t e .  I n  most of t h e s e  c a s e s  t h e  

e l e c t r o n  c l o u d  w i l l  c o n t r a c t  a d i a b a t i c a l l y  and a d j u s t  t o  t h e  

i n c r e a s e d  n u c l e a r  c h a r g e .  However, i n  some i n s t a n c e s  t h e  

e l e c t r o n  c l o u d  may n o t  c o n t r a c t  i n  t h i s  way, and i n  such a  

n o n - a d i a b a t i c  p r o c e s s  t h e  d a u g h t e r  atom i s  l e f t  i n  an 

e l e c t r o n i c a l l y  e x c i t e d  s t a t e .  T h i s  e x c i t a t i o n  energy  may 

r e s u l t  i n  t h e  p r o c e s s  c a l l e d  e l e c t r o n U s h a k e - o f f N a n d  i o n i s a t i o n  

of  t h e  d a u g h t e r  atom. 

The e n e r g y ,  AE, a v a i l a b l e  f o r  e l e c t r o n i c  e x c i t a t i o n  

i n  6--decay i s  g i v e n  by t h e  d i f f e r e n c e  i n  k i n e t i c  ene rgy  

a c q u i r e d  by a @ - - p a r t i c l e  moving th rough  t h e  e l e c t r o s t a t i c  

f i e l d  o f  t h e  e l e c t r o n  c loud  o f  t h e  e m i t t i n g  atom i n  comple te ly  

a d i a b a t i c  and n o n - a d i a b a t i c  p r o c e s s e s .  [ 341  These e x p r e s s i o n s  

are 

2 
AE = 2 4 . 2 7  Z 1 ' 3 ( Z ' - ~ )  e V  ( f o r  l i g h t  a toms)  



and 

AE = 22.85 z ~ ' ~ ( z ' - z ) ~  eV ( f o r  heavy a toms)  ( I - 3 b )  

where Z and Z '  i n  t h e s e  e x p r e s s i o n s  a r e  t h e  n u c l e a r  c h a r g e s  

b e f o r e  and a f t e r  t h e  B--emission.  Thus, f o r  example,  i n  
- 

t h e  1.45 MeV $ - t r a n s i t i o n  + 12'1, AE = 160 e V ,  

assuming t h e  heavy-atom r e l a t i o n s h i p  above.  

However, e x p e r i m e n t a l  e v i d e n c e ,  l a r g e l y  t h a t  o f  

C a r l s o n  and co-workers L 3 5 - 3 7 1  , h a s  shown t h a t  e l e c t r o n  

" shake-of f "  r e s u l t i n g  from e l e c t r o n i c  e x c i t a t i o n  o n l y  o c c u r s  

i n  a  s m a l l  f r a c t i o n  of  B--decay e v e n t s ,  and t h a t  t h e  above 

t h e o r e t i c a l  e x p r e s s i o n s  g i v e  an upper  l i m i t  f o r  t h e  

e x c i t a t i o n  energy  a v a i l a b l e  i n  a--decay. Charge s p e c t r a  

o b t a i n e d  f o l l o w i n g  ~ - - d e c a ~  i n  t h e  r a r e  g a s e s  a t  low p r e s s u r e s  

show t h e  o c c u r r e n c e  of a  cha rge  of  + 1  i n  80 t o  90  p e r  c e n t  

of  e v e n t s ,  a  +2 charge  i n  1 0  t o  15  p e r  c e n t  o f  e v e n t s ,  and 

w i t h  a  maximum c h a r g e  obse rved  of up t o  + l o .  [371 S i m i l a r  

methods of  s t u d y  have been used by a  number of  g roups  i n  

i n v e s t i g a t i n g  t h e  chemical  e f f e c t s  of  Be-decay i n  t r i t i u m  [38,391 

and r a d i o a c t i v e  h a l o g e n - c o n t a i n i n g  hydrocarbons  [40,411 in 

t h e  g a s  phase .  The e x p e r i m e n t a l  r e s u l t s  show t h a t  f a r  less 

e x c i t a t i o n  and f r a g m e n t a t i o n  o c c u r s  t h a n  t h a t  obse rved  

f o l l o w i n g  i n t e r n a l  c o n v e r s i o n ,  w i t h  s i n g l y  charged hydrocarbon 

f ragments  b e i n g  t h e  predominant  p r o d u c t s ,  
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CH3T g (cH~)+ in 82 per cent of events [ 3 8 1  

CC13Br *' - ( c c ~ ~ )  in 64 per cent of events. 1411 

+ In these cases the primary decay products (CH3-He) and 

+ 
(CC13-Kr) are unstable and decompose. 

It is found that in the few events where the electron 

"shake-off"process occurs, leading to a high charge on the 

daughter atom, the mechanism of molecular disruption then 

observed is similar to that which occurs following internal 

conversion. It must be emphasised, however, that such 

processes occur in only a relatively small number of events, 

and that the principle effects of @--decay are very mild in 

comparison with those for internal conversion. 

In solids the chemical effects of @--decay will be 

far less pronounced than the chemical effects following the 

(n,y) reaction or internal conversion. The effects of recoil 

accompanying most 6--decay events will be small in comparison 

with the (n,y) reaction, while the electronic excitation 

and ionisation are minimal compared with a highly internally 

converted isomeric transition. The results of chemical 

investigations of recoil atoms produced by @--decay in solids 

support these points in several instances, with little if 

any bond rupture being observed. 
[42-451 



B.  Models of  Recoil-Atom Energy Loss P r o c e s s e s  i n  S o l i d s  

I n  t h e  p r e v i o u s  s e c t l o n  t h e  o r l g l n  of r e c o i l  k i n e t i c  

ene rgy  and e l e c t r o n i c  e x c i t a t i o n  energy  was d i s c u s s e d  f o r  

s e v e r a l  d i f f e r e n t  n u c l e a r  t r a n s f o r r . i a t i o n s .  L e t  u s  now 

examine i n  g r e a t e r  d e t a i l  t h e  s p e c i f i c  p h y s i c a l  and chemica l  

p r o c e s s e s  which may occur  i n  a  s o l i d  l a t t i c e  f o l l o w i n g  

p r o d u c t i o n  of t h e  e x c i t e d  r e c o i l  atom. 

S e v e r a l  rr.odels have been proposed which a t t e m p t  t o  

d e s c r i b e  t h e  p r o c e s s e s  which o c c u r  when an atom r e c o i l i n g  

w i t h  a  h i g h  k i n e t i c  ene rgy  l o s e s  i t s  energy  t o  t h e  

s u r r o u n d i n g  l a t t i c e .  

I n  one such model,  t h e  hot -zone  model ,  H a r b o t t l e  

and S u t i n  [ 4 6 1  and Yankwich [ 471 have a p p l i e d  t h e  c o n c e p t  o f  

t h e  t h e r m a l  s p i k e ,  proposed e a r l i e r  by S e i t z  and Koehler .  1 4 8 1  

I t  i s  v i s u a l i s e d  t h a t  i n  an ( n , y )  n u c l e a r  r e a c t i o n ,  t h e  

r e c o i l  atom w i l l ,  a s  a  r e s u l t  of  t h e  k i n e t i c  r e c o i l  e n e r g y  

a c q u i r e d  i n  t h e  prompt y-ray e m i s s i o n  c a s c a d e ,  b r e a k  i t s  

o r i g i n a l  chemica l  bonds and w i l l  move away th rough  t h e  

l a t t i c e .  Such a  r e c o i l  a tom, p o s s e s s i n g  i n i t i a l l y  ca.300 

e V  i n  r e c o i l  k i n e t i c  e n e r g y ,  w i l l  d e - e x c i t e  i n  c a . l ~ - ~ ~ s e c o n d  

th rough  a  series of  d i s p l a c e m e n t  and i n t e r c h a n g e  c o l l i s i o n s  

w i t h  s u r r o u n d i n g  s u b s t r a t e  atoms.  I t  i s  proposed t h a t  i n  

t h i s  p r o c e s s  f i v e  o r  s i x  d i s p l a c e d  atoms w i l l  b e  produced 

and t h a t  t h e s e  w i l l  l o s e  t h e i r  k i n e t i c  ene rgy  i n  secondary  

c o l l i s i o n s .  I n  s o  d o i n g ,  f i v e  or  s i x  l o c a l  " h o t - s p o t s "  

w i l l  b e  formed w i t h i n  t h e  l a t t i c e ,  s e p a r a t e d  by r e l a t i v e l y  

s m a l l  d i s t a n c e s ,  and t h e s e  w i l l  c o a l e s c e  i n  ca .10  -I2 second .  
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This would produce a hot-zone having a total volume of about 

1000 atoms, and in which the crystal would be in an essentially 

molten state. 

Chemical reactions of the recoil atom such as addition, 

substitution, recombination or exchange-type reactions may 

take place within this hot-zone with surrounding decomposition 

fragments or substrate molecules. The hot-zone would then 

cool to below the melting point of the crystal in ca.10 -11 

second, and in so doing would quench many chemical processes 

before they had gone to completion. The final recoil site 

may then be viewed as being in a metastable chemical state. 

If the solid were then heated following the nuclear transformation 

it might be expected that some of these reactions could 

be taken to completion. This latter point will be returned 

to in the following section. 

A second model of considerable significance is the 

disorder model [ 4 9  1501 which is based largely on Vineyard's 

computer calculations of the changes occurring when highly 

energetic atoms de-excite in a metal lattice. [51.521 Here, 

an atom acquiring a recoil energy of several hundred eV in 

an ( n , y )  nuclear reaction is visualised as losing its kinetic 

energy very quickly in coming to rest in the lattice only a 

few interatomic distances away from its starting point. It 

is proposed that the general damage to the lattice is quite 

small, with only a few atoms changing places or becoming 

interstitial atoms. The najority of the recoil energy is 



c o n s i d e r e d  t o  b e  c a r r i e d  o f f  th rough  t h e  l a t t i c e  i n  f o c u s s i n g  

c o l l i s i o n s  and i n  t h e  p r o d l ~ c t i c n  cf dynamic crowd-ions ,  

i . e . ,  where each atom of  a  c o l l i s i o n  c h a i n  moves i n t o  t h e  

p o s i t i o n  of  i t s  n e a r e s t n e i g h b o u r l e a v i n g  a vacancy a t  t h e  

o r i g i n  of  t h e  c h a i n .  The n e t  e f f e c t  of  t h e s e  p r o c e s s e s  i s  

t o  t r a n s p o r t  t h e  e x c e s s  ene rgy  away from t h e  r e c o i l  atom 

s i t e  and t o  d e p o s i t  it i n  t h e  l a t t i c e  some c o n s i d e r a b l e  

d i s t a n c e  from t h e  i n i t i a l  e v e n t .  

C a i r n s  and Thompson L 5 3 1  have found some 

t e n t a t i v e  e v i d e n c e  f o r  t h e s e  phenomena o c c u r r i n g  i n  s o l i d s  

f o l l o w i n g  t h e  ( n , y )  r e a c t i o n .  I n  t h e i r  exper iments  s u r f a c e s  

o f  s i n g l e  c r y s t a l s  o f  po tass ium i o d i d e  were l a b e l l e d  w i t h  

1311 , and were t h e n  i r r a d i a t e d  w i t h  t h e r m a l  n e u t r o n s .  They 

obse rved  t h a t  t h e  1311 atoms were e j e c t e d  from t h e  c r y s t a l  

s u r f a c e s  i n  c e r t a i n  p r e f e r r e d  d i r e c t i o n s ,  i n d i c a t i n g  t h a t  

f o c u s s i n g  c o l l i s i o n s  were o c c u r r i n g  w i t h i n  t h e  K I  c r y s t a l .  

The b e s t  e x p e r i ~ e n t a l  s u p p o r t  f o r  t h e  d i s o r d e r  model 

i s  found i n  t h e  work of  Mul le r  w i t h  mixed c r y s t a l  sys tems .  [49t501 

~ G l l e r  i n v e s t i g a t e d  t h e  chemical  e f f e c t s  of  t h e  l s 5 R e  ( n t y )  

l s 6 R e  n u c l e a r  r e a c t i o n  i n  homogeneous mixed c r y s t a l s  of  

K ReBr6/K2SnC1 and K2ReBr /K 0 s C 1 6  c o n t a i n i n g  1 t o  28 and 2 6  6 2  

6 t o  20 mole p e r  c e n t  of K Z R e E r 6 ,  r e s p e c t i v e l y .  Subsequent  

r a d i o c h e m i c a l  a n a l y s i s  showed a  spect rum of  r e c o i l  p r o d u c t s  

L- of  t h e  t y p e  ReC16-x B r x  , and from t h e  obse rved  p r o d u c t  

d i s t r i b u t i o n  s e v e r a l  c o n c l u s i o n s  were drawn. Thus,  t h e  

obse rved  d i s t r i b u t i o n  was i n t e r p r e t e d  a s  b e i n g  i n c o n s i s t e n t  
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with the formation of a melt in the recoil zone, since the 

distribution, taking account of the numbers of halogen atoms in 

the reaction zone, was not statistical. From the distribution 

of C1 and Er lisan2s sn the 186?.e dazghter nucleus at the 

lowest K2ReBr concentrations the reaction zone was calculated 6 

to be l/lOth the size of that predicted by the hot-zone 

model. Hahn and Willard [ 5 4 1  have reported a similar 

finding in experiments on the 80m~r -+ 8 0 ~ r  isomeric transition 

in alkyl bromides, their results indicating the presence of 

a reaction zone of one or two molecular diameters in size. 

In this latter case, however, the 8 0 ~ r  atom produced is not 

a highly energetic recoil. 

The final model to be discussed here is Walton's 

"hot-electron" model L551,  in which chemical effects of 

nuclear transformations are described primarily from the 

point of view of electronic excitation and consequent loss 

of valence (bonding) electrons. Thus, in a nuclear reaction 

or radioactive decay, energy may be made available as 

electronic excitation energy. For atoms in the solid state 

this may be sufficient to remove bonding electrons from 

valence orbitals into the conduction band of the crystal. 

It is then pictured that in some events bonds are broken 

through loss of electrons, while in others the bonds may 

reform as electrons from the conduction band re-populate 

the bonding orbitals. The actual physical disruption at 

the recoil site may be minimal, if any occurs at all. 



This model raises several interesting points. Thus, 

such a model may be used, for example, to explain how 

stereochemical configuration may be retained following 

nuclear transformations. Following thermal neutron capture 

in d- f5'co (en) 3] (NO3) , the only [ 6 0 ~ o  (en) 3] (NO3) labelled 

product observed is the d-form. [61 If the crystals are 

heated following the transformation some of the 6 0 ~ o  

6 0  decomposition products present react to produce [ Co (en) 3l (NOg)3, 

again exclusively in the d-form. Similar observations have 

been made on cis- and trans- [Co (en) 2Br21 (NO3) 3. [61 Thus, 

there is some tentative evidence to support the idea of 

simple electron loss and bond reformation at the recoil site, 

with no real physical disruption taking place. 

While the validity of Walton's model may be questioned 

where the atom produced in the transformation possesses 

translational energy as a result of recoil, the model may well 

describe in a simple qualitative way the results of electronic 

excitation following an isomeric transition or B--decay. Thus, 

as discussed in Section I-A(2), following an Auger cascade 

I) 
or electronl1shake-off in a solid, the final chemical effects 

may be quite different from those in isolated gas molecules. 

In a solid, electron loss through excitation to the conduction 

band will be balanced in many events by the reverse process 

and the molecule may then remain intact. On the other hand, 

in some events bonding electrons may be completely lost 

and bond rupture will then result. Certainly it is most 



unlikely that the large charges 

molecules in gases, and the att 

will be observed in solids. 

generated in isolated 

endant Coulomb explosi 

C. Annealing Reactions 

One aspect of radiochemical studies of recoil atoms 

in the solid state which has attracted much attention in 

the past is the so-called thermal annealilig process. When 

the solid containing the recoil fragments is heated following 

the nuclear transformation, chemical reactions of the 

radioactively-labelled molecular fragments produced in the 

preceding transformation take place. These reactions 

generally lead to the reformation of the parent molecule, as 

observed on subsequent radiochemical analysis. Moreover, 

these same annealing reactions can be initiated by several 

methods other than by heating; for example, by irradiating 

the solid with light or ionising radiation, by the application 

of pressure, and by crushing or grinding the crystals. 

1. Mechanisms - of Annealinq Reactions 

The thermal annealing reactions may be 

viewed as simple chemical reactions involving the recoil atom 

and surrounding molecular debris formed in the preceding 

nuclear event or surrounding parent substrate molecules. It 

is possible to visualise several mechanisms for the annealing 

reaction. 
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Thus the annealing reaction may occur through what 

may be described as the recombination of initially correlated 

fragment pairs. [6'57'581 ~n a monoatomic lattice or simple 

alkali halide lattice, this reaction may involve the return 

of the recoil atom, from where it was stopped in the lattice 

following the nuclear event, back to the vacant position 

in the lattice from which it originated. This process is a 

simple vacancy - interstitial pair recombination. L561 

Alternatively, for a lattice containing molecular ions, 

the reaction may involve the recombination of the recoil 

atom, which underwent bond rupture in the recoil event, with 

its original ligand groups. In this instance the recoil 

atom may undergo a single recombination with a fragment 

species, or may undergo a sequential recombination with 

groups in a step-wise process. [581 

An alternative mechanism to the above is the recombin- 

ation of initially randomly distributed fragment pairs. [6,56,591 

In this reaction it is proposed that the recoil atom and the 

lattice vacancy, or molecular ligand groups, that recombine 

may not have originated in the same event, and that diffusion 

occurs in the lattice leading to the reactions observed. 

This reaction mechanism would lead to at least second order 

kinetics, i.e., the probability of a reaction occurring 

would be dependent on both reactants being present. 

A third annealing reaction mechanism is that of the 

recrystallisation of the hot-zone, which was mentioned in 



the preceding section. Here it is proposed that within the 

metastable recoil site the previously quenched chemical 

reactions may now continue to completion on heating. 

Yet another mechanism vkich has been invoked to 

explain annealing reactions is that of isotope exchange 

between the recoil atom and surrounding substrate molecules. 

This mechanism was first proposed to explain annealing in 

organic halides [ 5 8 1  

* 
where RX is the parent molecule and X the recoil atom. 

Recent experiments with doped inorganic crystals have found 

further evidence of such exchange reactions. Thus, so-called 

transfer annealing reactions in doped chromates 

('lcr3+ -+ 51~r~42-) [60f611 iodates ( 1311- + 131 - )  [ 62 ,631  

- 
1•‹3 

and bromates (**~r- -+ 8 2 ~ r ~ 3  ) [641 have been observed and 

explained by a simple exchange model. Moreover these processes 

bear a striking resemblance in temperature dependence and 

kinetics to recoil fragment thermal annealing in these 

systems. It must be noted that in the exchange experiments 

no nuclear event is involved in producing the radioactive 

dopant atom in the crystal, and thus there is no fragment 

structure of the recoil site as created by a "hot" atom 

present. The dopant atom is surrounded only by intact 

molecules with which it may react. 



2. The Role of Crystal Defects in Recoil Fragment --- - 
Annealing 

Although the previously described mechanisms appear 

to be quite straightforward, detaiiea studies of annealing 

reactions have disclosed considerable complexity. Thus 

it has been found in many different chemical systems, that 

defects present in the crystal are intimately involved with 

the recoil annealing reactions that occur. 

The past work of Andersen clearly illustrates this 

point. Andersen et al. -- [65-67 I have compared thermolumines- 

cence glow curves, conductivity measurements, and recoil 

fragment annealing curves in thermal neutron irradiated 

chromates and bromates, and following @--decay in tin compounds. 

In each instance, distinct correlations were observed in the 

data for all three processes. The experiments showed that 

crystals containing recoil fragments were found to exhibit 

increases in their conductivity and to luminesce at the 

same temperatures that recoil-fragment annealing reactions 

were found to occur. From this Andersen concluded that the 

release of electrons or positive holes from y-induced 

defects must be involved in the thermal annealing of the recoil 

fragments, since they are certainly involved in the other 

two processes. 

~ollins[~*I has proposed a model which may well 

describe the way in which crystal defects can promote 

recoil product annealing. He proposes that within the 



c r y s t a l  t h e r e  e x i s t  many t r a p  s i t e s  of  v a r y i n g  d e p t h  ( e n e r g y )  

which a r e  f i l l e d  by f r e e  e l e c t r o n s  and p o s i t i v e  h o l e s  i n  

t h e  o r d e r  of t h e i r  d e p t h .  On h e a t i n g  t h e  c r y s t a l ,  mobi le  

d e f e c t s  ( t h e  e l e c t r o n s  cr ~ ~ s i t i v e  h o l e s )  a r e  r e l e a s e d  t o  

t h e  conduc t ion  band of  t h e  c r y s t a l  where t h e y  a r e  f r e e  t o  

move. When such  a  f r e e  d e f e c t  r e a c h e s  a  r e c o i l  s i t e ,  t h e  

a n n e a l i n g  r e a c t i o n  i t s e l f  nay t h e n  t a k e  p l a c e  th rough  one 

of  s e v e r a l  d i f f e r e n t  mechanisms. Thus t h e  r e c o i l  atom may 

be  o x i d i s e d  o r  reduced depending on whether  an e l e c t r o n  o r  

p o s i t i v e  h o l e  i s  i n v o l v e d ,  and t h i s  w i l l  l e a d  t o  a  change i n  

t h e  chemical  form of  t h e  r e c o i l  atom. A l t e r n a t i v e l y ,  t h e  

recombina t ion  o f  an  e l e c t r o n - p o s i t i v e  h o l e  p a i r  may l e a d  t o  

t h e  d e p o s i t i o n  o f  ene rgy  w i t h i n  t h e  r e c o i l  s i t e .  T h i s  may 

t h e n  b e  fo l lowed  by f ragment  r ecombina t ion  o r  by an  exchange 

p r o c e s s  a s  d e s c r i b e d  e a r l i e r .  

R e a l i s i n g  t h a t  a n n e a l i n g  r e a c t i o n s  a r e  i n  some way 

" t r i g g e r e d "  by e l e c t r o n i c  c r y s t a l  d e f e c t s ,  s e v e r a l  g roups  

have a t t e m p t e d  t o  de te rmine  t h e  o r i g i n  and t y p e  of  d e f e c t -  

s i tes  i n v o l v e d .  Thus,  t r e a t m e n t s  such a s  c r u s h i n g ,  [ 6 9 1  

i r r a d i a t i n g  t h e  c r y s t a l s  w i t h  e l e c t r o n s  b e f o r e  and f o l l o w i n g  

t h e  n u c l e a r  e v e n t ,  [70,711 and doping w i t h  c a t i o n s  16" have a l l  

been found t o  cause  an i n c r e a s e  i n  t h e  s u s c e p t i b i l i t y  of r e c o i l  

f r agments  i n  c r y s t a l s  t o  undergo t h e r m a l  a n n e a l i n g  r e a c t i o n s .  

On t h e  o t h e r  hand ,  Machado -- e t  a l .  ' 7 2 1  have found t h a t  i f  

C o ( I I 1 ) -  and C r ( I I 1 ) -  t r i s a c e t y l a c e t o n a t e  c r y s t a l s  a r e  
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heated prior to (n,y) activation, subsequent recoil fragment 

thermal annealing F ~ O ~ U C C S  a zuch s~allcr chemical change 

than that found without the pre-heat treatment. Machado 

explained this latter phenomenon as being the result of 

the production of trap sites by the pre-heating, which can 

compete with the recoil defect sites in the annealing 

reaction. Harbottle , [ 3 1  on the other hand, has suggested 

that the pre-heating removes defects which might otherwise 

trap positive holes or electrons produced during the neutron 

bombardment, and which afterwards could be released to 

promote recoil product annealing. 

The above processes are related in that they appear 

to show the influence on the thermal annealing reaction of 

crystal defects present throughout the crystal lattice. As 

such, these annealing reactions have been described as 

extrinsic annealing reactions, or annealing reactions 

triggered in some way by extrinsic crystal defects. The 

existence of a second type of annealing reaction has been 

shown by the work of Collins and Harbottle, ' 7 3 1  and more 

recently by the work of Andersen [ 7 4 1  and Jones. [ 7 5 1  This 

reaction was found to be an intrinsic annealing reaction, 

i.e., an annealing reaction involving only fragments or 

defects produced by the isolated nuclear event. The 

characteristic of intrinsic annealing reactions is that 

they can be shown to be independent of the bulk properties 

of the crystal lattice and appear to arise solely as a 



consequence of fragments and crystal defects formed in the 

nuclear transformation event itself. 

It can be concluded from the above that recoil 

fragment annealinq reactions are most complex, both in the 

events that initiate these reactions and in the actual reaction 

mechanisms themselves. In a further effort to clarify the 

meaning of the observed annealing reactions, quantitative 

kinetic analyses have been made for many systems. 

3. Kinetic Analysis - of Recoil Fragment Annealing 

The kinetic analysis of recoil fragment annealing 

data appears, however, to be equally complicated. From 

quantitative kinetic treatments of annealing data, investi- 

gators have attempted to determine the relative effects of 

diffusion and electronic processes in the annealing reaction. 

Thus far, however, this has not been accomplished. 

Recoil fragment annealing curves are found to exhibit 

zero, [ 5 8 1  first, L76-78 and second order kinetics, [791 

while in other cases, a simple kinetic analysis has not 

been found possible. L57 f 80 Activation energies determined 

from these procedures generally range from 0.5 - 2.0 eV. 

The Vand-Primak analysis 181' 8 2  is a more general 

form of kinetic treatment which is based on the concept 

that, rather than having a discrete energy of activation, 

an annealing reaction of a given order may be governed 



by a distribution of activation energies. Such an analysis 

has been applied succ~ssfully in several systems. [76,77,79,83,84] 

In addition, using a computer method of analysis, Harbottle [851 

has shown that by assuming a block or Gaussian distribution 

of activation energies, one can derive hypothetical annealing 

curves much like those experimentally observed. Finally, 

Andersen [65-671 has shown the data in some of his work to be 

best described by assuming a combination of discrete first- 

order processes, each having a discrete activation energy. 

It is again obvious that the interpretation of the 

kinetic analyses of thermal annealing data has been able to 

provide very little information as to the nature of recoil 

atom annealing processes occurring in solids. For example, 

one can question the significance of activation energies 

obtained by these methods,since in almost every instance 

there is more than one method of kinetic analysis which may 

yield fits to the experimental data. Moreover, since it 

is known that the annealing reactions proceed through quite 

complex mechanisms, involving the de-trapping of electrons 

and positive holes in the crystal, diffusion of these 

defects to the recoil site, and finally the annealing step 

itself, it is not clear precisely what the activation 

energy corresponds to. The theory of Collins and the 

experimental work of Andersen appears to show that in those 

instances at least, the activation energy is determined 

by the de-trapping of the electronic defect rather than by 

the chemical reaction occurring at the recoil site. 



4. Conclusions 

Several conclusions may be drawn from this discussion. 

The annealing reactions of recoil atoms in solids are 

triggered in some way by electronic processes occurring in 

the crystal, and these processes may be initiated by heating 

or crushing the crystals, or by y-irradiation. These elec- 

tronic processes give rise to the annealing reaction itself, 

which may involve fragment recombination, exchange, or 

electronic oxidation or reduction. The net effect of such 

annealing reactions in many instances is to restore the 

recoil atom to its original chemical form. 

In these annealing reactions two processes may be 

distinguished, those involving extrinsic crystal defects 

and those involving intrinsic defects created in the nuclear 

transformation itself. The former processes often serve 

only to confuse and complicate the interpretation of annealing 

experiments. Thus, in studying (n,y) recoil atoms in solids, 

one must consider the effects of the y-radiation absorbed 

by the sample during the reactor irradiation, which will 

serve to produce defects throughout the bulk of the crystal. 

It is also necessary to consider the effects of thermal and 

y-ray annealing which may occur at ambient temperature during 

the irradiation itself. In an ideal situation, in studying 

the chemical environment of a recoil atom in a solid, it 

would be desirable to be able to identify only the intrinsic 

component of the annealing reaction. 



111. DECAY CHARACTERISTICS FOK THE TELLURIUM - IODINE 

SYSTEMS INVESTIGATED IN THIS WORK 

From the preceding review it can be seen that while 

the origins of kinetic recoil energy and electronic 

excitation energy in nuclear transformations are well 

understood, descriptions of the processes which occur in 

solids during and following these transformations are not 

clearly defined. In the present work it was felt that a 

detailed comparative study of several different well- 

characterised nuclear transformations in the same isotopic 

system would add significantly to an understanding of 

recoil chemistry in solids. The principle objective of 

the present work then was to study the comparative chemical 

effects accompanying 13--decay, internal conversion of a 

y-transition, and thermal neutron capture, all in the same 

solid matrix. The thermal annealing reactions observed 

following each of these transformations were also of 

interest, since again a comparative study would hopefully 

provide useful information about the relative chemical 

effects of the different transformations. 

Few isotopic systems allow such a comprehensive 

study of the several different transformations which it 

was intended to investigate. One such isotope system, 

however, is that of tellurium - iodine. This is clearly 



shown in the decay schemes for 131~e, 13*Te, and 12'~e as 

seen in Figures 1 and 2. Table I summarises most of the 

relevant decay characteristics for these tellurium-iodine 

isotopes. Moreover, as wlll he discussed in Section V 

there are several Mossbauer nuclei which may be studied 

in this system. 

In the present work telluric acid was chosen as the 

parent compound in which to study the different transform- 

ations. Telluric acid has been used by several investigators 

in the past, since it is readily prepared, chemically stable, 

and very soluble in aqueous solvents, which allows for 

convenient radiochemical separations. 

A. Decay Sequences Studied in the Chemical Analysis of 
Iodine Recoil Atoms 

Using radiochemical methods of analysis, and 

1 3 2 ~  recoil species may be investigated following four 

different transformation sequences. These include, in 

telluric acid 

Radioactive 
Recoil Studied 

- 
2 .  H~ 131mTeo6 B (Y) C 

18% isomeric transition 



3. H6 131Teo6 3- ( v )  1311 

c a .  18% i n t e r n a l  c o n v e r s i o n  

4 .  H6 1 3 2 ~ e ~ 6  B -  ( Y )  _. 1321 

c a .  85% i n t e r n a l  c o n v e r s i o n  

I n  t h e  ( n , y )  a c t i v a t i o n  p r o c e s s ,  (1) above,  c a .  5 . 9  

MeV o f  b i n d i n g  energy  i s  l i b e r a t e d  i n  t h e  prompt y-cascade 

of  1 3 1 T e  which,  assuming t h a t  o n l y  one y-quantum i s  e m i t t e d ,  

i m p a r t s  c a .  1 4 2  e V  i n  k i n e t i c  r e c o i l  ene rgy  t o  t h e  d a u g h t e r  

131Te atom. U n f o r t u n a t e l y ,  a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  

prompt y-ray spect rum i s  n o t  a v a i l a b l e  f o r  1 3 1 T e ,  t h u s  a  

more p r e c i s e  c a l c u l a t i o n  o f  t h i s  r e c o i l  ene rgy  i s  n o t  

p o s s i b l e .  I t  i s  a l s o  n o t  known a t  p r e s e n t  i f  d e l a y e d  s t a t e s  

a r e  p o p u l a t e d  i n  t h e  ( n , y )  r e a c t i o n .  The r a t i o  o f  1311 

a c t i v i t i e s  produced from t h e  decay o f  131Te and 131rnTe i s  

g i v e n  approx imate ly  by t h e  r e s p e c t i v e  t h e r m a l  n e u t r o n  c a p t u r e  

c r o s s  s e c t i o n s  f o r  t h e  two t e l l u r i u m  i s o t o p e s ,  g i v i n g  a  r a t i o  

of  a b o u t  5 t o  1. 

For  t h e  purposes  of  t h e  p r e s e n t  work, t h e  s t u d i e s  o f  

t h e  r e c o i l  i o d i n e  atoms produced i n  t h e  r a d i o a c t i v e  decay 

o f  1 3  l m T e  , 131Te, and 1 3 2 ~ e ,  a s  shown i n  ( 2 ) ,  ( 3 ) ,  and ( 4 )  

above,  w e r e  of  p r i n c i p l e  i n t e r e s t .  The decay schemes of  

t h e s e  i s o t o p e s  a r e  i n  many ways q u i t e  s i m i l a r ,  b u t  more 

i m p o r t a n t l y ,  s e v e r a l  d i f f e r e n c e s  e x i s t .  Thus i n  t h e  decay 

of  1 3  l m T e  , i n  82 p e r  c e n t  of  e v e n t s  decay o c c u r s  th rough  

8- ( y )  t r a n s i t i o n s  d i r e c t l y  t o  1311, w h i l e  i n  1 8  p e r  c e n t  of  



-4- 0.053 MeV 

0.603 MeV 

0.493 MeV 

0.150 MeV 

KI 8.05 DAY v- 

F i g u r e  1 Decay Scheme for ( a )  1 3 1 r n ~ e  and 1 3 1 ~ e  and 
(b) 1 3 2 ~ e  [ 8 6 ] .  
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events the highly internally converted isomeric transition 

precedes the 8- (y) decay, On the other hand, the decay 

of 13he occurs in 100 per cent of events by 4 - ( y )  decay 

1311 to . However, in ca. 80 per cent of events the decay 

proceeds through the . I 5 0  MeV level in 13%, which has a 

K-shell internal conversion coefficient of aK=0.26. Thus, 

for 13'1 produced from 13'l?e, internal conversion occurs 

following the B- transition in ca. 18 per cent of events. 

The decay schemes of these two isotopes thus exhibit only 

minimal differences, and it was of some interest to see if 

such differences would be reflected in the chemical effects 

accompanying the decay. 

For 132~e, the decay occurs in every event through 

the .053 MeV transition in 1 3 2 ~  which has wK=5.3. In this 

instance internal conversion and the accompanying extensive 

electronic excitation will occur in ca. 83 per cent of decay 

events and the effects of this on chemical bonding should 

be readily observable. Moreover, in this latter case the 

parent 132~e and d a ~ ~ h t e r l ~ ~ 1  exist in radioactive transient 

equilibrium. This equilibrium is important in that it 

allows a very detailed study of the thermal annealing 

reactions of the 1 3 2 ~  recoil atoms, as will be subsequently 

shown . 



B. Decay Sequences Studied in the Chemical Analysis of 
Tellurium Recoil Atoms 

Chemical investigations of the chemical states of 

tellurium recoil atoms in telluric acid could also be 

carried 

below 

5.  

6. 

7.  

out following the transformation sequences shown 

Radioactive 
Recoil Studied 

isomeric 
l2 8~e0, ( n  , y ) 129mTe H, c 12'Te 

V U transition 

isomeric 

H6 1 2 9 m ~ e ~ 6  transition L 12'~e 

It can be seen that these experiments allow a comparison of 

the chemical effects for isotopic (Te) and nonisotopic (I) 

recoil atoms within the telluric acid lattice. 

In the thermal neutron capture reaction 12*Te (n,y) 

12'Te, about 6.1 MeV of binding energy is liberated in the 

prompt y-ray cascade which, if only one y-ray were emitted, 

would give the daughter 12'Te nucleus ca. 155 eV in kinetic 

recoil energy. Again, the significant details of the prompt 

y-ray spectrum for 12'Te have not been reported. 

The nuclear transformation of prime importance in 

this study is that of (6) above, where the isomeric 

transition decay of 129m~e is 100 per cent internally 

converted. Although only 64 per cent of all 129m~e decays 



proceed via the isomeric transition process, of the remaining 

36 per cent of events, none go through the .46 MeV y-ray 

in 12%e used in the radiochemical assay. As in the case 

of the 132Te +- 1 3 2 ~  system, a transient equilibrium is 

present in the 129mTe + 12'~e decay scheme, which again is 

of prime importance when the annealing reactions of the 

12'~e rec~il atoms are investigated. 

It is of interest to now briefly review previous 

investigations of iodine and tellurium recoil atoms in 

solids. 



IV. PREVIOUS RADIOCHEMICAL INVESTIGATIONS OF IODINE 

AND TELLURIUM RECOIL FRAGMENTS IN SOLIDS 

A. Iodine Recoil Atoms Produced in Tellurium Compounds 

In general, only 1311 recoil atoms produced by thermal 

neutron activation followed by 6--decay have been investigated 

in tellurium compounds. [ 8 7 - 9 5  I some representative results 

of these studies are shown in Table 11. 

An examination of these and other results shows that 

in each case 1311 activity is found in the sane three 
- - 

chemical forms of I-, 103 , and 104 , in comparable yields. 

Moreover, the distribution of radioiodine recoil products 

observed in each instance is found to depend on the pH and 

the carriers present during dissolution, and on the method 

of chemical analysis employed. 

The dependence of the product distribution on the 

pH of the solution clearly shows that oxidation-reduction or 

exchange reactions must occur in aqueous solution under certain 

conditions. These processes will clearly mask the true 

chemical identity of the recoil atoms formed in the nuclear 

transformation. Bertet, Chanut, and Muxart have 

investigated the effects of varying the dissolution conditions 

in detail. It can be concluded from their work that in order 

to minimise any possible chemical reactions following 

dissolution, the crystals should be dissolved in basic media. 



IODINE RECOIL ATOMS PRODUCED IN PARENT TELLURIUM COMPOUNDS. 
IN ALL INSTANCES ANALYSIS WAS CARRIED OUT FOLLOWING 

DISSOLUTION IN BASIC SOLUTION 

COMPOUND AND TRANSFORMATION 
SEQUENCE 

[IELDS OF IODINE RECOIL 
ATOMS AS 

REFER- 
ENCE 



In recent experiments of a similar nature, Hashimoto 

et al. studied the -- recoil product distribution follow- - 

ing 130Te (n y )  131t131m~e 1311 in several tellurium 

compounds. It was found that varying the carriers present 

during dissolution of the solid influenced the product 

distribution observed on electrophoretic analysis. These 

workers tentatively identified the formation of 131 - 102 as 

well as 1311- 131 - 
I 103 and 

131 - 104 . However, the reproduci- 

bility in this work was poor and the carriers were present 

in such very large ccncentrations in several of the experiments 

as to place some doubt on the significance of the results 

obtained. 

Other experiments reported in the literature include 

investigations of the gross activity formed by 1 3 0 ~ e  (n,y) 

[ 9 3 I 131t131m~e f- 13% in (HZTe04)nl a-TeO3 1911 and Te02. [921 

In these studies it was again folmd that 1311- 131 - 
t 103 . and 

131 - 
1•‹4 products were formed. On thermal annealing the 

131f yield was observed to decrease in ( H  TeO ) and to 2 4 n1 

increase in a-TeO and Te02. 3 

In none of the previous studies have any attempts 

been made to study in a comparative way the chemical effects 

of decay in 131~ei 131m~e; and 132~e-labelled compounds. 

B. Iodine Recoil Atoms Produced in Iodine Compounds 

Chemical effects, primarily resulting from high 

energy nuclear reactions, have been studied for radioiodine 

recoil atoms produced in iodate and periodate lattices. 
[96-1051 



The results of a representative portion of this work are 

shown in Table 111 for cornparism with the results presented 

in the previous discussion. 

Several general comments can be made. Where the 

chemical analysis has permitted their identification, three 

iodine fractions have always been observed. In a periodate 

lattice or an iodate lattice, very different nuclear trans- 

formations are observed to produce quite similar product 

distributions. This similarity in results following the 

different nuclear transformations points to the difficulty 

in obtaining meaningful information using radiochemical 

methods of analysis. Additional factors, such as chemical 

reactions during and following dissolution, Kay have a 

marked effect on the observed product distributions. 

Finally, studies of recoil fragment thermal annealing 

in iodates and periodates have shown only the presence of 
- - 

oxidative annealing reactions, i.e., *I- and *1O3 -+ *104 in 
- 

periodates, and *I- -+ *103 in iodates, where *I is the 

radioactive recoil atom. 

C. Tellurium Recoil Atoms Produced in Tellurium Compounds 

Previous investigations of the chemical effects 

observed for tellurium recoil atoms produced in tellurium 

(VI) compounds have been carried out for the nuclear 

transformation occurring in aqueous solutions 
[106-1081 as 

well as in solids. [74,108-1131 



TABLE I11 

I O D I N E  R E C O I L  ATOMS PRODUCED I N  PARENT I O D I N E  COMPOUNDS 



The chemical  e f f e c t s  of  t h e  h i g h l y  i n t e r n a l l y  

c o n v e r t e d  i s o m e r i c  t r a n s i t i o n  decay i n  127m~e-  and 129mTe- 

l a b e l l e d  t e l l u r i c  a c i d w e r e  s t u d i e d  by Hahn [ lo81  o v e r  a  wide 

range  o f  pH i n  aqueous s o l u t i o n .  Bond r u p t u r e ,  y i e l d i n g  

l2 7 ~ e  ( I V )  and 1 2 9 ~ e ( I V )  was obse rved  i n  c a .  100 p e r  c e n t  o f  

e v e n t s  i n  a c i d  media,  and s l i g h t l y  less i n  b a s i c  media, t h u s  

c l e a r l y  showing t h e  e f f e c t  of  t h e  e x t e n s i v e  e l e c t r o n i c  

e x c i t a t i o n  and i o n i s a t i o n  accompanying e v e r y  decay e v e n t .  

The i s o m e r i c  t r a n s i t i o n  decay p r o c e s s  was s t u d i e d  

by Seaborg [ lo61  i n  f r o z e n  aqueous s o l u t i o n s  o f  t e l l u r i c  

a c i d .  Bond r u p t u r e  was a g a i n  found t o  g i v e  T e ( 1 V )  i n  

100 p e r  c e n t  of  e v e n t s .  T h i s  r e s u l t  i s  pe rhaps  s u r p r i s i n g  

when one c o n s i d e r s  t h a t  t h e  p a r e n t  molecule  i s  now encased  

i n  an  ice m a t r i x  which might  be  e x p e c t e d  t o  b o t h  c o n s t r a i n  

t h e  p o s i t i o n s  o f  t h e  r e c o i l  f r agments  and t o  p e r m i t  r a p i d  

charge  n e u t r a l i s a t i o n  p r o c e s s e s  t o  o c c u r ,  t h u s  p r e v e n t i n g  

molecu la r  f r a g m e n t a t i o n .  

S e v e r a l  e x p e r i m e n t e r s  have made c u r s o r y  examina t ions  

of  t h e  1 2 7 m ~ e  and 1 2 9 m ~ e  i s o m e r i c  t r a n s i t i o n s  i n  s o l i d  

t e l l u r i c  a c i d  and t e l l u r a t e  l a t t i c e s .  Thus Hahn [I081 was 

t h e  f i r s t  t o  look a t  t h e  chemical  e f f e c t s  of  t h e  i s o m e r i c  

t r a n s i t i o n  i n  1 2 9 m ~ e - l a b e l l e d  t e l l u r i c  a c i d .  H e  found t h a t ,  

a f t e r  a l l o w i n g  t h e  1 2 9 m ~ e  ( 3 3  day)  -+ 12'Te (69 minu te )  decay 

t o  r e a c h  r a d i o a c t i v e  e q u i l i b r i u m  i n  t h e  s o l i d  s t a t e ,  76.4 

p e r  c e n t  of  t h e  12'Te atoms were obse rved  on subsequen t  



radiochemical analysis to be in the parent molecular form. 

Similar findings have since been reported following the 

isomeric transition of 127m~e occurring at room temperature 

in sodium tellurate (83.5 per cent as 127~e (VI) ) , [log ,1121 

and for 127m~e-labelled telluric acid (66 per cent as 

127~e (VI ) ) . [741 Kirin et al. [Ill] -- have also reported high 

retentions in the parent chemical form following isomeric 

transition for a large number of 127m~e- labelled tellurates. 

Obviously,in all of these instances, the crystal lattice 

is capable of dissipating the electronic excitation energy 

in addition to neutralising any high positive charge formed, 

in most cases well before bond rupture can occur. 

Dancewicz and Halpern have briefly reported the 

thermal annealing observed when Na2 1 2 7 m ~ e ~ 4  is heated 

following the isomeric transition. [log] They found that 

the 127~e(IV) molecular fragment annealed back to the parent 

127~e (VI) chemical form. While the work of the present thesis 

was in progress Andersen L74 and Eialpern L1131 published 

detailed investigations of the thermal annealing reactions 

of 12'Te recoil products in telluric acid and tellurates, 

respectively. They again found that the decomposition 

products formed in the isomeric transition thermally anneal 

back to the parent Te (VI) form. 

Looking briefly at the chemical effects of thermal 

neutron capture, one might now expect to see the chemical 

effects of physical recoil as well as effects of 

electronic excitation or ionisation. Bertet and Muxart 
[ 110 I 



and Stevovic and Muxart have reported studies of the 

(n,y) reaction in telluric acid. They observed that bond 

rupture occurs in a slightly higher percentage of events 

than is found following isomeric transition. Depending upon 

the irradiation conditions, 39 to 55 per cent of the l2 '~e, 

12'~e and 1 3 1 ~ e  recoil atoms were found to remain in the 

parent chemical form. The thermal annealing of the (n,y) 

recoil atoms was not investigated. 

The results for the (n, y) and isomeric transition 

experiments are thus quite similar in that an appreciable 

fraction of the recoil atoms survive in the parent 

molecular form in each instance. The chemical analyses 

used only allowed the separation of the daughter activity 

into two fractions; the Te(1V) form which is the molecular 

decomposition product, and the Te(V1) form which is indis- 

tinguishable from the parent chemical form. 

In conclusion it must be noted that, where comparisons 

can be made, quite consistent chemical results have been 

obtained by the different experimentsrs in investigating 

tellurium recoil atoms in telluric acid and tellurates, even 

though quite different analytical methods have been used. 

This is in marked contrast to the case of iodine recoil atoms 

in tellurium compounds, where the observed experimental 

results are greatly dependent on the pH of the solution in 

which the crystals are dissolved, the nature of the carriers 

present, and the type of chemical separation used. 



4 8  

The past studies of iodine recoil atoms in tellurium 

compounds and in iodine compounds serve to clearly illustrate 

the uncertainty of using radiochemical methods of analysis 

in such investigations. The probable occurrence of chemical 

reactions in solution before the analysis is performed means 

that the results of such radiochemical investigations must 

be treated with some reservation. 



V .  THE MOSSEAUER EFFECT 

I t  i s  a p p a r e n t  from t h e  p r e c e d i n g  d i s c u s s i o n  t h a t  a 

method f o r  o b s e r v i n g  r e c o i l  atoms a s  t h e y  come t o  rest  i n  

t h e  s o l i d  l a t t i c e  would b e  a  much more v a l u a b l e  t o o l  i n  t h e  

s t u d y  o f  chemical  e f f e c t s  r a t h e r  t h a n  t h e  s t a n d a r d  r a d i o -  

chemical  methods which have been g e n e r a l l y  used  i n  t h e  p a s t .  

Such a  t o o l  i s  now a v a i l a b l e  w i t h  t h e  development  of  ~ o s s b a u e r  

s p e c t r o s c o p y .  Through t h e  u s e  of t h e  t e c h n i q u e  of  Mossbauer 

resonance  a b s o r p t i o n ,  one can  o b s e r v e  t h e  r e c o i l  s p e c i e s  a s  

it e x i s t s  i n  t h e  s o l i d ,  i n  many c a s e s  w i t h i n  nanoseconds 

f o l l o w i n g  i t s  p r o d u c t i o n  i n  t h e  l a t t i c e  i n  a  n u c l e a r  r e a c t i o n  

o r  r a d i o a c t i v e  decay.  Moreover,  from t h e  s e v e r a l  p a r a m e t e r s  

which can  b e  o b t a i n e d  from Mossbauer a b s o r p t i o n  s p e c t r a ,  

i t  i s  p o s s i b l e  t o  d e s c r i b e  i n  d e t a i l  t h e  chemical  bonding of  

t h e  r e c o i l  atom ( t h e  Mossbauer n u c l e u s )  . 

A .  B a s i c  P r i n c i p l e s  

The b a s i c  t h e o r y  of  t h e  ~ o s s b a u e r  e f f e c t  h a s  been 

d e s c r i b e d  by Mossbauer,  [114] L ~ s t i g , [ ~ l ~ I  S h a p i r o ,  [ I161 

F r a u e n f e l d e r ,  L1171 and more r e c e n t l y  by G o l d a n s k i i  and 

Herber  . A p p l i c a t i o n s  of  t h e  Massbauer e f f e c t  i n  

c h e m i s t r y  and s o l i d  s t a t e  p h y s i c s  have been reviewed i n  

s e v e r a l  books. [118-1201 



The M6ssbauer e f f e c t  a r i s e s  from t h e  r e c o i l l e s s  

e m i s s i o n  and r e s o n a n t  r e - a b s o r p t i o n  o f  low-energy y-rays  i n  

t h e  s o l i d  s t a t e .  Resonance o c c u r s  i f  a  y-ray which i s  

e m i t t e d  by a  n u c l e u s  i n  decay ing  from an e x c i t e d  s t a t e  t o  

t h e  ground s t a t e  i s  t h e n  absorbed by an  i d e n t i c a l  n u c l e u s  i n  

i t s  ground s t a t e  and which i s  t h e n  e x c i t e d  t o  t h e  c o r r e s p o n d i n g  

e x c i t e d  s t a t e .  Such a  r e sonance  p r o c e s s  i s  n o t  u s u a l l y  

obse rved  f o r  a  f r e e  n u c l e u s  because  o f  accompanying r e c o i l  

ene rgy  l o s s  a r i s i n g  from momentum c o n s e r v a t i o n  i n  t h e  r a d i o -  

a c t i v e  decay e v e n t .  Thus, f o r  a  n u c l e a r  t r a n s i t i o n  o f  

ene rgy  Eo, t h e  energy  of t h e  e m i t t e d  y - ray ,  E i s  g i v e n  by 
Y' 

where ER i s  t h e  k i n e t i c  r e c o i l  ene rgy  a c q u i r e d  by t h e  

decay ing  atom. Moreover, s i n c e  t h e  energy  r e q u i r e d  i n  t h e  

a b s o r p t i o n  p r o c e s s  i s ,  f o r  s i m i l a r  r e a s o n s ,  g i v e n  by  

(V- l b  ) 

t h e  y-ray e m i s s i o n  and a b s o r p t i o n  l i n e s  w i l l  be  s e p a r a t e d  

by 2ER, o r  by abou t  . 0 1  - .1 e V  f o r  E < 100 keV. 
0 - 

The f i n i t e  l i f e t i m e  of  t h e  n u c l e a r  e x c i t e d  s t a t e  

g i v e s  r i se  t o  a  L o r e n t z i a n  d i s t r i b u t i o n  o f  e n e r g i e s  f o r  t h e  

y - t r a n s i t i o n ,  d e s c r i b e d  by a l i n e  w i d t h ,  T ,  
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where T is the mean lifetime of the state. Thus for 

nuclear states whose lifetimes range from lo-'- second, 

r will correspondingly range from to eV. Therefore 

it is found that since ER > >  F ,  resonant absorption generally 

does not occur for free nuclei. 

In 1958 ~ossbauer discovered that, for nuclei held 

strongly in a solid lattice, in a fraction of events the 

emission and absorption processes can occur without recoil 

energy loss. In such instances the recoil momentum is taken 

up by the lattice as a whole, the lattice acting as a body 

of infinite mass, and ER = 0 and thus E =Eo. 
Y 

The probability, f, of a transition being a recoilless 

process is given, using the Debye approximation for the 

vibrational energy spectrum of the solid, [ 119 1 by 

where W, the Debye-Waller temperature factor, is given as 

dx] . 

Here ER is the recoil energy of the free nucleus, and T is 

the temperature of the Mossbauer source or absorber. O D  is 

the Debye temperature, which is defined in terms of the 

maximum vibrational frequency of the solid urnax, 



A t  low tempera tures ,  i . e . ,  f o r  T < <  OD, 

express ion  ( V - 4 )  s i m p l i f i e s  t o  

which, f o r  ER < 2keD, g ives  f va lues  approaching u n i t y .  A t  

h igh tempera tures ,  i . e . ,  f o r  T >> 8 t h e  exp res s ion  reduces  
D '  

I n  t h i s  case  w > >  1 and f becomes very smal l .  

I n  t h e o r y ,  t h e  l i n e  width of a  Mossbauer abso rp t ion  

spectrum i s  given by t h e  sum of t h e  source  and absorber  

l i n e  wid ths ,  rexpt - - T s  + r a  = 2 r ,  where r i s  t h e  t h e o r e t i c a l  

l i n e  width c a l c u l a t e d  from t h e  Heisenberg u n c e r t a i n t y  

p r i n c i p l e .  However, s e v e r a l  f a c t o r s  l e a d  t o  t h e  phenomenon 

of l i n e  broadening,  and t h e  t h e o r e t i c a l  va lue  of  2I' i s  seldom 

observed.  

The p r i n c i p l e  f a c t o r  which l e a d s  t o  l i n e  broadening 

i s  t h e  t h i c k n e s s  of t h e  absorber .  The v a r i a t i o n  of l i n e  

width w i th  absorber  t h i c k n e s s  i s  given by t h e  r e l a t i o n s h i p  [1211 



5 3  

where Ta i s  t h e  e f f e c t i v e  absorber  t h i ckness  given by 

and f a  i s  t h e  absorber  f  va lue ,  n  i s  t h e  number of 

r e s o n a n t l y  absorbing atoms p e r  cub ic  cen t ime te r ,  and a 
0 

i s  t h e  resonance c r o s s  s e c t i o n  and t i s  t h e  t h i c k n e s s  i n  a  
cen t ime te r s .  

Another source  of l i n e  broadening i s  t h e  d i f f u s -  

i o n a l  motion of atoms i n  t h e  source  o r  absorber .  For atoms 

s t r o n g l y  bound i n  t h e i r  normal p o s i t i o n s  i n  a  s o l i d  l a t t i c e ,  

t h e  e f f e c t  of d i f f u s i o n a l  motion i s  n e g l i g i b l e .  However, 

an atom which i s  p r e s e n t ,  f o r  example, a s  an i n t e r s t i t i a l  

i n  t h e  s o l i d  l a t t i c e  may have s u f f i c i e n t  mob i l i t y  t o  l e a d  

t o  d i f f u s i o n a l  l i n e  broadening.  

B. Chemical App l i ca t ions  of Mgssbauer Spectroscopy 

App l i ca t ions  of Mgssbauer spec t roscopy  t o  chemical 

s t u d i e s  a r e  based on t h e  f a c t  t h a t  t h e  energy l e v e l s  of a  

nucleus  a r e  pe r tu rbed  by i n t e r a c t i o n s  of t h e  nucleus  wi th  

o r b i t a l  e l e c t r o n s .  These i n t e r a c t i o n s  g i v e  r i s e  t o  t h e  

phenomena of isomer s h i f t ,  quadrupole s p l i t t i n g ,  and magnetic 

hype r f ine  s p l i t t i n g .  The magnitude of t h e s e  e f f e c t s  i s  of 

t h e  o r d e r  of - lo - '  eV, and thus  they  a r e  s u f f i c i e n t  

t o  d i s p l a c e  t h e  emiss ion and abso rp t ion  l i n e s  from one 

ano the r ,  d e s t r o y i n g  resonance.  However, resonance may be 

r e s t o r e d  by moving t h e  e m i t t i n g  atom r e l a t i v e  t o  t h e  



a b s o r b i n g  atom a t  v e l o c i t i e s  u s u a l l y  i n  t h e  range  of 

1-10 mm. sec-l. The d o p p l e r  s h i f t  i n  t h e  photon e n e r g y ,  

E~ ' i s  g iven  by 

where E i s  t h e  t r a n s i t i o n  e n e r g y ,  c  i s  t h e  speed of  l i g h t ,  
0 

and v i s  t h e  v e l o c i t y  a t  which t h e  atom i s  moved. 

The o r i g i n  of t h e  ~ o s s b a u e r  i somer  s h i f t  and quadrupo le  

s p l i t t i n g  w i l l  now be  d i s c u s s e d  i n  d e t a i l  s i n c e  t h e s e  a r e  

t h e  p a r a m e t e r s  used i n  t h e  p r e s e n t  work. 

1. The Isomer S h i f t  

The i somer  s h i f t  a r i s e s  from t h e  i n t e r a c t i o n  o f  t h e  

s - e l e c t r o n  d e n s i t y  a t  t h e  n u c l e u s  w i t h  t h e  n u c l e a r  c h a r g e ,  

and h a s  i t s  o r i g i n  i n  t h e  change i n  n u c l e a r  r a d i u s  which o c c u r s  

when t h e  n u c l e u s  goes from t h e  e x c i t e d  s t a t e  t o  t h e  ground 

s t a t e .  The e f f e c t  of  t h i s  i n t e r a c t i o n  may be shown by a  non- 

r e l a t i v i s t i c  p e r t u r b a t i o n  c a l c u l a t i o n  t o  y i e l d  a n  e x c i t e d  

s t a t e - g r o u n d  s t a t e  t r a n s i t i o n  energy  d i f f e r e n c e ,  6 ,  between t h e  

s o u r c e  and a b s o r b e r  of  [ I171 

t h i s  e x p r e s s i o n  6 R  = Rex Rgnd and R = 
Rex + Rgnd 

2 I 

where Rex and Rgnd a r e  t h e  n u c l e a r  r a d i i  of t h e  Mossbauer 



2 
nuc l eus  i n  i t s  ground and e x c i t e d  n u c l e a r  s t a t e s .  I q s ( 0 )  l a  
and / $Js ( 0 )  i : a r e  t h e  s - e l e c t r o n  d e n s i t i e s  a t  t h e  nuc leus  

f o r  t h e  ~ o s s b a u e r  atom i n  t h e  abso rbe r  and sou rce  compounds. 

From t h i s  e x p r e s s i o n  it can be  seen  t h a t  i f  a  

Mossbauer nuc l eus  i s  p r e s e n t  i n  d i f f e r e n t  chemical  environments  

i n  t h e  sou rce  and abso rbe r  compounds, t h e  d i f f e r e n t  s - e l e c t r o n  

d e n s i t i e s  a t  t h e  n u c l e u s ,  which a r i s e  from t h e  d i f f e r e n t  

chemical  bonding i n  t h e  two compounds, w i l l  g i v e  r ise t o  

s l i g h t l y  d i f f e r e n t  n u c l e a r  t r a n s i t i o n  e n e r g i e s  i n  each  c a s e .  

T h e i r  r e s p e c t i v e  emiss ion  and a b s o r p t i o n  l i n e s  w i l l  t h e n  no 

l onge r  o v e r l a p ,  and resonance  w i l l  be  l o s t .  The dopp l e r  

v e l o c i t y  (energy)  s h i f t  t h a t  i s  r e q u i r e d  t o  r e s t o r e  resonance  

i s  t h e  i somer  s h i f t  6 .  

The r e l a t i o n s h i p  between t h e  d i r e c t i o n  o f  an observed 

isomer s h i f t ,  t h e  change i n  n u c l e a r  r a d i u s  o f  t h e  ground 

and e x c i t e d  s t a t e s ,  and t h e  change i n  s - e l e c t r o n  d e n s i t y  a t  

t h e  nuc l eus  f o r  any g iven  ~ o s s b a u e r  source -absorber  combination 

i s  shown below. 



where 

2. Quadrupole S p l i t t i n g  

The phenomenon o f  quadrupo le  s p l i t t i n g  i s  t h e  

s p l i t t i n g  o f  a  r e sonance  l i n e  i n t o  two o r  more l i n e s  a s  a  

r e s u l t  o f  t h e  i n t e r a c t i o n  o f  an  e lec t r i c  f i e l d  g r a d i e n t  

w i t h  t h e  e lec t r ic  quadrupo le  moment o f  t h e  M6ssbauer 

n u c l e u s .  The Hamil tonian  f o r  t h i s  i n t e r a c t i o n  can be 

w r i t t e n  as [ I221 

where Q i s  t h e  e lec t r i c  quadrupolemoment o f  t h e  n u c l e u s ,  

e q  i s  t h e  e l e c t r i c  f i e l d  g r a d i e n t  a l o n g  t h e  p r i n c i p l e  a x i s  

( z )  , and I Z ,  I+,  and I - a r e  t h e  s p i n  p r o j e c t i o n ,  and r a i s i n g  

and lower ing  o p e r a t o r s ,  r e s p e c t i v e l y .  q i n  t h e  above 

e x p r e s s i o n  i s  t h e  asymmetry pa ramete r ,  which r e f l e c t s  t h e  

o v e r a l l  symmetry o f  t h e  e lec t r i c  f i e l d  g r a d i e n t  a b o u t  t h e  

n u c l e u s .  

The e i g e n v a l u e s  o f  H f o r  t h e  e x c i t e d  s t a t e - g r o u n d  
Q 

s t a t e  s p i n  combinat ion  of  5/2 - 7/2, c h a r a c t e r i s t i c  o f  t h e  

and 1 2 7 ~  ~ G s s b a u e r  t r a n s i t i o n s ,  a r e  

(V- 1 3  ) 



and 

where m r e f e r s  t o  t h e  z component of nuc l ea r  sp in .  

Thus, f o r  an M1-type t r a n s i t i o n  a s  i n  t h e  ca se  of t h e  

and 12'1 ~ B s s b a u e r  n u c l e i ,  we f i n d  t h a t  t h e r e  e x i s t  

e i g h t  al lowed t r a n s i t i o n s  i n  t h e  quadrupole s p l i t  spectrum 

whose e n e r g i e s  a r e  given by equa t ion  (V-13). These a r e  

shown i n  F igure  3. The r e l a t i v e  i n t e n s i t i e s  of t h e  resonance 

l i n e s  i n  a  quadrupole s p l i t  spectrum a r e  given by t h e  square  

of theclebsch-Gordon c o e f f i c i e n t s .  The t h e o r e t i c a l  

i n t e n s i t i e s  of t h e  e i g h t  l i n e s  a r e  a l s o  shown i n  F igure  3 .  

For t h e  1 2 5 ~ e  ~ B s s b a u e r  nucleus  on t h e  o t h e r  hand, 

having a  ground s t a t e  s p i n  of 1/2 and e x c i t e d  s t a t e  s p i n  of 

3/2, t h e  s o l u t i o n  i s  much s impler .  The e igenva lues  ob ta ined  

from equa t ion  ( V - 1 2 )  a r e  now found t o  be 

I n  t h i s  i n s t a n c e ,  only  two l i n e s  a r e  observed i n  t h e  quadrupole 

s p l i t  spectrum, corresponding t o  t h e  t r a n s i t i o n s  1 / 2  + 3/2 

and 1/2 + 1 / 2 .  The abso rp t ion  l i n e s  i n  t h i s  case  w i l l  

g e n e r a l l y  be expected t o  have equa l  i n t e n s i t i e s .  



Figure 3 '*'I Quadrupole Splitting for e 2 gQgnd positive 
Clebsch-Gordon Coefficients, c 2 ,  are Given Showing 
the Relative Transition ~robazlities . 



A. Choice of the ~ossbauer Nucleus 

There are three ~ossbauer nuclei found among the 

isotopes of tellurium and iodine, namely 125~e I 1 2 7 ~  and 

12'1. Of these, 12'1 exhibits the most favorable chatacter- 

istics for the study of the chemical effects of nuclear 

transformationsin tellurium compounds. 

Thus the 35.5 keV,  1.6 nanosecond Mossbauer transition 

in 125~e (Figure 4 (a)), is characterised by a very large 

-1 natural line width, 2I' = 5.32 rnrn. sec ., while the observed 
isomer shifts are relatively small as a consequence of a 

small AR value. These two factors together lead to complex 

irresolved spectra when more than one tellurium chemical 

species is present. L124-1261 Moreover, the quadrupole 

2 coupling constants,e qQ, observed for tellurium nuclei in 

an electrostatic field gradient, q, are relatively small 

in comparison with those observed in analogous iodine 

compounds, because of the small value of the quadrupole 

moment Q . 
The 57.6 keV, 1.9 nanosecond ~ossbauer transition 

in 1 2 7 ~  (Figure 4 (b)) again has a broad natural 

-1 line width,2I' = 2.54 mm. sec. , while the isomer shifts 

are again observea to be small. The quadrupole coupling 
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constants for the 1 2 7 ~  nuclei are slightly greater than 

those for 12'1 in the same chemical environment. However, 

this factor is outwayed by the large value of 2r. 

Finally, the high energy, 57.6 kev, of the 1 2 7 ~  transition 

demands that the source and absorber be held at liquid 

helium temperatures in order to obtain measurable resonance 

absorptions, and such experiments are not only costly but 

difficult to perform. 

In comparison with the above, the 27.7 keV, 16.8 

nanosecond 12'1 ~6ssbauer transition yields a narrow 

-1 
natural line widtht2r = .59 mm. sec., with relatively 

large isomer shifts and quadrupole coupling constants. This 

may be illustrated by reference to the experimentally 

measured isomer shift ratios and quadrupole coupling constant 

ratios previously reported in the literature. 

and 

While the 1 2 9 ~  nucleus. has the f avourable character- 

istics outlined above, experiments with this ~ossbauer 



nucleus are complicated by several factors. Thus, as shown 

in Figure 3, the transition is a 5/2 (excited) - 7/2 (ground) 

transition and this leads to 8 lines in a quadrupole split 

spectrum. It must be anticipated that this may result in 

quite complex spectra in some instances. Furthermore, the 

27.7 keV transition has a K-shell internal conversion 

coefficient of 5.3 and thus in only about one in six 

transitions is the Mossbauer y-ray emitted. 

In performing a Mossbauer experiment with this isotope, 

a radioactive 12'~e or 129m~e source is used to populate 

the 27.7 kev transition, leading to the emission of the 

Mossbauer y-ray (see Figure 2), and an 129~-labelled compound 

is used as the absorber. Where 12'~e is used as the source 

very rapid experimental manipulations are required because 

the half-life of this isotope is only 69 minutes. Alternatively, 

when 129?e (tli2 = 34 days) is used as the parent isotope, 

a very high background radiation is encountered, because 

the 129m~e + 12'~e isomeric transition is totally internally 

converted and the resulting Te Ka x-rays (27.4 keV) overlap 

the Mossbauer transition. 

A further point concerns the 12'1 absorber. Iodine 

has a natural isotopic abundance of 100 per cent 12'1. The 

isotope 12'1 i s  radioactive with a half-life of 1.7 x 10 7 

years, and in its decay produces 29.4 keV xenon x-rays. 

This adds to the background radiation but may be reduced 

by placing an indium or tin critical absorber between the 
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1 2 9 ~  absorber and the detector. 

Finally, all Mksbauer experiments with '*'I must 

be carried out at or below liquid nitrogen temperatures. 

The Debye temperature, OD, for most tellurium compounds 

is about 150•‹K., giving kOD = 13 x low3 eV. To obtain a 

significant recoilless fraction kBD must be greater than 

ER and T must be less than OD, as was shown previously in 

expressions (V-5), (V-6), and (V-7). For 129 I, ER = 3.2 x 10 -3  

eV which meets the first requirement, while the second requires 

that T 5 150•‹K. 

B. Nuclear Transformations Available for Study With 12gI 

As can be seen from Figure 2, the chemical states 

of '*'I produced by 6--decay from 12'Te can be studied using 

Mksbauer spectroscopy following four different transformation 

sequences. These are, in telluric acid, 

isomeric 12gTe $- 12gI 
transition* 

l2 8 ~ e ~ 6  (n , y ) 129mTe isomeric 12gTe 12g1 
3. H6 transitior!' 

In these experiments the 12'Te- or 129m~e-labelled compound 

is used as the source in the ~Zssbauer experiment and the 

resonance spectrum recorded against a standard Na 12gI 



absorber. The Mossbauer spectrum should then reflect the 

chemical effects accompanying the various transformations. 

The results of the above Mossbauer experiments may 

be directly compared with similar radiochemical studies. 

Thus, the transformation sequences of (2) , (3) and (4) above 

are basically the same as sequences ( 5 ) ,  (6) and (7) 

discussed previously in Section 111-B concerning the 

radiochemical investigation of tellurium recoil atoms. The 

only difference that exists is that in the above Mossbauer 

studies there is an additional 6--decay, which populates 

the 12'1 Mdssbauer transition. 

The thermal annealing of the 12'~e recoil atoms 

produced following (n,y) activation and isomeric transition 

may also be investigated using Mossbauer spectroscopy, and 

the results again compared to those for the radiochemical 

investigation. In addition, we can now study the chemical 

effects of @--decay and isomeric transition occurring in 

crystals maintained at very low temperatures, for example 

at liquid nitrogen or liquid helium temperatures. This is 

a very important point because it allows the study of 

these processes under conditions where little or no thermal 

annealing will occur. Such studies cannot be made using 

radiochemical methods of analysis because some annealing 

must certainly occur as the crystals are warmed to ambient 

temperature during dissolution. 
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Let us now examine the previous work in which the 

auer effect with 12'1 has been applied as a probe to 

129 the Iatom in iodine compounds. This will illustrate 

how the measurable parameters in a MGssbauer spectrum can 

be used to obtain meaningful information about the chemical 

environment of the iodine ~ossbauer nucleus. 

C. Analysis of the MGssbauer Effect with 12'1 in Iodine 
Compounds 

The MGssbauer effect using 1 2 9 ~  was first observed 

by Jha et al. -- and, because of the favorable Mossbauer 

effect properties found for the 12' I nucleus, much work 

has been carried out recently with a variety of iodine 

compounds. Groups of iodine compounds which have now been 

extensively investigated include the iodine oxides, [133-1361 

alkali halides, 137r1381 mixed iodine-halogen compounds, 

[13' and molecular iodine. [141t142] 

Iodine compounds have been extensively studied in 

the past by nuclear quadrupole resonance spectroscopy, from 

2 which accurate quadrupole coupling constants (e qQ), and 

asymmetry parameter constants(q) have been obtained. [131,1431 

However Mossbauer spectroscopy allows not only the measurement 

of these parameters, but also the determination of the 

sign of the electric field gradient and the isomer shift, 

and provides detailed information about chemical bonding 

and lattice dynamics. 



1. Analysis - of Isomer Shift Data 

Where the ~assbauer spectrum is a single absorption 

line, the isomer shift may be obtained directly. However, 

in order to obtain the isomer shift for a quadrupole split 

spectrum, the centroid of the eight line spectrum must be 

found. Bershon [1441 has derived an expression for the 

position of each line in a quadrupole split spectrum as a 

function of the isomer shift, assuming that only terms up to 

L n need be considered. 

where 6ij is the position of the line corresponding to the 

m + m transition, 6 is the isomer shift, and the remaining i j 

constants are as def inecl in expressions (V-14) , (V-15) , 

and (V-16 ) . Oex the ratio of the quadrupole moments of Qgnd ' 
the excited and ground states,is 1.231 k 0.001. 

[l34,14l] 

Cohen [1451 has calculated the line positions in 

the eight-line spectrum for intervals of r? and has shown 

that only the positions of lines 4 and 8 are in fact sensitive 

to q .  The above expression can therefore be used to determine 

2 values for 8, e qQgnd, and q in the following way. The 

observed positions of the lines other than 4 and 8 are used 

2 2 
to determine 8 and e qQgnd by neglecting the terms in Q . 
Then, by iteration, q can be obtained from the positions of 

lines 4 and 8. 



The r e l a t i o n s h i p  be tween t h e  i somer  s h i f t  and  t h e  

s - e l e c t r o n  d e n s i t y  o f  t h e  ~ 8 s s b a u e r  n u c l e u s  was g i v e n  i n  

e x p r e s s i o n  ( V - 1 1 )  , which f o r  becomes 

where 

AR 
The p o s i t i v e  v a l u e  f o r  - f o r  R 12'1 i n d i c a t e s  t h a t  

i f  t h e  s - e l e c t r o n  d e n s i t y  a t  t h e  a b s o r b i n g  n u c l e u s  i s  g r e a t e r  

t h a n  t h a t  a t  t h e  s o u r c e  n u c l e u s ,  t h e  i somer  s h i f t  w i l l  b e  

p o s i t i v e  i n  s i g n .  The 12'1 i somer  s h i f t s  f o r  a  v a r i e t y  

o f  i o d i n e  a b s o r b e r s  a r e  shown i n  F i g u r e  5 .  A l l  of t h e  

i somer  s h i f t s  a r e  r e p o r t e d  r e l a t i v e  t o  12'1 a s  produced  by 

@--decay i n  a s t a n d a r d  ZnTe s o u r c e .  

Some o f  t h e  i m p o r t a n t  f e a t u r e s  o f  t h e  12'1 i s o m e r  

s h i f t s  may b e  b e s t  i l l u s t r a t e d  by c o n s i d e r i n g  t h e  s p e c i f i c  

5- - - 5- 
c a s e s  o f  106 . 1O4 . 103 and I-. The 6 v a l u e  f o r  106 

- 
i s  l a r g e  and n e g a t i v e .  w h i l e  t h a t  f o r  1O4 i s  a l s o  n e g a t i v e  

b u t  s m a l l e r  i n  magni tude .  These  i somer  s h i f t s  c o r r e s p o n d  

t o  a  low s - e l e c t r o n  d e n s i t y  a t  t h e  i o d i n e  n u c l e u s ,  i n  





comparison with that in the I- ion in the ZnTe source, 

and may be explained by the presence of sp3d2 hybridisation 

- 
in 106 5- and sp3 hyiridisation in 104 . The 5s electrons 

on the iodine are thus delocalised into the bonding orbitals 

2 
in these compounds leadin5 to a low / + ( o )  / . 

S 

The isomer shift values for the iodides are clustered 

near to 6=0. This means that in the various iodide lattices 

the I- ion is very similar in electronic configuration to 

2- the I- ion formed in the radioactive decay of the Te ion 

129, in the Zn le source (12gTe2- !- 12g1-) . The fact that 

all the iodides do not have exactly the same 6 ,  however, is 

of interest. The formal electronic configuration in the 

2 6 valence shell of the I- ion is 5s 5p . The 5p electrons 

are effective in screening the 5s electrons from the nucleus. 

The small differences in Z in going from KI through to CsI 

(Figure 5) may be explained by invoking a small loss of 

5p electrons from the I- ion in CsI, this leading to decreased 

shielding of the 5s2 electrons from the nucleus, a higher 

2 
value of I$s ( 0 )  1 , and thus a more positive isomer shift. 

It must be noted that this proposal concerning the removal of 

5p electrons from the iodine in the alkali iodides was made 

prior to the ~6ssbauer experiments, to explain the nuclear 

magnetic resonance chemical shifts in these compounds, 

and appears to fit in well with the ~ossbauer 6 data. 

The isomer shifts for the iodates are positive in 

5- - 
marked contrast with 106 and IOq . The explanation for 



t h i s  i s  t h a t  i n  t h e  i o d a t e  i o n  t h e  i o d i n e  does  n o t  employ 

h y b r i d  o r b i t a l s ,  5:t t h z t  it u s e s  2 u r e  p - o r b i t a l  e l e c t r o n s  

i n  bonding t o  t h e  oxygens. T h i s  i s  born  o u t  by t h e  f a c t  

t h a t  t h e  0-1-0 bond a n g l e s  a r e  c a .  90" i n  i o d a t e s .  The 

removal of  5p e l e c t r o n s  from t h e  i o d i n e  i n t o  t h e  bonding 

o r b i t a l s  l e a d s  t o  d e c r e a s e d  s h i e l d i n g  o f  5 s 2  e l e c t r o n s  from 

t h e  n u c l e u s ,  a g a i n  w i t h  an i n c r e a s e  i n  / $ s  ( 0 )  1 a s  r e f l e c t e d  

i n  l a r g e  p o s i t i v e  v a l u e s  f o r  t h e  i somer  s h i f t s .  The same 

e x p l a n a t i o n  h a s  been proposed t o  e x p l a i n  t h e  bonding i n  t h e  

mixed i o d i n e  ha logen conpounds such a s  I C 1  and 1 2 C 1 6 .  [1391 

I n  d e s c r i b i n g  t h e  bonding i n  i o d a t e s  and I - C 1  

compounds a  s imple  r e l a t i o n s h i p  h a s  been d e r i v e d  which 

r e l a t e s  t h e  isomer s h i f t ,  6 ,  t o  t h e  number of  p  e l e c t r o n s  

t r a n s f e r r e d  from t h e  c e n t r a l  i o d i n e  t o  t h e  l i g a n d s  [ 1 4 2 1  

2 6 
where hp i s  t h e  number of  p - e l e c t r o n  h o l e s  i n  t h e  5 s  5p 

-1 
c o n f i g u r a t i o n  of  t h e  I- i o n  and 6 i s  i n  mm. s e c .  measured 

r e l a t i v e  t o  ZnTe. Thus,  t h e  i o d a t e  i o n  i s  c o n s i d e r e d  t o  

b e  formed from t h e  I- i o n  and t h r e e  O l i g a n d s .  The i somer  

-1 
s h i f t  f o r  KIOj i s  + 1 . 6  rnrn. s e c .  and t h u s  0.47 5p e l e c t r o n s  

a r e  t r a n s f e r r e d  from t h e  i o d i n e  t o  each  oxygen i n  t h e  i o d a t e  

i o n  i n  t h i s  compound. T h i s  v a l u e  i s  i n  good agreement  w i t h  

t h a t  o b t a i n e d  from N.Q.R. measurements by D a i l e y  and Townes 

( 0 . 5 )  I and Gordy and Thomas ( 0 . 4 4 ) .  
[1481 



In examinin9 the isomer shifts for IF and IF7 it 5 

is apparent that a s i r? .ple  p i c t u r e  of pure p -  bonding, 

analogous to that in I C1 ,breaks down. 
2 6 [1401 ~t appears 

that the very high electronegativity of the fluorine leads 

to the removal of 5s electrons as well as 5p electrons from 

the iodine. These two factors work in opposition in 

influencing 6. In these cases c can be related to the 

number of s and p electrons taken from the iodine in forming 

the bonds [1421 

where hs is the nurber of electron holes in the 5s shell of 

2 6 the closed configuration 5s 5p . The above description of 

the bonding in IF and IF is obviously a simplistic one 5 7 

since some hybridisation is almost certainly involved. 

2. Analysis - of Quadrupole Splitting Data 

Only those iodine compounds possessing nearly perfect 

5- 
cubic (I-) , tetrahedral (104) , or octahedral (106 ) symmetry 

about the iodine atom are observed to give a single ~ossbauer 

absorption line. The quadrupole splitting observed for 

other iodine compounds provides detailed information about 

chemical bonding which is complementary to the information 

obtained from isomer shifts. It was shown earlier in 

reference to equation (VI-1) how the quadrupole coupling 
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2  c o n s t a n t  e qQ and t h e  asymmetry parameter  Q may be  c a l c u l a t e d  

from a  quadrupo le  s p l i t  spect rum.  

The e l e c t r o s t a t i c  f i e l d  g r a d i e n t  ( e . f . g . )  q ,  and 

2 t h u s  t h e  quadrupo le  coup l i ng  c o n s t a n t  e q Q I  i s  determined 

by t h e  s p a t i a l  d i s t r i b u t i o n  o f  e l e c t r o n s  around t h e  nuc l eus .  

The r e l a t i v e  d i s t r i b u t i o n  o f  p - e l e c t r o n s  i n  t h e  x ,  y  and 

z  d i r e c t i o n s  w i l l  be  d i r e c t l y  r e f l e c t e d  i n  t h e  e . f . g . ,  w h i l e  

s e l e c t r o n s ,  which have s p h e r i c a l  symmetry, do n o t  c o n t r i b u t e  

d i r e c t l y  t o  t h e  e . f . g . ,  b u t  may make a  second-order  c o n t r i b u t i o n  

i n  t h e  c a s e  of  h y b r i d  o r b i t a l s .  I f  w e  c o n s i d e r  on ly  t h e  c a s e  

2 of  pu re  p-bonding, t h e  d e s c r i p t i o n  of e qQ and q i n  t e r m s  

o f  t h e  p - e l e c t r o n  d i s t r i b u t i o n  i s  q u i t e  s imple .  I n  such an 

a n a l y s i s  t h e  p r i n c i p a l  a x i s  o f  t h e  molecule  i s  d e f i n e d  a s  

2 t h e  z -ax i s .  Then e q  mol Q I  t h e  quadrupo le  c o n s t a n t  f o r  

t h e  molecule  of i n t e r e s t  i s  d e f i n e d  a s  [ I491 

2 where e qatQ i s  t h e  quadrupole  coup l i ng  c o n s t a n t  f o r  one P 
Z 

e l e c t r o n ,  and t h e  v a l u e  f o r  1 2 9 ~  deduced from n u c l e a r  

quadrupo le  resonance  s t u d i e s  i s  -1607 M c .  sec. -' u i s  
P 

d e f i n e d  a s  t h e  p  e l e c t r o n  d e f i c i t  o r  e x c e s s  a l ong  t h e  z -ax i s  

and i s  g iven  by 

up = + (Ux + uy 
-% 2  ( V I -  7 ) 



where Ux, Uy and Uz are the electron populations in x, y 

and z directions respectively. 

The asymmetry parameter, which defines the divergence 

from axial symmetry in the molecule, is then given by [1501 

3 ux-uy r ) = -  
2 U" (VI- 8 )  

2 The experimental measurement of e q mo 1 Q and q do not alone 

allow the determination of Ux, Uy and Uz. However, for 

the case of pure p bonding: 

hp = 6 - (Ux + U y + U z )  (VI-9) 

where hp can be obtained from 5 as previously described. 

Thus it is possible to determine values for Ux, Uy and Uz, 

this then providing a fairly detailed picture of the 

distribution of p electrons in the molecule. Such analyses 

have been carried out with varying degrees of success for 

several 12'1 compounds in the past. 
[l35,l39,l42] 



.. 
VII. PREVIOUS APPLICATIONS OF MOSSBAUER SPECTROSCOPY 

TO THE STUDY OF CHEMICAL EFFECTS 

In studying the chemical effects of nuclear transfor- 

mations, using Mossbauer spectroscopy as a solid-state 

probe, the experiments take the following form. The solid 

containing the radioactive recoil atoms is used as the 

Mossbauer source and a standard single-line absorber is 

employed. The Mossbauer spectrum then reflects the different 

chemical forms of the atoms in the source as produced in 

the preceding nuclear transformation. Such studies have 

been carried out with the following ~ossbauer nuclei: 

7 ~ e  [23,151-1751 I 119sn[1731176-183] I 40K[184,185] I 6lNi[186] I 

125~e [l24-l26 ,l87-l89] 1271 [I901 12gXe [I911 12g1 [l92,193] 
I I I I 

156 1158Gd[194] 177,178,l8OHf[195] 1931r [I961 I and 237Np[221 
I I 

The next section is a brief review of the previous investi- 

gations of the chemical effects for Mossbauer nuclei other 

than tellurium or iodine. 

A. Studies With Mossbauer Nuclei Other than Tellurium 
and Iodine 

The greatest portion of this work has been carried 
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2 I The 1 4 . 4  keV, 98 nanosecond F e  Mzssbauer  t r a n s i t i o n  

i s  p o p u l a t e d  i n  t h e  e l e c t r o n  c a p t u r e  d e c a y  o f  5 7 ~ o .  I n  t h i s  

decay  e v e n t  Auger c h a r g i n ?  o c c u r s  and t h e  r e s u l t i n g  5 7 ~ e  

Mzssbauer  s p e c t r u m  migh t  b e  e x p e c t e d  t o  show a  d i s t r i b u t i o n  

o f  c h a r g e  s t a t e s  f o r  t h e  5 7 ~ e  atoms s t a b i l i s e d  i n  t h e  s o l i d .  

I n d e e d ,  i n  5 7 ~ o - l a b e l l e d  o r  doped compounds, t h e  d a u g h t e r  

5 7 ~ e  atoms a r e  o f t e n  found  t o  b e  i n  s e v e r a l  o x i d a t i o n  s t a t e s .  

+ 2+ 3+ 
~ h u s  f o r  example i n  5 7 ~ o ( ~ ~ )  doped Cu201 Fe , Fe , Fe t 

and Fe 4+ have  been  o b s e r v e d  f o l l o w i n g  t h e  d e c a y .  [1711 

The o r i g i n  of  t h e  c h a r g e  s t a t e s  o b s e r v e d  i n  s u c h  

s t u d i e s  i s ,  however ,  open t o  s e v e r a l  i n t e r p r e t a t i o n s .  I n  

5 7 ~ o  doped m e t a l  o x i d e s  and a l k a l i  m e t a l  h a l i d e s  t h e  s e v e r a l  

o x i d a t i o n  s t a t e s  o f  i r o n  o b s e r v e d  may i n  some i n s t a n c e s  

a r i s e  f rom t h e  a s s o c i a t i o n  o f  m o b i l e  c r y s t a l  d e f e c t s ,  s u c h  

a s  c a t i o n  v a c a n c i e s ,  w i t h  t h e  d a u g h t e r  5 7 ~ e  i o n .  Herbe r  

and Hazony [ lg6]  have  p roposed  t h a t  p r e s s u r e  e f f e c t s  may p l a y  

some p a r t  i n  e x p l a i n i n g  t h e  d i s t r i b u t i o n  o f  c h a r g e  s t a t e s .  

Thus ,  when 5 7 ~ o ( ~ ~ ~ )  d e c a y s  t o  5 7 ~ e ,  t h e  i n c r e a s e  i n  n u c l e a r  

r a d i u s  i n  t h e  d a u g h t e r  5 7 ~ e  i o n  may g i v e  r i s e  t o  a n  i n t e r n a l  

p r e s s u r e  e f f e c t  which may t h e n  m a n i f e s t  i t s e l f  a s  anomolous 

c h a r g e  s t a t e s  i n  t h e  r e s u l t i n g  5 7 ~ e  ~ G s s b a u e r  s p e c t r u m .  

T h i s  t h e o r y  h a s  some s u p p o r t  i n  t h a t  5 7 ~ e  (111) a b s o r b e r s  

p l a c e d  u n d e r  h i g h  p r e s s u r e  g i v e  ~ S s s b a u e r  s p e c t r a  which 

show an a p p a r e n t  r e d u c t i o n  o f  F e  (111) + Fe (11) . [197,1981 



These s p e c t r a  a r e  ve ry  s i m i l a r  t o  t h o s e  observed fo l lowing  

t h e  decay o f  5 7 ~ o  i n  s i m i l a r  compounds. 
[1761 

Bhida and Shenoy proposed i n  some e a r l y  work t h a t  

t h e  5 7 ~ e  charge  s t a t e s  formed i n  t h e  decay o f  5 7 ~ o  may be 

changing d u r i n g  t h e  l i f e t i m e  of  t h e  ~ o s s b a u e r  n u c l e u s ,  

i . e . ,  t h a t  m e t a s t a b l e  s t a t e s  a r e  formed fo l l owing  t h e  decay 

w i t h  l i f e t i m e s  comparable w i t h  t h e  98 nanosecond h a l f - l i f e  

of  t h e  14.4  keV s t a t e .  More r e c e n t  exper iments  have been 

r e p o r t e d  by T r i f t s h a u s e r  -- e t  a l .  [2311711 i n  which t h e  t i m e  

d i f f e r e n t i a l  Mossbauer spect rum w a s  r ecorded  f o r  s e l e c t e d  

v a r i a b l e  s u r v i v a l  t i m e s  o f  t h e  Mossbauer s t a t e  i n  5 7 ~ e ,  

r ang ing  from 4 t o  140 nanoseconds fo l l owing  t h e  e l e c t r o n  

c a p t u r e  even t .  These spe ' c t ra  were i n t e r p r e t e d  a s  showing 

o n l y  a r e l a t i v i s t i c  " t i m e - f i l t e r i n g "  e f f e c t ,  w i t h  no 

ev idence  o f  any change i n  t h e  d i s t r i b u t i o n  o f  5 7 ~ e  r e c o i l  

f ragments .  Th i s  i n d i c a t e s  t h a t  t h e  Auger cha rg ing  p roce s s  

and r e s u l t i n g  e l e c t r o n i c  rea r rangements  and charge  

n e u t r a l i s a t i o n  p roce s se s  a r e  a l l  complete i n  a t i m e  less 

t h e n  c a .  second.  

While many i n v e s t i g a t i o n s  o f  chemical  e f f e c t s  have 

been made u s i n g  5 7 ~ e  ~ G s s b a u e r  spec t ro sopy  , t h i s  sys tem 

does  n o t  r e a d i l y  a l l ow  f o r  a d i r e c t  comparison between 

rad iochemica l  and Mossbauer s t u d i e s  because  5 7 ~ e  i s  a s t a b l e  

[1681 nuc l eus .  Fenger and S i e k i e r s k a  have r e c e n t l y  compared 

t h e  chemical  e f f e c t s  o f  e l e c t r o n  c a p t u r e ,  observed u s i n g  

Mossbauer spec t ro scopy  , i n  5 7 ~ o  C 2 0 4  2H20 w i t h  rad iochemica l  



studies of the neutron capture reaction 5 8 ~ e  (n,y) 5 9 ~ e  in 

FeC204 2H20. Similar results were obtained in the two 

experiments in terms of the distribution of the iron recoil 

2+ 3+ atoms between the Fe and Fe oxidation states. However, 

the significance of these findings is questionable since 

here one is comparing the chemical effects of two different 

nuclear transformations in two different compounds. 

The 23.7 k e V ,  19 nanosecond Mossbauer transition 

in '19sn is populated in the highly internally converted 

isomeric transition of 119mSn . In compounds labelled with 

'lgmsn the effects of the Auger cascade in the isomeric 

transition may thus be studied. The effects of thermal 

neutron capture may also be investigated for the reaction 

'18sn (n,y) 119rnSn , using the irradiated solid as the source 

in the Mossbauer experiment. The results of such experiments 

have shown the formation of both oxidised and reduced states 

of the daughter '19sn recoil atom in many compounds. 

Hannaford, Howard, and Wignal [1781 were the first 

to compare the results of ~ossbauer and chemical methods of 

analysis for tin compounds. They observed that following 

the nuclear reaction ll*sn (n,y) 'lgm~n in ~g 2 '18sno4, 

that the Mossbauer spectrum for '19sn contained a weak 

secondary absorbtion line attributable to '19sn (11) . Thermal 
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annealing of this sample removed the 1 1 9 ~ n ( ~ ~ )  line, with 

the line of the parent compound Sn(1V) increasing in intensity. 

Chemical analysis of this same sample upon dissolution, 

however, showed only 119m~z(1V) followin9 thermal neutron 

capture. 

This was the first instance in which chemical and 

Mossbauer methods of analysis of the effects of the same 

nuclear reaction in the same compound, were found to give 

different results. This work has since been repeated by 

Andersen, [1811 who observed exactly the same effects. 

3. Other Systems 

In the present context it is relevant to discuss two 

other L~ossbauer experiments. Perlow and Perlow studied 

the effects of the 6--decay '*'I f- 12'xe in a variety of 

parent iodine compounds, using the 39.6 keV, 1.0 nanosecond 

~ossbauer transition in 12'xe. They found that in every decay 

event the daughter molecule remained intact, the 12'xe 

remaining bonded to the ligands of the parent iodine molecule. 

In this study the synthesis, and chemical bonding and 

structure, of several new xenon compounds was studied. 

Rother, Wagner, and Zahn [I9 have examined the 

chemical consequences of the lg2os (n,y) 3 0 ~  nuclear 

reaction and subsequent @--decay of lg30s in several osmium 

compounds using the 73 keV, 6 nanosecond Mgssbauer transition 



79 

in l9 3 ~ r .  They observed extensive molecular decomposition 

accompanying the (n,y) reaction in osmium oxides and halides. 

Moreover, they identified several iridium compounds in the 

Mossbauer spectrum which had not previously been observed, 
- + 

namely IrO and Ir04 . Indeed, the highest oxidation state 
4 

of iridium in compounds previously prepared is +6, while 

compounds of the type [IrO 1"- have not previously been 4 

reported. 

B. Studies with Isotopes of Tellurium and Iodine 

The 35.5 kev, 1.6 nanosecond Mossbauer transition 

in 125~e may be populated in the isomeric transition decay 

of 125mTe , the electron capture decay of 125~, and the 

6--decay of 125~b. The 124~e (n, y )  125m~e reaction may also be 

studied using this Mossbauer state (see Figure 4(a)). The 

chemical effects of these transformations have been extensively 

studied in recent years, much of this work being reported 

while the present thesis work was in progress. 

Violet and Booth investigated the effects of 

electron capture and Auger charging in Na 125 I03. They 

observed a broad irresolved absorption which they interpreted 

in terms of the presence of two tellurium fragments, Te (V) 

and Te(VI), formed in the decay, with each giving a 

quadrupole split spectrum. Subsequently, Jung and 
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Triftshauser [1251 repeated the experiment, observing identical 

spectra which they interpreted in a quite different way. 

125 They concluded that following electron capture in Na 103, 

1 2 5 ~ e ~ 3  2- and 1 2 5 ~ e ~ 3  (or 1 2 5 ~ e ~ 4  2- ) are formed. In Na 125 104 

1 2 5 ~ e ~ 3  2- they identified the presence of and 2- 125~e04 , 

while in Na3H2 125 1O6 the tellurium appeared to remain 

bonded in the parent chemical form, yielding Na3H2 125~e~6. 

The different interpretations arrived at by the two groups 

for the results in Na 1 2 5 ~ ~ 3  clearly illustrate the problems 

which arise because of the very broad line widths for the 

-1 
125~e transition (2r = 5.32 m. sec . ) .  

Studies of the 125~e spectrum following 6--decay 

in 125~b-labelled antimony (111) and (V) oxide and halide 

,compounds show no chemical effects accompanying this decay, 

consistent with the low electronic excitation and kinetic 

recoil energy expected in the decay event. 11251 

Several reports have appeared of studies of the 

125m~e + 125~e isomeric transition in 125m~e-labelled 

compounds, although details of the work have yet to be 

publishea. Levedev et al. -- [18" observed a broadened 

asymmetric line in the emission spectra for the sources 

*6 1 2 5 m ~ e ~ 6  and Na2H4 
125m~e~6t which they interpreted as 

evidence for molecular fragmentation accompanying the 

isomeric transition. Maddock [18' has studied the ~6ssbauer 

emission spectrum of Na 2 125m~e04 and observed no effects 

of the isomeric transition. 



The chemical effects accompanying the 124~e (n,y) 

125m~e nuclear reaction were studied by Ullrich [I881 in 

tellurium metal, PbTe, and tetragonal TeO 
2 ' In none of these 

solids was there any evidence of atomic displacement 

occurring as a result of recoil. Annealing studies were 

also attempted in this work, although again no statistically 

significant effects were observed. 

2. 1 2 7 ~  and 12gI 

Neither of these Mossbauer nuclei has been extensively 

used to study the chemical effects of radioactive decay, 

although several isolated experiments of some interest have 

been reported. In the initial work of Perlow and Perlow, [1901 

the 1 2 7 ~  emission spectrum of H 6 127m~e06 was studied. In 

this experiment the observed spectrum was an unsplit, though 

somewhat broadened, single line whose isomer shift corresponded 

5- to that for an 106 ion. Here, the decay of l2 7 m ~ e  proceeds 

directly to the 57.6 keV Mossbauer transition in 
127 

1 by 

@--decay (see Figure4 (b) ) and it was concluded that 

the B--decay did not result in observable molecular 

disruption. 

The above experiment was subsequently repeated by 

Pasternak L1921 , only now using the I ~Gssbauer transition 

as a probe. For a pure monoclinic "6 
12'Teo6 source the 

spectrum exhibited a small, but clearly defined, quadrupole 

splitting, attributable to the distorted lattice environment 



in monoclinic H TeO 6 6 '  
Indeed, this small quadrupole 

splitting was most probably the cause of the broadened 

single line in the 12'1 spectrum, where the much broader 

1 2 7 ~  Massbauer lines would completely destroy the resolu- 

tion in the quadrupole split spectrum. Again the isomer 

shift of the 12'1 quadrupole split spectrum corresponded 

5 -  to that of the 106 . 
The 12'1 emission spectra of 12'~e-labelled 

tellurium metal, Te(N03)4, and orthorhombic TeO have also 
2 

been reported following neutron irradiation of these 

materials. [lg3] The objective of this work was to study 

bonding and structure in these tellurium lattices rather 

than to study chemical effects associated with the nuclear 

transformation. iiowever, it can be concluded from this 

work that there were no observable effects associated with 

the (n,y) reaction in these compounds. 



V I I I  . EXPERIXENTAL TECHNIQUES 

A.  G e n e r a l  P r e p a r a t i o n  o f  T e l l u r i c  Acid  

The t e l l u r i c  a c i d  used  i n  t h i s  work was r o u t i n e l y  

p r e p a r e d  by t h e  o x i d a t i o n  o f  t e l l u r i t e  i o n  i n  8 N  HNO w i t h  
3  

p o t a s s i u m  permanganate .  [ 2 0 0 1  The m a t e r i a l  was p r e c i p i t a t e d  

from s o l u t i o n  by  t h e  a d d i t i o n  o f  c o n c e n t r a t e d  HNO and  w a s  
3  ' 

f i l t e r e d  and washed w i t h  a  f u r t h e r  p o r t i o n  o f  c o n c e n t r a t e d  

H N 0 3  The m a t e r i a l  was t h e n  u s u a l l y  r e c r y s t a l l i s e d  from 

w a t e r  o r  d i l u t e  H N 0 3 ,  and f i n a l l y  d r i e d  o v e r  P205 i n  a 

vacuum d e s s i c a t o r .  

Samples o f  t e l l u r i c  a c i d  p r e p a r e d  i n  t h i s  way were 

a n a l y s e d  by p o t e n t i o m e t r i c  t i t r a t i o n  an6  were found  t o  be 

>99  p e r  c e n t  H6Te0 6  ' 
[2011 The m e l t i n g  p o i n t s  o f  many 

d i f f e r e n t  s a m p l e s ,  measured i n  s e a l e d  t u b e s ,  were i n  t h e  

r a n g e  132 .5  t o  135.5OC., compared w i t h  t h e  l i t e r a t u r e  v a l u e  

o f  136•‹C. [ 2 0 2 1  Thermogravi rne t r ic  a n a l y s i s  gave  d e c o m p o s i t i o n  

c u r v e s  i d e n t i c a l  t o  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e .  
[202-2041 

T e l l u r i c  a c i d  i s  r e p o r t e d  t o  have  two c r y s t a l  

m o d i f i c a t i o n s ,  t h e  c u b i c  o r  a-form which  i s  o b t a i n e d  by s low 

c r y s t a l l i s a t i o n  from c o n c e n t r a t e d  HNO s o l u t i o n ,  and t h e  3  

more s t a b l e  m o n o c l i n i c  o r  3 - f o r m  which  i s  o b t a i n e d  from 

w a t e r  o r  d i l u t e  n i t r i c  a c i d .  The x- ray  powder p h o t o g r a p h s  

[ 2 0 2 - 2 0 7 1  and t h e  I.R. s p e c t r a l  d a t a  [ 2 0 7 f 2 0 8 1  have  b e e n  



r e p o r t e d  f o r  t h e s e  two m o d i f i c a t i o n s .  I t  i s  known t h a t  i n  

t h e  c u b i c  form t h e  geometry of  t h e  s i x  -OH g roups  around t h e  

c e n t r a l  Te i s  o c t a h e d r a l  w h i l e  i n  t h e  monoc l in ic  form t h e r e  

i s  c o n s i d e r a b l e  d i s t o r t i o n  from r e g u l a r  o c t a h e d r a l  geometry 

and t h a t  s t r o n g  Te-0-H * * * *  0 -Te  hydrogen bonding between 

a d j a c e n t  molecu les  i s  p r e s e n t .  The samples o f  t e l l u r i c  a c i d  

p r e p a r e d  a s  d e s c r i b e d  above were found t o  g i v e  x-ray powder 

p a t t e r n s  i d e n t i c a l  w i t h  t h a t  f o r  t h e  p u r e  monoc l in ic  s t r u c t u r e .  

The I . R .  s p e c t r a  showed a b s o r p t i o n s  a t  1120,  1180,  and 1218 

cm.- l ,  c h a r a c t e r i s t i c  o f  t h e  Te-0-H d i s t o r t i o n  modes i n  t h e  

monoc l in ic  form. I t  i s  concluded t h a t  t h e  samples were i n  

t h e  pure  monoc l in ic  form. At tempts  t o  p r e p a r e  t h e  c u b i c  

m o d i f i c a t i o n  by slow e v a p o r a t i o n  of c o n c e n t r a t e d  H N 0 3  s o l u t i o n s  

y i e l d e d  a  m i x t u r e  of t h e  two forms.  S i n c e  t h e  p r e p a r a t i o n  

of  l a b e l l e d  samples  had t o  be  performed ve ry  r a p i d l y  i n  many 

i n s t a n c e s ,  t h e  c r y s t a l s  were always p r e c i p i t a t e d  from aqueous 

s o l u t i o n  w i t h  HN03, t h i s  always y i e l d i n g  t h e  monoc l in ic  

p r o d u c t .  

B .  Sample P r e p a r a t i o n s  f o r  t h e  Chemical I n v e s t i g a t i o n  of 
I o d i n e  R e c o i l  Atoms i n  T e l l u r i c  Acid 

1. H TeO f o r  Thermal Neutron I r r a d i a t i o n  
-6-6 - 

I n  s t u d y i n g  t h e  1 3 0 ~ e  ( n ,  y) 

samples of  t e l l u r i c  a c i d  p r e p a r e d  w i t h  n a t u r a l l y  i s o t o p i c  

abundant  t e l l u r i u m  ( 3 4 . 4 9  p e r  c e n t  1 3 0 T e )  were i r r a d i a t e d  

i n  m i l l i g r a m  amounts i n  t h e  r a b b i t - f a c i l i t y  o f  t h e  



University of Washington, Seattle reactor. The thermal 

12 neutron flux ranged from l0l1to 10 n.cm. -2 sec. -' in 
different irradiations, with a concurrent y-dose rate of 

1 to 10 Mrd. hr. -1 

H TeO Prepared Labelled with 130Te and 131mTe 2 *  - 6 4  

The method of preparation used in each case was 

essentially the sane. 

For labelling telluric acid specifically with 131~e, 

ca. 3 grams of telluric acidwere reactor irradiated for 

25 minutes. The sample then contained telluric acid 

molecules labelled with 131Te ( t1/2=25 minutes) , decomposition 

products formed in the (n,y) recoil event labelled with 

13'~e, a similar distribution of products labelled with con- 

taminating 131mTe (tlI2=30 hours) , and 1311 in a variety 

131Te and 13 lmTe of chemical forms produced in the decay of 

during the irradiation. 

The sample was immediately dissolved in 6N HC1 containing 

Te(1V) carrier. Stoichiometric milligram amounts of I- and 
- 

1O3 carriers were added and the molecular formed was 2 

extracted into chloroform. This gross iodine extraction 
1311 

was repeated three times and was shown to remove all 

activity from the solution. The 131~e(1v) and 131m~e (IV) 

present as a consequence of the chemical effects of the 



c e n t  t r i - b u t y l  phosphate  (T.B.P.) i n  ke rosene .  T h i s  

s e p a r a t i o n  was a l s o  shown t o  b e  > 9 9  p e r  c e n t  e f f i c i e n t .  

The g r o s s  i o d i n e  e x t r a c t i o n  was t h e n  r a p i d l y  r e p e a t e d  and 

t h e  t e l l u r i c  a c i d  c r y s t a l s  i ~ n e i i i a t e l y  p r e c i p i t a t e d  by t h e  

a d d i t i o n  of  16N HN03,and d r i e d  o v e r  P205.  The t i m e  from 

t h e  end of t h e  r e a c t o r  i r r a d i a t i o n  t o  f i l t e r i n g  t h e  p r e c i p i -  

t a t e d  H6 1 3 1 ~ e 0  was no more t h a n  20 minu tes .  Fol lowing 6  

t h i s  sample p r e p a r a t i o n ,  1311 a c t i v i t y  was obse rved  t o  grow 

i n  w i t h  a  25 minute  h a l f - l i f e .  

Samples p r e p a r e d  i n  t h i s  way c o n t a i n e d  p r i n c i p a l l y  

H6 
1 3 1 ~ e ~ 6 .  However, t h e  l o n g e r - l i v e d  131rn~e isomer  i s  a l s o  

produced i n  t h e  n e u t r o n  i r r a d i a t i o n .  The r e l a t i v e  c r o s s -  

s e c t i o n s  of  t h e s e  two i s o t o p e s  t o g e t h e r  w i t h  t h e i r  h a l f - l i v e s  

l e a d s  t o  t h e  p r e s e n c e  of c a .  26 p e r  c e n t  1311 from t h e  decay 

of 1 3 1 m ~ e  48 h o u r s  a f t e r  t h e  sample p r e p a r a t i o n .  T h i s  

v a l u e  rises t o  ca. 36 p e r  c e n t  a f t e r  1 0  t o  12 days .  

1 3  l m T e  
T e l l u r i c  a c i d  was a l s o  p r e p a r e d  l a b e l l e d  w i t h  

i n  a s i m i l a r  way. Fol lowing a  2  hour  r e a c t o r  i r r a d i a t i o n ,  

t h e  sample was l e f t  o v e r n i g h t  t o  a l l o w  t h e  decay o f  1 3 1 ~ e .  

The 1 3 1 m ~ e  ( I V )  and 1311 were t h e n  removed a s  d e s c r i b e d  above,  

131mT,eo6 p r e c i p i t a t e d  from s o l u t i o n .  The 
1311 

and t h e  H6 

a c t i v i t y  was obse rved  t o  grow i n t o  t h e  sample w i t h  t h e  30 

hour  h a l f - l i f e  o f  t h e  p a r e n t  
1 3  l m T e  



3. H TeO Prepared Labelled Specifically with 
-6-6 - 

Carrier free 1 3 2 ~ e  was obtained from the Oak Ridge 

National Laboratory as Na2 1 3 2 ~ e ~ 3  in BaOH. This was 

1311 found to contain I lo3P.u I and other unidentified long-lived 

radioactive contaminants. The was removed via the 

previously described gross iodine extraction. Te(1V) 

carrier was added and the usual preparation of telluric acid 

carried out. 

C. Sample Preparations for the Chemical Investigation of 
Tellurium Recoil Atoms in Telluric Acid 

1. H TeO for Thermal Neutron Activation 
-6-6 - 

The chemical effects of the 1 2 8 ~ e  (n,y) 129~e reaction 

in telluric acid were investigated by irradiating telluric 

acid prepared from naturally isotopic abundant tellurium 

(31.79 per cent 128~e) in the Seattle reactor for one hour 

and inmediately analysing the sample. 

The 128~e(nIy) 12'~e reaction was investigated by 

irradiating 128~e enriched 

the N.R.U. reactor at Chalk 

14 -2 flux of 2.1 x 10 n. cm. 

99.46 per cent 12*~e) H6Te06 in 

River at a thermal neutron 

-1 
sec. with a concomitant 

y- dose rate of 100 Mrd. hr. -' The sample was kept at 
ca. 36OC. by flowing water through holes in an aluminium 

block in which the sample was mounted. In these latter 

irradiations the samples were sealed in quartz ampoules. 



2.  H6TeO, Prepared Labelled with - 129m~e for Studies of the -- 
Chemical Effects of Isomeric Transition - 

The samples of 128~e enriched H TeO reactor irradiated 6 6 

at Chalk River were used to prepare samples of H 
6 1 2 9 m ~ e ~ 6  

using the methods outlined in Section B(2) above. 

D. Chemical Separations and Analysis of Recoil Fragments 

1. Analysis for the Oxidation States of 131, -- -- 

Both electrophoretic and solvent extraction methods 

of analysis were employed. The electrophoretic separation 

could only be used where the specific activity of the 

samples was high and where the time available for the 

separation and counting was of the order of hours rather than 

minutes. 

In the electrophoretic separation'209' milligram 

samples of telluric acid containing the 1311 recoil species 
- 

were dissolved in a basic solution containing I-, 103 , and 
- 

104 carriers, each in ca. O.0015M concentration. A 5 

microliter portion of this solution was spotted near to the 

end of a strip of Whatmann 3MM paper cut 2 cm. wide and 

56 cm. long, which had previously been wetted with a solution 

0.005N in NaCl and NaOH. The paper strip was then mounted 

in an electrophoretic apparatus, the paper being supported 

between two glass plates with the tapered ends dipping into 



89 

baths of 0.005N NaCl/NaOH electrolyte solution. A potential 

was applied through Cu and Pt electrodes dipping into the 

electrolytic baths. The separations were generally performed 

with an applied potential of 2000 volts and a current of 

4 milliamps, and took about 20 minutes. In these separations, 
- 

the I- fraction moved 12 to 15 cm., the 103 fraction moved 
- 

7 to 10 cm., and the 104 fraction moved 1 to 4 cm. Following 

the separation the strips were carefully dried, cut into 

1 cm. lengths, and the individual pieces counted using a 

3" x 3" NaI(T1) scintillation well-counter with a single- 

channel analyser set on the 0.36 MeV y-peak of 1311 

The electrophoretic separation was demonstrated to 
- - 

give clean separations of I-, 103 , and 1O4 ions using 

1311- and synthesised 131 - 103 and 131 - 104 as tracers. 

Experiments were performed using different combinations 

of carriers to see if reproducible results would be obtained 

in the separation. It was found that for a given sample of 
- 

telluric acid, the same separation was achieved if the 104 

carrier was omitted or if H5106 was added in addition to the 
- - - 
I , 103 , and 1O4 carriers 

A simple rapid solvent extraction separation was 

employed in many of these experiments. This separation 

131, 
allowed only the determination of the fraction of 

activity present in reduced form ( I ,  1 10-) or in 
- 

oxidised form (103 , 104-). 



The sample was dissolved in distilled water containing 

a milligram amount of reagent grade NaIO 
3 ' This contained 

0.01 per cent I- which served as carrier for the reduced 

1311 fraction of . An aliquot of an aqueous solution of 

iodine was added and the iodine extracted into chloroform. 

The chloroform extraction was repeated twice. This 

extraction was effective in removing all 1311 present in the 

reduced forms. The efficiency and selectivity of this 

separation was demonstrated using 1311- I 131 103 - , and 131 - 
1•‹4 

tracers. 

It was found that addition of larger quantities of 
- 
I carrier reduced the efficiency of this separation, 

- 
evidently due to the formation of I in solution. In other 3 

experiments it was found that using the Na1O3 (I-) carrier, 

identical results were obtained for dissolution in 0.5N HNOj 

through to 0 . 5 N  NaOH. It was also found that in comparing 

the results of the electrophoretic and solvent extraction 

separations on the same samples, the same results were 

obtained within the experimental error for the fractions 

present as oxidised and reduced radioiodine. 

1321 
2. Chemical Analysis -- for the Oxidation States -- of 

0- 132= 
In studying the decay 132~e(t =78 hour) + 

1/2 

(tlI2=2.3 hour), the electrophoretic separation could not 

be used since the parent 1 3 * ~ e  would continue to decay to 



the daughter 1 3 2 ~  following dissolution and during the 

separation itself. 

Here the solvent extraction separation was always 

used. This separation was modified because of the presence 

of the long-lived contaminants whose activities constituted 

an appreciable fraction of the total sample activity within 

days of the time of the H6 1 3 2 ~ e ~ 6  sample preparation. 

The sample for analysis was weighed and then dissolved 

as before in Na1O3(1-) carrier solution and the iodine 

extraction into chloroform immediately perf~rmed. A second 

portion of the sample of a known weight was dissolved and 

a gross iodine extraction was performed as described 

previously. A comparison of the specific activities of the 

two organic fractions, assayed on the .668 and .773 MeV 

y-peaks of 1 3 2 ~ ,  gave the percentage of 1 3 2 ~  activity present 

in oxidised and reduced forms following the @--decay event. 

The activity in both of these organic fractions was shown 

1321 
by y-ray spectroscopy to be pure 

3. Analysis - for Te (IV) - and Te(V1) - in Telluric Acid 

A solvent extraction separation was used which 

allowed the determination of the fraction of tellurium activity 

present in the Te ( I V )  and Te (VI) states. 

A milligram sample was dissolved in 6N HC1 containing 

-1 5 mg. ml. of Te (IV) carrier. The Te (IV) was then immediately 



extracted into a 25 per cent solution of T.B.P. in kerosene. 

This extraction was repeated twice. The 12'Te activity 

remaining in the aqueous fraction was assayed through the 

.460 MeV y-peak using a well-counter and single channel 

analyser. However, the way in which the counting was performed 

depended upon the specific nuclear transformation under 

investigation. 

In studying the 1 2 8 ~ e  (n,y) 12'~e nuclear reaction in 

telluric acid, the amounts of 12'~e existing as Te ( I V )  and 

Te(V1) were determined by immediately comparing the activity 

of the extracted aqueous phase with that of a portion of the 

solution which had not been extracted. 

For the 128~e (n,y) 129m~e nuclear reaction, following 

the separation the aqueous phase was set aside and the 12'Te 

activity allowed to grow back into equilibrium with the 
1.9'. 

parent 129m~e ( 12'*~e(34 day) + 12'Te (69 minute)). A 

comparison of the activity of this solution with that of a 

portion of non-extracted aqueous phase allowed the fraction 

of 129m~e activity as Te (1") and Te(V1) to be determined. 

The 12'Te (IV) and 12'T'e (VI) distributions formed following 

the isomeric transition in this same neutron irradiated 

sample could be determined in the above experiment if the 

extracted aqueous phase was also counted immediately 

following the separation. 
129mTe 

Finally, in studying the chemical effects of the 

-+ 129~e isomeric transition in 129fi'~e-labelled telluric acid, the 



solid sample was dissolved, the separation immediately 

performed, and the aqueous phase immediately counted. This 

same aliquot was then set aside and, following regrowth of 

the 129, l e  activity back into equilibriux with the 129mTe I 

was re-assayed. 

E. General Counting Procedures 

A 3" x 3" NaI(T1) scintillation well-counter was used 

coupled to a Hewlett-Packard pre-amplifier and single-channel 

analyser. Several multi-channel analysers were used in 

accumulating y-ray spectra. In all experiments routine 

corrections were made for background, decay, and efficiencies 

of separations. 

F. Annealing Investigations 

Both thermal and y-ray annealing effects were studied. 

Thermal annealing was carried out in air in glass tubes 

mounted in heated copper blocks or in a thermostated water 

bath, these having thermal stabilities of +0.5"C. and ?0.2OC., 

respectively. 

y-radiation annealing was studied using a 6 0 ~ o  gamma 

-1 
cell which gave a y-dose rate of ca. 5 x lo5 Rads. hr. 



G.  ~ o s s b a u e r  Spec t romete r  Systems Employed 

A Techn i ca l  Measuremeqts Co rpo ra t i on  (TMC) c o n s t a n t  

a c c e l e r a t i o n  ~ o s s b a u e r  s p e c t r ~ m e t e r  w a s  used i n  t h e  e a r l y  

p a r t  o f  t h i s  work. A b lock  djagram f o r  t h i s  sys tem i s  shown 

i n  F igu re  6  ( a ) .  The b a s i c  corpponents i n c l u d e d  a  TMC 400 

channe l  pu l s e -he igh t  a n a l y s e r ,  t h e  TMC Model 306 Mzssbauer 

d r i v e  u n i t ,  and t h e  TMC Model 305 t r a n s d u c e r .  The a n a l y s e r  

was o p e r a t e d  i n  t h e  m u l t i - s c a l e r  mode and was synchron i sed  

w i t h  t h e  movement o f  t h e  t r a n s d u c e r  a t  t h e  beg inn ing ,  middle ,  

and end of  e ach  c y c l e .  With t h e  a n a l y s e r  m u l t i - s c a l i n g  ove r  

200 channe l s  w i t h  a  dwel l - t ime p e r  channe l  o f  40 microseconds ,  

t h e  t r a n s d u c e r  o p e r a t e d  a t  a  f requency o f  12 c y c l e s  p e r  

second.  I n  t h i s  mode o f  o p e r a t i o n  2 x 100 channe l  m i r ro r -  

image s p e c t r a  w e r e  ob t a ined .  Th i s  t r a n s d u c e r  i s  quo ted  a s  

hav ing  a  l i n e a r i t y  i n  t h e  v e l o c i t y  d r i v e  o f  < 1 p e r  c e n t  

d i s t o r t i o n  ove r  90 p e r  c e n t  o f  t h e  h a l f - c y c l e .  F requen t  

v e l o c i t y  c a l i b r a t i o n s  o f  t h e  sys tem u s i n g  a  sou rce  of  5 7 ~ o  

i n  pa l l ad ium measured a g a i n s t  sodium n i t r o p r u s s i d e  and 

a-Fe203 s t a n d a r d  a b s o r b e r s  confirmed t h e  l i n e a r i t y  and 

s t a b i l i t y  o f  t h e  v e l o c i t y  d r i v e .  

The c r y o s t a t  used w i t h  t h e  TMC sys tem i s  shown i n  

F igu re  6 ( b )  . Thi s  was a  m e t a l  can 6" i n  d i ame te r  and 2 4 "  

h i g h ,  w i t h  a  th rough  t u b e  n e a r  t o  t h e  ba se .  The can was 

comple te ly  encased  i n  s ty ro foam i n s u l a t i o n .  The ~ 6 s s b a u e r  
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s o u r c e  and a b s o r b e r  were c o o l e d  i n  t h e  t h r o u g h  t u b e ,  which 

was s e a l e d  a t  t h e  d e t e c t o r  end by a  removable s t y r o f o a m  

p l u g ,  and a t  t h e  s o u r c e  end by a  r u b b e r  membrane t h r o u g h  

which t h e  s o u r c e  rod  was i n s e r t e d .  A i r  was blown o v e r  t h e  

r u b b e r  membrane and o v e r  t h e  s t y r o f o a m  p l u g  t o  min imise  t h e  

b u i l d - u p  o f  i c e .  

T h i s  c r y o s t a t  c o u l d  m a i n t a i n  t h e  ~ o s s b a u e r  s o u r c e  

and a b s o r b e r  n e a r  t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e  f o r  a  

maximum of  f i v e  h o u r s ,  t h i s  t h e n  b e i n g  one  o f  t h e  p r i n c i p l e  

drawbacks o f  t h e  sys tem.  The s o u r c e  and a b s o r b e r  t e m p e r a t u r e s  

were measured u s i n g  an i r o n - c o n s t a n t a n  the rmocoup le ,  and were 

found t o  remain  s t a b l e  a t  80  t o  82OK. One advan tage  o f  t h i s  

sys t em was t h e  s p e e d  w i t h  which ~ o s s b a u e r  s o u r c e s  c o u l d  b e  

mounted when, f o r  example ,  s h o r t - l i v e d  6 9  minu te  1 2 ' ~ e - l a b e l l e d  

s o u r c e s  were b e i n g  s t u d i e d .  

A second sys t em employed i n  t h i s  work w a s  a N u c l e a r  

S c i e n c e  and E n g i n e e r i n g  C o r p o r a t i o n  (NSEC) A M - 1  d r i v e  s y s t e m  

and c r y o f l a s k  which was used  i n  c o n j u n c t i o n  w i t h  a  N u c l e a r  

Data  2200 s e r i e s  1024-channel  a n a l y s e r .  h s c h e m a t i c  d i ag ram 

o f  t h i s  sys t em i s  shown i n  F i g u r e  7 ( a ) ,  and a d iag ram o f  t h e  

vacuum c r y o s t a t  and t r a n s d u c e r  assembly i s  shown i n  F i g u r e  

7 ( b ) .  T h i s  s p e c t r o m e t e r  a g a i n  f u n c t i o n e d  a t  c o n s t a n t  

a c c e l e r a t i o n .  However, h e r e  t h e  t r a n s d u c e r w a s  d r i v e n  by a 

v o l t a g e  p u l s e  g e n e r a t e d  from t h e  o u t p u t  o f  t h e  s c a l e r  a d d r e s s  

o f  t h e  m u l t i - c h a n n e l  a n a l y s e r .  I n  t h i s  way t h e r e w a s  p e r f e c t  

s y n c h r o n i s a t i o n  between t h e  movement o f  t h e  t r a n s d u c e r  and 
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t h e  m u l t i - s c a l e r  o f  t h e  a n a l y s e r .  T h i s  r e s u l t e d i n  e x c e l l e n t  

l i n e a r i t y  and r e p r o d u c i b i l i t y  i n  t h e  v e l o c i t y  d r i v e .  Using 

t h i s  s p e c t r o m e t e r ,  2  x  256 channe l  o r  2  x  128 c h a n n e l  sets 

of  m i r r o r  image s p e c t r a  were o b t a i n e d ,  w i t h  t h e  t r a n s d u c e r  

o p e r a t i n g  a t  2 5  c y c l e s  p e r  second and a  d w e l l  t i m e  p e r  

channe l  o f  80 microseconds o r  a t  20 c y c l e s  p e r  second and a  

d w e l l  t i m e  of  200 mic roseconds ,  r e s p e c t i v e l y .  

The c r y o f l a s k  used w i t h  t h i s  sys tem was a  m e t a l  

vacuum c r y o s t a t  which h e l d  l i q u i d  n i t r o g e n  f o r  c a .  35 h o u r s ,  

m a i n t a i n i n g  t h e  s o u r c e  and a b s o r b e r  a t  8O0K. f o r  t h i s  t i m e .  

S e v e r a l  l i q u i d  he l ium exper iments  were performed w i t h  t h i s  

c r y o s t a t  and t h e  l i q u i d  he l ium was found t o  b o i l  o f f  i n  

c a .  5 hours .  

l 2 g I  
H.  ~ o s s b a u e r  Experiments  w i t h  -- 

1. Genera l  Methods 

The 12'1 ~ G s s b a u e r  s p e c t r a  were recorded  u s i n g  a  

Harshaw NaI(T1) x-ray d e t e c t o r ,  i n t e g r a l l y  mounted on a photo-  

m u l t i p l i e r  t u b e ,  t o g e t h e r  w i t h  an O r t e c  model 113 p re -  

a m p l i f i e r  and model 4 4 0 A  s e l e c t i v e  f i l t e r  a m p l i f i e r .  The 

p u l s e  h e i g h t  a n a l y s i s  spect rum f o r  1 2 9 m ~ e  s o u r c e s  showed o n l y  

a  s i n g l e  b road  peak,  t h e  27.7 keV Mossbauer t r a n s i t i o n  and 

27.4 keV t e l l u r i u m  x- rays  n o t  b e i n g  r e s o l v e d  w i t h  t h i s  

d e t e c t o r .  An a t t e m p t  was made t o  u s e  an  O r t e c  G e ( L i )  x-ray 

d e t e c t o r ,  w i t h  a  r e s o l u t i o n  of  300 t o  400 e V  a t  30 keV. 
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While t h i s  d e t e c t o r  p a r t i a l l y  r e s o l v e d  t h e  Mossbauer t r a n s i t i o n  

from t h e  x - r a y s ,  t h e  ve ry  low c o u n t i n g  e f f i c i e n c y  made it 

i m p r a c t i c a l  f o r  use  i n  t h i s  work. 

While s e v e r a l  exper iments  w e r e  performed w i t h  an  

indium a b s o r b e r  t o  r educe  t h e  background from t h e  u n r e s o l v e d  

12'xe x - r a y s ,  i n  g e n e r a l  exper iments  were n o t  performed w i t h  

such a  c r i t i c a l  a b s o r b e r  p r e s e n t ,  s i n c e  t h e  a c t i v i t y  from t h e  

12'1 a b s o r b e r  was o n l y  a  s m a l l  f r a c t i o n  of  t h e  s o u r c e  

a c t i v i t y .  

The a b s o r b e r s  used t h r o u g h o u t  t h i s  work were anhydrous 

Na 12'1 a b s o r b e r s ,  s e a l e d  i n  a  p l a s t i c  c e l l .  These a b s o r b e r s  

were p r e p a r e d  by t h e  e v a p o r a t i o n  of  an aqueous s o l u t i o n  o f  

Na 12'1 o b t a i n e d  from Oak Ridge. The d r y  r e s i d u e ,  i n  e a c h  

i n s t a n c e ,  was s e a l e d  i n  a  p l a s t i c  h o l d e r  i n  a  d r y  a tmosphere .  

The two a b s o r b e r s  used c o n t a i n e d  c a .  8  mg. cm. -2  and c a .  15  

-2  mg.cm.  of 12'1, r e s p e c t i v e l y .  They were conf i rmed a s  

s i n g l e  l i n e  a b s o r b e r s  a g a i n s t  a  Zn 1 2 9 m ~ e  s o u r c e ,  and gave 

l i n e  w i d t h s  of  .94 mm. s e .  and 1 .25  mm. set.-l, r e s p e c t i v e l y .  

These v a l u e s  a r e  i n  e x c e l l e n t  agreement  w i t h  t h e  v a l u e s  t o  b e  

e x p e c t e d  from t h e  e x p r e s s i o n  

= 0.59 + .08 T 
-2 a-1 (8 mg. cm. a b s o r b e r )  = 0 .91  mm. s e c .  
-2 

= 1.19 mm. set.-I (15 mg. c m .  a b s o r b e r )  

Most o f  t h e  exper iments  i n  t h i s  work w e r e  performed 

-2 
u s i n g  t h e  15 mg. cm. Na 12'1 a b s o r b e r ,  and e x p e r i m e n t a l  



-1 line widths generally varied between 1.2 to 1.4 rnrn. sec. . 
A representative spectrum for PJa12'1 measured against a 

Zn 129m~e source is shown in Figure 8. 

Sodium iodide is a good choice for an iodine ~6ssbauer 

absorber since it has a large recoil free fraction of f = .29 [1341 t 

and a high Debye temperature of 185•‹K. 11341 

2. Source Activities for 12' I MSssbauer Emission Experiments -- 

Chemical effects of the four nuclear transformation 

sequences previously discussed were investigated for a variety 

of tellurium compounds, as shown in Table IV. For reasons 

which will become apparent throughout this and subsequent 

sections, all of the compounds listed either could not or 

were not investigated for each of the transformation sequences. 

The general techniques employed in the preparation of the 

labelled source coupounds will now be discussed. 

The 129m~e was obtained by the irradiation of 50 

milligram amounts of 99.46 per cent 1 2 * ~ e  metal in quartz 

-14 
ampoules for two weeks at ca. 10 n. cm.-2sec. in the 

N.R.U. Reactor at Chalk River. The tellurium metal was then 

used in the preparation of the compounds to be described 

below. These sources generally ranged in activity from 

-2 
0.5 to 2.0 millicurie and were generally < 10 mg. cm. in 

thickness. 

A novel preparative route was used in the preparation 

of 129~e M6ssbauer sources. In the past, other investigators 





TABLE IV 

TELLURIUM COMPOUNDS AND TRANSFORMATION SEQUENCES FOR WHICH 

12' I MOSSBAUER EMISSION SPECTRA WERE INVESTIGATED 

Elemental 
Tellurium 

* Decomposed during the irradiation 



have prepared 2n12'Te sources for absorbtion spectro- 

scopy by irradiating 66~n128~e in a reactor and immediately 

using this source in their experiments. The absence of a 

reactor near to this laboratory precluded this means of 

producing 12'Te. Instead, the isomer separation of 12'21e 

and 129m~e achieved through the chemical effects of the 

isomeric transition in solution was employed. 

129m~e-!abelled telluric acid was dissolved in 4N 

HC1. In 4N HC1 solution the 129mTe + 12'~e isomeric transition 

produces bond rupture in > 90 per cent of events, giving 

12'??e (IV) in solution. 

SO2 is bubbled through 

reducing the 12'Te (IV) 

In the presence of Te (IV) carrier, 

the solution, this selectively 

to tellurium metal, the 129mT'e remaining 

in solution as The separated 129~e-labelled 

metal was then used in the immediate preparation of the 

compounds shown in Table IV. The need for rapid manipulations 

restricted these experiments to compounds which could be 

prepared and isolated as solids in less than 60 minutes. The 

sources prepared generally had activities in the range of 

-2 
0.1 to 0.5 millicurie and were of 25 to 50 mg. cm. thickness, 

the thickness being determined by the amount of carrier which 

permitted rapid chemical preparations. Source thicknesses 

in this range were not observed to lead to significant line 

broadening. 

In studying the '*'~e recoil atoms produced in the 

128~e ( n , y )  12'Te reaction, the compounds were irradiated for 



60 minutes in the core of the University of Washington, 

12 Seattle, reactor at a flux of 2 x 10 n. cm. -2 -1 sec. ,with 

-1 a y-dose rate of 10 Mrd. hr. The ambient temperature was 

70•‹C. In some experiments the samples were irradiated in 

a styrofoam insulated container packed with solid CO 2 ' 

Some of the above sources were prepared from. 

naturally isotopic abundant tellurium, while others were 

enriched in 128~e and 125~e. All sources contained about 

10 milligrams of 128~e, and source thicknesses ranged from 

-2 
25 to 50 mg. cm. The activity at the time of removal 

from the reactor was about 0.05 millicurie. 

The 129m~e recoil atoms produced in the reaction 

128~e (nty) 129m~e were studied using 128~e isotopically 

enriched compounds irradiated in the N.R.U. reactor in the 

water cooled assembly. Neutron irradiations were at a 

14 -2 -1 
thermal neutron flux of 10 n. cm. sec. with a concurrent 

-1 
y-dose rate of ca. 100 Mrd, hr. These compounds were, 

upon their return following the irradiation, used as 

~ossbauer source compounds. 

3 .  Preparation - and Mountinq - of Mossbauer Sources 

In almost all instances, the Mossbauer source compounds 

were mixed with a small amount of silicon grease before being 

placed in the source holder. This was done for two reasons. 

Firstly, it gave good thermal contact between the source 

compound and the source holder, thus ensuring that the 
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~ o s s b a u e r  s o u r c e  was e v e n l y  coo led  t o  a t  l e a s t  n e a r  l i q u i d  

n i t r o g e n  tenperature. Second ly ,  mixing w i t h  t h e  g r e a s e  made 

it p o s s i b l e  t o  e v e n l y  d i s t r i b u t e  t h e  s o u r c e  m a t e r i a l  o v e r  

t h e  s u r f a c e  of  t h e  s o u r c e  h o l d e r ,  t h i s  t h e n  e n s u r i n g  a  

uni form s o u r c e  t h i c k n e s s .  

I .  T e l l u r i u m  Compounds Prepared  a s  Mossbauer Sources  

1. H6Te0, 

T e l l u r i c  a c i d  was p r e p a r e d  and c h a r a c t e r i s e d  a c c o r d i n g  

t o  t h e  methods d e s c r i b e d  i n  S e c t i o n  A o f  t h i s  c h a p t e r .  

(H TeO ) -2-4-n- 

M e t a t e l l u r i c  a c i d ,  ( a s  p r e p a r e d  by t h e r m a l  

decomposi t ion  o f  t e l l u r i c  a c i d  a t  160•‹C. L 2 0 3  ' 2 0 4 1  Thermo- 

g r a v i m e t r y  on samples p r e p a r e d  i n  t h i s  way showed t h e  t h e o r e t i c a l  

we igh t  loss  and t h e  samples were c h a r a c t e r i s e d  by I . R .  

s p e c t r o s c o p y .  [2021 

The s i m i l a r i t y  i n  t h e  I . R .  s p e c t r a  of ( H 2 T e 0  4 ) n and 

H6Te06 i s  i n t e r p r e t e d  a s  e v i d e n c e  t h a t  i n  m e t a t e l l u r i c  a c i d  

t h e  t e l l u r i u m  must b e  hexaco-ord ina te  and t h a t  Te-0-Te edge 

b r i d g i n g  between a d j a c e n t  u n i t s  i s  p r e s e n t .  The v a l u e  f o r  

n i s  v a r i o u s l y  r e p o r t e d  a s  3, 1 0 ,  and 11, and a p p e a r s  t o  

depend on t h e  method a f  measurement u s e d .  [2021 



Na TeO , 
-2-4 

K TeO 
-2 -4 

Sodium tellurate was prepared according to the method 

of Halpern and ~ancewicz'll~~ in which TeO was dissolved in 2 

29 per cent NaOH and then oxidised with 30 per cent H 0 The 
2 2' 

Na2Te0 precipitate was filtered and washed with hot 29 
4 

per cent NaOH. 

The potassium tellurate used was obtained from A l f a  

Inorganics Incorporated, and was used without further 

purification. The 1 . R .  spectrum for this material showed it 

to be free of contaminating K TeO and Te02. 2 3 

The structure of the tellurates is somewhat in question. 

The recent work of Erickson and Maddock [2071 suggests, on the 

basis of the I.R. and 125~e data, that tellurates have a 

structure based on a linear polymeric anion composed of TeO 6 

octahedra each sharing two edges,and with the unshared oxygen 

atoms in cis-positions on a third edge. 

This polymeric compound is a bright yellow amorphous 

powder prepared by thermal decomposition of H6Te06 at 310•‹C. 

[202-2041 The I.R. spectrum again shows the tellurium to 

be hexaco-ordinate, [2071 and the previously reported 125~e 

~ossbauer absorption parameters are consistent with this 

interpretation. [2071 The 1 2 5 ~ e  ~Gssbauer spectrum also 

clearly shows the presence of contaminating Te02, and in the 
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p r e s e n t  work d i f f e r e n t  samples of a-TeO were found t o  c o n t a i n  
3  

1 0  t o  40 p e r  c e n t  of  Te02. 

Th i s  i s  a  g rey  c r y s t a l l i n e  m a t e r i a l  p r e p a r e d  by h e a t i n g  

t e l l u r i c  a c i d  w i t h  18M H2S04 i n  a  s e a l e d  t u b e  a t  310•‹C. [ 210 1 

f o r  24 h o u r s .  The r e s u l t i n g  r e s i d u e w a s  b o i l e d  i n  t u r n  w i t h  

29 p e r  c e n t  NaOH and 1 2 N  H C 1 ,  and t h e  p r o d u c t  f i n a l l y  washed 

w i t h  w a t e r  and d r i e d .  The I . R .  s p e c t r a  and x-ray powder 

photographs  on samples of  6-Te03 were i d e n t i c a l  t o  t h o s e  o f  

Laub , [2051  and Na H Te06,  which i s  r e p o r t e d  a s  a  f r e q u e n t l y  2  4 

observed  con taminan t ,  L 2 0 7 1  was n o t  found t o  be  p r e s e n t .  

I t  h a s  been proposed on t h e  b a s i s  of t h e  I . R .  and 

1 2 5 ~ e  ~ G s s b a u e r  a b s o r p t i o n  d a t a  t h a t  t h i s  compound p robab ly  

h a s  a  Re03-type s t r u c t u r e ,  t h e  t e l l u r i u m  a g a i n  b e i n g  

o c t a h e d r a l l y  surrounded by oxygens. [2071 

6 .  T e O  -2-5 

On h e a t i n g  t e l l u r i c  a c i d  a t  405OC. i n  an open t u b e  

it i s  r e p o r t e d  t h a t  Te205 i s  o b t a i n e d .  [2031 However, t h i s  

compound i s  known t o  y i e l d  T e ( 1 V )  and T e ( V 1 )  i o n s  on 

d i s s o l u t i o n  i n  KOH. [ 2 0 2 1  The compound may w e l l  be  a  

s t o i c h i o m e t r i c  m i x t u r e  of  T e 0 3  and T e 0 2 .  



7. H TeO -2-3 

Tellurous acid, H2Te03, was prepared by a method 

similar to that described by Feher. L2111 A solution of Te02 

in nitric acid was neutralised with NaOH and at neutrality 

the white solid H2Te0 precipitated out. This 3 

product was then washed with cold water and, while wet, 

was mounted and the 12'1 ~Gssbauer emission spectrum 

immediately measured. This was necessary because H Te03 
2 

readily loses water to give TeO [2121 
2 ' 

Samples of H2Te0 were characterised by showing that 3 

they yielded only Te02 on dehydration at 120•‹C. 

8. TeO -2 

Thermal decomposition of telluric acid at 550•‹C. 

finally yields tetragonal Te02 1203r2041 which is readily 

characterised by I.R. spectroscopy and x-ray powder 

diffraction methods. [202,207] 

Tellurium dioxide is found in two crystal modifications. 

The naturally occurring mineral tellurite is orthorhombic 

Te02, while all synthetic preparations are reported to yield 

the tetragonal form. [2121 The structures of these two forms 

are shown in Figure 9. In both instances the tellurium is 4 

co-ordinate. However, in the tetragonal form each oxygen 

is bonded to different telluriums (corner bridging), while 

in the orthorhombic modification, two of the four bridging 

oxygens are shared by adjacent telluriums (edge bridging). 





9 .  ( N H  ) T e C 1 6  -4-2 - 

This  compound was s t u d i e d  because  it can  be  r a p i d l y  

p repared  and i s o l a t e d .  [*13]  T e l l u r i u m  m e t a l  was d i s s o l v e d  

i n  HNO / H  0 and t h e  s o l u t i o n  e v a p o r a t e d  t o  d r y n e s s .  While 
3 2 

very  h o t ,  t h e  Te02 r e s i d u e  was d i s s o l v e d  i n  12N H C 1  and a  

few d r o p s  of a  s a t u r a t e d  aqueous s o l u t i o n  of  N H 4 C 1  added.  

On c o o l i n g ,  f i n e  ye l low c r y s t a l s  of ( N H 4 ) 2 ~ e ~ 1  p r e c i p i t a t e d  
6  

which were f i l t e r e d ,  washed w i t h  12N H C 1 ,  and d r i e d .  

The Raman [2141 and 1 2 5 ~ e  a b s o r p t i o n  s p e c t r a  [215,2161 

of t h i s  p r o d u c t  were i d e n t i c a l  t o  t h o s e  p r e v i o u s l y  r e p o r t e d .  

1 0 .  E lementa l  T e l l u r i u m  

The ~ 6 s s b a u e r  e m i s s i o n  s p e c t r a  of  s e v e r a l  t e l l u r i u m  

samples p r e p a r e d  i n  s e v e r a l  d i f f e r e n t  ways were s t u d i e d .  Thus,  

e l e m e n t a l  t e l l u r i u m  a s  o b t a i n e d  from Oak Ridge was i n v e s t i g a t e d  

f o l l o w i n g  t h e  N . R . U .  r e a c t o r  i r r a d i a t i o n .  T h i s  m a t e r i a l  was 

a  f i n e  powder. T e l l u r i u m  p r e c i p i t a t e d  from a c i d  s o l u t i o n  

by r e d u c t i o n  o f  Te(1V) w i t h  SO2 was s t u d i e d ,  [107,1081 w h i l e  

o t h e r  t e l l u r i u m  samples were p r e p a r e d  by m e l t i n g  t h e  

powdered e lement  a t  950•‹C. i n  an  evacua ted  q u a r t z  t u b e .  

The c r y s t a l l i n e  m e t a l l i c  form o b t a i n e d  from t h e  m e l t  

i s  known t o  have a  hexagonal  l a t t i c e ,  c o n t a i n i n g  s p i r a l  

c h a i n s  o f  t e l l u r i u m  atoms w i t h  Te-Te bond d i s t a n c e s  o f  
0 

2.86A, and Te-Te-Te bond a n g l e s  of  102-103'. [2171 The f i n e l y  

d i v i d e d  powder forms of  t e l l u r i u m  i n  t h e  o t h e r  two t y p e s  of 

sample were p robab ly  f i n e l y  d i v i d e d  c r y s t a l l i n e  t e l l u r i u m  r a t h e r  

t h a n  an  amorphous a l l o t r o p e .  



11. ZnTe 

Zinc telluride was prepared by mixing stoichiometric 

amounts of powdered tellurium and zinc and sealing in an 

evacuated silica tube. [1271 This was heated to 750•‹C. for 

several hours, this producing the red cubic solid ZnTe. 

J. Mossbauer Experiments with 1 2 5 ~ e  

In characterising the tellurium compounds used in 

this work, the 1 2 5 ~ e  MGssbauer absorption spectra were measured 

and compared with those reported in the literature. 

The features of the ~ossbauer effect with l2 5 ~ e  have 

been reported in several papers. [l24,l25,l87-l89,2l5,2l6] The 

principle difficulty in such experiments derives from the 

fact that the 35.5 keV Mossbauer transition has a K-shell 

internal conversion coefficient of 11. This leads to a very 

high tellurium x-ray background (TeKa = 27.4 keV, Te K = B 
31.2 keV) which cannot ke  resolved from the Mossbauer 

transition. This problem may be alleviated by using a Xe(C02) 

proportional detector and counting the 6 keV escape peak 

resulting from the photoelectric effect of the 35.5 keV 

y-ray with xenon and the subsequent escape of the xenon 

x-ray from the detector. 

In the present work a 20 millicurie 1 2 5 ~  on copper 

source from New England Nuclear was used. The characteristics 

of the 1 2 5 ~  +125~e electron capture decay were shown earlier 
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in Figure 4(a). A 5 mil copper absorber was placed immediately 

in front of the source and this reduced considerably the 

background under the 6 keV escape peak in the detector. The 

8 keV copper x-rays produced were effectively absorbed in the 

absorber holder, the vacuum dewar window, and the detector 

window. A 2 atmosphere Xe(C02) proportional detector was 

used in conjunction with a Canberra charge-sensitive pre- 

amplifier. 

The tellurium compounds studied contained varying amounts 

of 125~e, though the majority of these compounds contained 

only the natural isotopic abundance of 1 2 5 ~ e  (6.99 per cent). 

In studying the 1 2 * ~ e  ( n , y )  12'~e reaction, compounds were 

synthesised with enrichei! materials and contained ca. 70 per 

cent 12*Te and ca. 30 per cent 125~e. However, the absorber 

thickness in these experiments was often restricted by the 

amount of material available from the previous 12'1 emission 

experiment. As a result, the 125~e spectra often had low 

per cent absorptions, and to offset this long counting times 

were employed. The total counts per channel normally ranged 

from 1 to 4 x lo6 over a total of 512 channels. 

The 1 2 5 ~ e  isomer shifts and quadrupole splittings 

obtained for the compounds investigated in this work are 

compared in Table V with several values previously reported 

in the literature. Figure 10 shows four representative 

spectra for some of these compounds. 



TABLE V 

COMPARISON OF THE 1 2 5 ~ e  M~SSBAUER PARAMETERS MEASURED 
I?: TII IS  WORK KITE PREVIOUSLY REPORTED VALUES 

* T h i s  work 





K. Computer A n a l y s i s  o f  ~ G s s b a u e r  S p e c t r a  

The ~ o s s b a u e r  s p e c t r a  w e r e  f i t t e d  t o  L o r e n t z i a n  

a b s o r p t i o n  l i n e s  by means o f  a  computer  a n a l y s i s .  [2181 The 

program used  r e q u i r e d  i n i t i a l  e s t i m a t e s  o f  t h e  l i n e  p o s i t i o n s ,  

f u l l - w i d t h s ,  and i n t e n s i t i e s ,  and  a l l o w e d  f o r  t h e  c o n s t r a i n -  

i n g  o f  any number o f  t h e s e  p a r a m e t e r s  d u r i n g  t h e  f i t t i n g  

p r o c e d u r e .  I n  a n  i d e a l  c a s e ,  a l l  s u c h  c o n s t r a i n t s  s h o u l d  

b e  removed d u r i n g  t h e  l a t t e r  p a r t  o f  t h e  computa t ion .  However, 

f o r  t h e  more complex s p e c t r a ,  some o f  which c o n t a i n e d  

two super imposed  8 - l i n e  q u a d r u p o l e  s p l i t  s p e c t r a ,  i t  w a s  

found n e c e s s a r y  t o  c o n s t r a i n  many o f  t h e  a b s o r p t i o n  l i n e  

p a r a m e t e r s  t h r o u q h o u t  t h e  f i t t i n g  p r o c e s s .  The program gave  

2 
a  v a l u e  o f  c h i - s q u a r e d ,  x , f o r  e a c h  f i t ,  which a l i o w e d  a 

r e a d y  a s s e s s m e n t  o f  t h e  s t a t i s t i c a l  a c c e p t a b i l i t y  o f  t h e  f i t .  

Only when t h e  X2 v a l u e  i n d i c a t e d  a  d e g r e e  o f  c o n f i d e n c e  

w i t h i n  t h e  10 p e r  c e n t  and 90 p e r  c e n t  l i m i t s ,  as d e t e r m i n e d  

by t h e  number o f  d e g r e e s  o f  f reedom i n  t h e  f i t ,  was t h e  

computer  f i t  o f  a  spec t rum judged t o  b e  a c c e p t a b l e .  

A l l  o f  t h e  s p e c t r a  o b t a i n e d  i n  t h i s  work w e r e  m i r r o r -  

image s p e c t r a  and  t h e  two h a l v e s  w e r e  a lways  computed 

s e p a r a t e l y .  

The d i ag rams  o f  s p e c t r a  shown t h r o u g h o u t  t h i s  t h e s i s  

a r e  t h e  f o l d e d  s p e c t r a .  The f o l d i n g  o f  t h e  two mi r ro r - image  

s p e c t r a  e l i m i n a t e s  t h e  s ine-wave component o f  t h e  n o n - r e s o n a n t  

background which r e s u l t s  from t h e  p h y s i c a l  mo t ion  o f  t h e  



s o u r c e  towards  and away from t h e  d e t e c t o r .  The s p e c t r a  

shown a r e  t h e  exper iment . a l ly  obse rved  s p e c t r a ,  and t h u s  t h e  

s o u r c e  v e l o c i t i e s  a r e  t h o s e  measured i n  t h e  e m i s s i o n  

exper iment .  



IX. RESULTS AND DISCUSSION O F  CHEMICAL INVESTIGATIONS 

OF IODIIGE AND TELLURIUM RECOIL SPECIES 

IN TELLURIC ACID 

A. Experimental Results for Studies of Iodine Recoil Atoms 

1. Initial Distributions of Recoil Products - 

The chemical forms of the iodine recoil atoms identified 

following the different nuclear transformations investigated 

are shown in Table VI. The electrophoretic separation was 

used for all but the 1 3 * ~ e  samples. In each instance two 

values are given. The "room temperature" values were determined 

by studying each of the transformations listed at ambient 

temperature. These values will reflect the chemical effects 

of the transformations, followed by any annealing reactions 

of the recoil products in the crystal which occur at room 

temperature. 

The distributions referred to as "no annealing" values 

in Table VI were determined for crystal samples in which 

thermal annealing reactions were mininised. For example, in 

the case of samples labelled with 131~e, I Or 132~e, 131mTe 

the study was made by cooling the samples to liquid nitrogen 

temperature during the decay of the parent isotope. In 

these experiments the crystals were dissolved at ambient 

temperature in the solvent for the chemical analysis, and 

thus some thermal annealing will undoubtedly have occurred 
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a s  t h e  samples were warned t o  ambient  t e m p e r a t u r e  d u r i n g  t h e  

d i s s o l u t i o n .  For t h e  n e u t r o n  i r r a d i a t e d  sample t h e  

i r r a d i a t i o n  was c a r r i e d  o u t  a t  s o l i d  CO t e m p e r a t u r e  and was 2 

f o r  o n l y  one minu te ,  t h u s  minimis ing  a n n e a l i n g  d u r i n g  t h e  

i r r a d i a t i o n  i t s e l f .  

I t  i s  a p p a r e n t  from Tab le  V I  t h a t ,  w i t h  t h e  e x c e p t i o n  

of H 6  
132 

Te06,  t h e r m a l  a n n e a l i n g  r e a c t i o n s  were o c c u r r i n g  i n  

t h e  samples even a t  room t e m p e r a t u r e .  Moreover,  whatever  

t h e  t h e r m a l  a n n e a l i n g  p r o c e s s  may have been ,  it d i d  n o t  

produce a  change i n  t h e  f r a c t i o n  o f  d a u g h t e r  r a d i o a c t i v i t y  
- 

which a n a l y s e d  i n  t h e  104  form. 

The e l e c t r o p h o r e t i c  a n a l y s i s  used  i n  o b t a i n i n g  t h e  

r e s u l t s  of  Table  V I  has  s e v e r a l  i n h e r e n t  l i n i t a t i o n s .  Thus,  

t h e  p r e s e n c e  of  I - ,  I2 o r  10- a s  p r o d u c t s  f o l l o w i n g  t h e  

t r a n s f o r m a t i o n  c o u l d  n o t  b e  d i s t i n g u i s h e d  s i n c e  t h e y  would 

a l l  a n a l y s e  a s  I- i n  NaOH s o l u t i o n  i n  t h e  p r e s e n c e  o f  I- 

c a r r i e r .  Moreover,  i f ,  f o l l o w i n g  t h e  decay of  t h e  p a r e n t  

t e l l u r i u m  i s o t o p e ,  t h e  i o d i n e  atom remained bonded t o  t h e  

l i g a n d s  of  t h e  p r e c u r s o r  molecu le ,  t h e n  t h e  H5106 molecule  

shou ld  be  obse rved  a s  a  r e c o i l  p r o d u c t .  however, i n  aqueous 

s o l u t i o n  H5106 e x i s t s  i n  a  pH-dependent e q u i l i b r i u m  w i t h  

s e v e r a l  o t h e r  i o n s  a s  shown below I2191 



- 
Under the conditions of the electrophoretic analysis, H4106 , 

2- - H3106 , and 104 would all be present in solution. Since 
- 

the 104 ion was known to move only ca. 1 cm. in the electro- 

phoretic separation, all of the above ions would presumably 
- 

be observed in the fraction referred to as I0 4 

In the present work no evidence was found in the 

electrophoretic separation for the existence of the previously 
- [90,951 

reported 102 ion as a recoil product. For the previous 

investigations where this ion has been observed, other 

explanations may be invoked to explain the experimental 

results. Thus, in the work of Bertet, Chanut, and Muxart, [go1 

the experimental results may have been due in part to 

exchange or oxidation-reduction reactions of the iodine 

recoil fragments and iodine carriers occurring in acidic or 

neutral media. In the electrophoretic work of Hashimoto 

et al., [95] -- only single iodine carriers of high concentrations 

were used. This analytical method raises some question as 

to the significance of the results they obtained. 

In the light of the above discussion, a brief 

examination of the results of Table VI shows that extensive 



molecular fragmentation appears to accompany each of the 

- 
nuclear transformations. If we assume that the 1O4 

fraction is representative of the recoil atoms present in 

the crystal as H510 molecules, then it is apparent that 
6 

the different transformation sequences lead to different 

amounts of molecular decomposition. It is unfortunate that 

the short half-life of 1 3 2 ~  together with the presence of 

contaminating activities precluded the determination of the 
- 

104 fraction in this sample. 
- 

The assumption that the 104 fraction may truly 

reflect the percentage of iodine atoms that did not undergo 

bond rupture in the decay event may obviously be an over- 

simplification. However, the iodine product distributions 

in the different samples were certainly different, and 

these differences must reflect the different chemical effects 

associated with each of the nuclear transformations involved. 

Thus, the comparison of the relative chemical effects of the 

different transformations was the point of interest, rather 

than the identification of the precise origin of each of 

the iodine chemical products observed in solution. 

Since annealing reactions were observed to occur 

in the solid samples even at room temperature, it was of 

some importance to study the annealing reactions in detail. 



2. Thermal Annealing of Recoil Atoms -- 

Following the neutron irradiation of telluric acid, - 
the 131f131m~e $ decay was allowed to occur at room 

temperature. Samples of the solid were then heated at 

several temperatures for varying times, and portions of 

the heated solid were then analysed, in most cases using the 

solvent extraction technique. The results of these experi- 

ments are shown in Figure ll(a). The iodine product 

distribution was found to change in an extremely complex 

way as a function of the temperature and time of heating. 

The complexity of the processes involved is further illustrated 

in Figure ll(b) which represents the results of a similar 

experiment to the above, only now the sample of telluric 

acid was irradiated under different conditions in the reactor. 

It is apparent that the y-irradiation of the sample in the 

reactor, and to a lesser extent the temperature of the sample 

during the irradiation, played a very significant role in 

influencing the subsequent thermal annealing reactions of 

the recoil products. 

Samples of telluric acid labelled with 1 3 1 ~ e  and 

131rn~e were allowed to undergo t3--decay to at room 

temperature, and the samples were then thermally annealed. 

The results of these experiments, again in most cases 

obtained using the solvent extraction method of analysis, 

are shown in Figure 12. It is apparent that the annealing 

curves for the samples at comparable temperatures show 
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Figure 11 Thermal Annealing of 1311 Produced By (n, y )  + 8- 
in H6'leO6 
(a) The sample was irradiated for 25 minutes and 

Annealed at o 7g•‹C., 87'C., A 95•‹C.,X1020C. 
(b) The Sample Was Irradiated for One Minute and 

Annealed as Shown 
Irradiation Temperature Annealing Temperature 
Ambient, Solid C 0 2  o 90•‹C., G 9g•‹C. 
Ambient A 109OC. 
Solid C 0 2  



0 I I I I I I 

0 I 2 3 4 5 6 
TIME (HRS.)  * 
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Figure 12 Thermal Annealing of 1311 in (a) H ~ ~ ~ ~ T ~ o ~  and 
(b) H 1 3 1 m ~ e ~ 6 '  
(a)  Tke Was Annealed at o 470C.. 67'C.. 

A 80•‹C. Withln 48 Hours of its Preparation; 
X Sample Annealed at 67OC. 12 Days Following its 
Preparation 

(b) The H ~ ~ ~ ~ ~ T ~ o  Was Annealed at 0 67OC., 0 71•‹C., 
A 78OC., X 880C. 
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v e r y  s i g n i f i c a n t  d i f f e r e n c e s .  Moreover,  t h e  1 3 1 ~ e  sample 

c o n t a i n e d  1311 which i n  c a .  20 t o  36 p e r  c e n t  o f  e v e n t s  had 

been born  i n  t h e  decay of 1 3 1 m T e .  I f  t h e  a n n e a l i n g  d a t a  f o r  

t h e  H6 131Teo6 sample a r e  c o r r e c t e d  f o r  t h i s  component, t h e n  

t h e  d i f f e r e n c e  between t h e  H6 131Teo6 and H6 131m~eo6 samples 

becomes even g r e a t e r .  

Some t h e r m a l l y  annea led  samples which were a n a l y s e d  
- 

u s i n g  t h e  e l e c t r o p h o r e t i c  method showed t h a t  t h e  104 f r a c t i o n  

i n  t h e s e  samples d i d  n o t  change i n  t h e  a n n e a l i n g  r e a c t i o n .  

The r e s u l t s  of  t h e r m a l  a n n e a l i n g  exper iments  f o r  

1 3 2 ~ e - l a b e l l e d  t e l l u r i c  a c i d  w i l l  be  p r e s e n t e d  i n  a  l a t e r  

s e c t i o n  f o r  r e a s o n s  which w i l l  become a p p a r e n t  i n  t h e  

f o l l o w i n g  s e c t i o n .  

Re tu rn ing  t o  t h e  r e s u l t s  of  F i g u r e  1 0 ,  t h e  dependence 

of  t h e  t h e r m a l  a n n e a l i n g  of  t h e  r e c o i l  p r o d u c t s  on t h e  

c o n d i t i o n s  o f  t h e  r e a c t o r  i r r a d i a t i o n  s u g g e s t s  t h a t  l a t t i c e  

d e f e c t s  g e n e r a t e d  i n  t h e  c r y s t a l  d u r i n g  t h e  i r r a d i a t i o n  may 

b e  p l a y i n g  a r o l e  i n  t h e s e  a n n e a l i n g  r e a c t i o n s .  I n  o r d e r  t o  

examine t h i s  p r o p o s a l  f u r t h e r ,  t h e  f o l l o w i n g  exper iments  

were performed.  

3. The Role of  C r y s t a l  D e f e c t s  i n  t h e  Thermal Anneal ing  --- -- 
Reac t ion  

I f  c r y s t a l  d e f e c t s ,  such a s  e l e c t r o n s  o r  p o s i t i v e  

h o l e s  t r a p p e d  a t  d e f e c t  t r a p - s i t e s  th roughou t  t h e  c r y s t a l  

l a t t i c e ,  a r e  i n v o l v e d  i n  t h e  t h e r m a l  a n n e a l i n g  r e a c t i o n ,  



t h e n  any means o f  a l t e r i n g  t h e  d e f e c t  t r a p  p o p u l a t i o n  b e f o r e  

t h e  r e c o i l  atom i s  produced i n  t h e  s o l i d  w i l l  presumably 

have a  marked i n f l u e n c e  on t h e  subsequen t  a n n e a l i n g  r e a c t i o n s  

of  t h e  r e c o i l  a t o z s .  One such exper iment  of  t h e  above t y p e  

i s  t o  h e a t  t h e  s o l i d  b e f o r e  t h e  n e u t r o n  i r r a d i a t i o n  o r  

r a d i o a c t i v e  decay ,  and t o  o b s e r v e  what e f f e c t  t h i s  h a s  on 

t h e  f o l l o w i n g  a n n e a l i n g  r e a c t i o n s .  

A sample of  t e l l u r i c  a c i d  was h e a t e d  f o r  one h o u r  

a t  100•‹C. b e f o r e  t h e  r e a c t o r  i r r a d i a t i o n .  T h i s  sample was - 
t h e n  i r r a d i a t e d  and t h e  131mr131~e @ decay a l lowed  t o  o c c u r  

a t  room t e m p e r a t u r e .  The t h e r m a l  a n n e a l i n g  o f  t h e  r e c o i l  

p r o d u c t s  was t h e n  s t u d i e d  i n  t h i s  sample a s  b e f o r e  and t h e  

r e s u l t s  a r e  shown i n  F i g u r e  13.  A comparison o f  t h e  d a t a  

of  F i g u r e  1 3  w i t h  t h a t  of  F i g u r e  11 c l e a r l y  shows t h a t  

h e a t i n g  t h e  c r y s t a l s  b e f o r e  t h e  i r r a d i a t i o n  had a  v e r y  

pronounced e f f e c t  a s  a n t i c i p a t e d .  I t  s h o u l d  be emphasised 

t h a t  h e a t i n g  t e l l u r i c  a c i d  up t o  100•‹C. was shown by I . R .  

s p e c t r o s c o p y ,  x- ray  powder d i f f r a c t i o n  p a t t e r n s ,  and 

the rmograv imet ry ,  n o t  t o  change t h e  c r y s t a l  s t r u c t u r e  o r  

chemical  composi t ion  of  t h e  sample i n  any way. 

I n  s i m i l a r  exper iments  w i t h  H6 131~eo6  and H6 1 3 1 m ~ e ~ 6 ,  

immedia te ly  f o l l o w i n g  t h e  chemical  p r e p a r a t i o n  o f  t h e s e  

l a b e l l e d  samples ,  t h e  c r y s t a l s  w e r e  h e a t e d  a t  100•‹C. f o r  a  

s h o r t  p e r i o d  of  t i m e  b e f o r e  any a p p r e c i a b l e  decay of  t h e  

t e l l u r i u m  p a r e n t s  had o c c u r r e d .  For  t h e  H6 13 '~eo6 sample 

an e r r o r  was i n t r o d u c e d  i n  t h i s  exper iment  by t h e  decay 
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of c a .  2 0  p e r  c e n t  of  t h e  1 3 1 T e  b e f o r e  and d u r i n g  t h e  h e a t  

t r e a t m e n t .  These samples were t h e n  s t o r e d  a t  room 

t e m p e r a t u r e  w h i l e  t h e  decay of 131T.e and 131mTe t o  1311 took 

p l a c e ,  and t h e  t h e r x a l  a n n e a l i n g  r e a c t i o n s  o f  t h e  r e c o i l  

atoms i n v e s t i g a t e d .  The r e s u l t s  a r e  s u m a r i s e d  i n  Table  V I I .  

I t  was found t h a t  l i t t l e  r e c o i l - p r o d u c t  the rmal  a n n e a l i n g  

was now obse rved  i n  t h e s e  samples ,  i n  comparison w i t h  t h e  

a n n e a l i n g  r e a c t i o n s  which were r e p o r t e d  i n  F i g u r e  12.  Thus 

a g a i n ,  h e a t i n g  t h e  c r y s t a l s  b e f o r e  p r o d u c t i o n  of t h e  r e c o i l  

atom i n  t h e  s o l i d  was found t o  have a  marked e f f e c t  on t h e  

subsequen t  t h e r m a l  a n n e a l i n g  r e a c t i o n s .  

I n  a d d i t i o n  t o  t h e  above t y p e  of exper iment ,  many 

o t h e r  exper iments  may be  performed t o  s t u d y  t h e  e f f e c t s  of  

d e f e c t  o r  t r a p  p o p u l a t i o n s  i n  t h e  c r y s t a l  on a n n e a l i n g  

r e a c t i o n s .  I n  p a r t i c u l a r ,  y - i r r a d i a t i o n  of t h e  c r y s t a l  w i l l  

r e s u l t  i n  r a d i o l y s i s  o f  t h e  c r y s t a l ,  w i t h  t h e  p r o d u c t i o n  of  

t r a p p e d  d e f e c t s  i n  t h e  s o l i d .  During t h e  p r e s e n t  i n v e s t i g a t i o n  

it was found t h a t  chemica l ly  i d e n t i c a l  samples o f  H6 131Teo6 

and o f  H6 1 3 1 m ~ e ~ 6 ,  p r e p a r e d  l a b e l l e d  w i t h  ve ry  d i f f e r e n t  

s p e c i f i c  a c t i v i t i e s  of  131Te and 1 3 1 r n ~ e ,  y i e l d e d  e x a c t l y  t h e  

same i n i t i a l  d i s t r i b u t i o n s  f o r  t h e  i o d i n e  r e c o i l  a toms,  

b u t  t h e r m a l l y  a n n e a l e d  i n  s l i g h t l y  d i f f e r e n t  ways. Thus t h e  

d i f f e r e n t  samples  y i e l d e d  a n n e a l i n g  c u r v e s  q u a l i t a t i v e l y  

s i m i l a r  t o  t h o s e  of  F i g u r e  1 2 ,  b u t  t h e  r a t e  o f  r e a c t i o n  and 

p e r  c e n t  change i n  t h e  reduced  ( I - )  f r a c t i o n  f o r  h e a t i n g  a t  

any one t e m p e r a t u r e  was d i f f e r e n t .  E v i d e n t l y  t h e  s e l f -  



TABLE V I I  

RESULTS O F  THERMAL ANNEALING I N  ~ ~ ~ ~ ~ ~ e 0 ~  AND H6 131m~eo6  
HEATED AT looOc. PRIOR TO 6--DECAY OF 

THE PARENT TELLURIUM 

SAMPLE 

a t  1 0 0 • ‹ C .  f o r  4 m i n .  

before appreciable  

6- decay 

H 6  
131mreo heated 

6 

a t  1 0 0 • ‹ C .  fo r  6 0  m i n  

TREATMENT O F  THE SAMPLE 
FOLLOWING 6- DECAY 

no  annea l ing  

8 1 • ‹ C .  3 0  m i n .  

8 1 • ‹ C .  6 0  m i n .  

8 1 • ‹ C .  9 0  m i n .  

8 1 • ‹ C .  1 2 0  m i n .  

8 1 • ‹ C .  2 1  h r .  

no  a n n e a l i n g  

8 0 • ‹ C .  6 0  m i n .  1 .  

before 6- decay I 8 0 • ‹ C .  9 0  m i n .  

8 0 • ‹ C .  1 2 0  m i n .  

d311 IN 
REDUCED FORM 



irradiation of the solid with P--particles and y-rays during 

the decay of the parent isotope played an important part in 

producing trapped defects. In the pre-heated samples such 

specific activity effects were absent. 

In a few experiments the effects of externally 

y-irradiating the crystals using a 6 0 ~ o  y-source was studied. 

This was again found in the case of 131m~e-labelled telluric 

acid to lead to small quantitative changes in the annealing 

curves, though showing no effect on the initial iodine product 

distribution. 

4. Thermal Annealing -- of 1 3 2 ~  Recoil Products 

The radioactive transient equilibrium which exists 

between the parent 1 3 2 ~ e  and daughter 1 3 2 ~  activities allows 

a very detailed investigation of the thermal annealing reactions 

in the solid. The H6 13*~eo6 sample was allowed to reach 

radioactive equilibrium at room temperature. Portions of the 

solid were then heated and analysed by solvent extraction. 

These results are shown in Figure 14(a). As the time of the 

heating becomes comparable with the half-life of the daughter 

13*1 (2.3 hour) , then the recoil atom population changes in 
the crystal. Of the iodine recoil atoms present in the 

crystal at the end of a 19 hour heating period, almost all 

would have been produced by decay during the annealing 

experiment itself. For such long times of heating, the recoil- 
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Figure 14 Thermal Annealing of 1 3 2 ~  in H~ 1 3 2 ~ e ~ 6 .  
Following the ~ - - ~ e c a ~ ,  the Samples were 
Heated at 80•‹C., o 100•‹C. 
a. Thermal annealing in H6132~eo6. 
b. The ~ ~ ~ ~ ~ ~ e 0 ~  sample was heated at 100•‹C. for 

one hour, was cooled and allowed to stand at 
room temperature for twenty-four hours, and 
the thermal annealing then studied. 



i o d i n e  d i s t r i b u t i o n  p l a t e a u e d  a s  s e e n  i n  F i g u r e  1 4 ( a )  and 

d i d  n o t  change f u r t h e r  w i t h  t i m e .  

A p o r t i o n  of  t h i s  same sample of  H 
6 1 3 * ~ e o 6  w a s  h e a t e d  

a t  100•‹C. f o r  one h o u r ,  was c o o l e d  t o  room t e m p e r a t u r e ,  and  

was t h e n  a l lowed  t o  s t a n d  f o r  2 4  h o u r s .  I n  t h i s  t i m e  a l l  o f  

t h e  i o d i n e  r e c o i l  atoms p r e s e n t  i n  t h e  i n i t i a l  e x p e r i m e n t  

would have decayed away t o  b e  r e p l a c e d  by a  new p o p u l a t i o n  

b o r n  i n  t h e  decay  a t  room t e m p e r a t u r e .  T h i s  sample was 

t h e r m a l l y  a n n e a l e d  and a n a l y s e d  a s  b e f o r e .  The r e s u l t s  o f  

t h e s e  e x p e r i m e n t s  a r e  shown i n  F i g u r e  1 4 ( b ) .  

There  a r e  two i m p o r t a n t  p o i n t s  t o  n o t e .  The d i f f e r e n c e  

between t h e  a n n e a l i n g  c u r v e s  o f  F i g u r e  1 4  ( a )  and F i g u r e  14  ( b )  

must  r e p r e s e n t  t h e  e f f e c t s  on t h e  t e l l u r i c  a c i d  l a t t i c e  o f  

t h e  t h e r m a l  a n n e a l i n g  i n  t h e  f i r s t  e x p e r i m e n t .  However, 

f o l l o w i n g  t h i s  f i r s t  h e a t  t r e a t m e n t ,  t h e r m a l  a n n e a l i n g  r e a c t i o n s  

were s t i l l  o b s e r v e d  t o  o c c u r  i n  t h e  s o l i d  a s  s e e n  i n  F i g u r e  

14(b). T h i s  l a t t e r  p o i n t  i s  i n  c o n t r a s t  t o  t h e  r e s u l t s  

o b s e r v e d  f o r  H6 131Teo6 and H6 1 3 1 m ~ e ~ 6 ,  where it w a s  found 

t h a t  h e a t i n g  t h e  sample t e f o r e  t h e  r a d i o a c t i v e  decay  o c c u r r e d  

i n  t h e  s o l i d  g r e a t l y  d i m i n i s h e d  t h e  t h e r m a l  a n n e a l i n g  r e a c t i o n s  

s u b s e q u e n t l y  o b s e r v e d .  

B. E x p e r i m e n t a l  R e s u l t s  f o r  S t u d i e s  o f  T e l l u r i u m  R e c o i l  Atoms 

The c h e n i s t r y  of  t e l l u r i u m  i o n s  i n  s o l u t i o n  i s  much 

s i m p l e r  t h a n  t h a t  of  i o d i n e ,  i n  t h a t  t h e r e  a r e  f a r  fewer  s t a b l e  

o x i d a t i o n  s t a t e s  and chemica l  forms f o r  t e l l u r i u m .  The s o l v e n t  
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extraction analysis used in this work allowed the determination 

of the per cent tellurium in the (IV) and (VI) oxidation 

states following the nuclear transformations. These results 

are shown in Table VIII. 

The results shown for the experiment 128~e (nIy) 129mTe 

are probably not very meaningful. The sample was irradiated 

in the high-flux N.R.U. reactor in order to produce sufficient 

129m~e activity to perform the experiment. Although the sample 

TABLE VIII 

INITIAL DISTRIBUTIONS OF TELLURIUM RECOIL 
PRODUCTS IN TELLURIC ACID 

NUCLEAR TRANSFORMATION 
SEQUENCE 

l2 *Te (n, y) 12'?Ce 

12*Te (n,y) 
129mTe I$T. 12gTe 

129mTe IST. 12gTe 

128~e 

Te (VI) Te (IV) 

was cooled during the irradiation, some thermal annealing and y- 

irradiation of the sample would have occurred. These latter 

processes evidently reconverted the anticipated 129m~e (IV) 

decomposition products back into the parent 129m~e (VI) form. 

This point is illustrated in the 128~e (n, y) 12'Te experiment. 



1 3 4  

Here the sample was irradiated in the Seattle reactor at a 

12 - thermal neutron flux of 2 x 10 n. cm. 'set.-l for 60 minutes, 
this irradiation producing a large amount of the 69 minute 

12'~e activity. It was found in the neutron capture reaction 

that in at least 47 per cent of events fragmentation of the 

parent H6Te0 molecule was observed with the formation of a 6 

12'~e(1v) species in the crystal. Even in this experiment 

some thermal annealing of the sample would have occurred 

during the reactor irradiation. On heating the sample for 

15 minutes at 100•‹C. following the irradiation, the 12'Te (IV) 

fraction was found to decrease to 21.4 per cent, the 12'Te (VI) 

fraction increasing by the corresponding amount. 

In this radiochemical study the chemical product of 

the thermal annealing reaction was indistinguishable from 

the parent Te(V1) chemical form. 

The main point of interest was the investigation of 

the 129m~e (34 day) -+ 12'T'e (69 minute) isomeric transition 

decay in 129m~e-labelled telluric acid. This isomeric 

transition is highly internally converted and the chemical 

effects associated with the Auger charging process should 

be observed in this system. For the decay occurring at room 

temperature in the labelled crystals, the isomeric transition 

was found to produce bond rupture in ca. 36 per cent of 

decay events, with the formation of a 12'~e (IV) recoil 

product. 
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I f  t h e  l a b e l l e d  c r y s t a l s  w e r e  a l lowed t o  r e a c h  r a d i o -  

chemica l  e q u i l i b r i u m  w i t h  t h e  d a u g h t e r  1 2 ' ~ e  atoms a t  room 

t e m p e r a t u r e  and w e r e  t h e n  h e a t e d ,  t h e r m a l  a n n e a l i n g  r e a c t i o n s  

were obse rved  t o  o c c u r  i n  which 

12'Te(1v) + 12'Te ( V I )  

a s  shown i n  F i g u r e  1 5 ( a ) .  T h i s  r a d i o c h e m i c a l  sys tem i s  

s i m i l a r  t o  t h a t  of  132Te + 
1321 , t h e  p a r e n t  and d a u g h t e r  

i s o t o p e  e x i s t i n g  i n  r a d i o a c t i v e  e q u i l i b r i u m  t o g e t h e r .  Thus 

it was p o s s i b l e  t o  t a k e  a n  a l i q u o t  o f  t h e  t h e r m a l l y  annea led  

sample and s t o r e  it a t  room t e m p e r a t u r e  f o r  s e v e r a l  h o u r s ,  

d u r i n g  which t i m e  t h e  12'Te r e c o i l - a t o m  p o p u l a t i o n  i n  t h e  

sample was r e p l a c e d  by an unannealed  p o p u l a t i o n .  The sample 

was t h e n  h e a t e d  a g a i n  and a  second t h e r m a l  a n n e a l i n g  

exper iment  performed.  These r e s u l t s  a r e  shown i n  F i g u r e  1 5 ( b ) .  

The r e s u l t s  o f  F i g u r e s  1 5 ( a )  and 1 5 ( b )  a r e  found t o  b e  

i d e n t i c a l .  Thus t h e  12'Te ( I V )  r e c o i l  atoms t h e r m a l l y  annea led  

t o  y i e l d  Te(V1) i n  a  way t h a t  was t o t a l l y  independen t  of  t h e  

p r e v i o u s  t h e r m a l  h i s t o r y  of  t h e  s o l i d .  T h i s  p r o c e s s  b e a r s  

some resemblance  t o  t h a t  f o r  1 3 2 ~  r e c o i l  atoms i n  H 6 1 3 2 ~ e 0 6 ,  

a l t h o u g h  t h e  l a t t e r  d i d  show some dependence. 

A f u r t h e r  exper iment  on t h e  i s o m e r i c  t r a n s i t i o n  

p r o c e s s  was c a r r i e d  o u t  f o l l o w i n g  t h e  1 2 * T e  ( n t y )  129mTe 

n u c l e a r  r e a c t i o n .  I n  t h i s  sample ,  a s  p o i n t e d  o u t  e a r l i e r ,  

t h e  129n'~e was p r e s e n t  a s  c a .  95 p e r  c e n t  i n  t h e  T e  ( V I )  form, 

e v i d e n t l y  due t o  t h e r m a l  a n n e a l i n g  which had o c c u r r e d  d u r i n g  
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Figure 15 Thermal Annealing of in H~ 129m~e~6. 
a. The Sample Was Annealed at o 86OC., 0 98OC. 
b. The Samples Yere o Heated for 24 Hours at 86OC. 

and Heated for 24 Hours at 9a•‹C., Stood at 
Room Temperature for 24 Zours, and then 
Anneaied at 86OC. and 98"C . ,  Respectively, 
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the irradiation. It was then possible to study the chemical 

effects of the 129mTe -+ 12'Te isomeric transition occurring 

in the thermally annealed (n,y) lattice site. The result, 

which is included in Table VIII, may be described in the 

following way: 

(a) annealing during 
irradiation 

(b) effect of I.T. 

129m~e (IV) + (VI) 

The distribution of 12'Te atoms was found to be very 

similar indeed to that observed in chemically labelled 

H6 129m~e~6. Moreover, the thermal annealing reactions of 

the 12'~e isomeric transition recoil atoms in this sample 

were also found to be essentially the same as those in the 

labelled molecule, as shown in Figure 16(a). The similarity 

in the thermal annealing in these two samples is clearly 

brought out in Figure 16(b), where the two samples were heated 

at varying temperatures for a constant period of time. The 

time of heating used was varied between 1 1/2 and 24 hours 

without affecting the results in any way, as the annealing 

curves of Figures 15 and 16(a) were shown to be very flat 

over this time range. The small difference that appears in 

the values for heating the samples above 90•‹C. may derive 

from the small percentage of 129m~e (IV) initially present 
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Figure 16 
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TEMPERATURE (OC) - 

a. Thermal Annealing at 94OC.  of 12'Te Produced by 
(nly)+ I.T. in H 1 2 8 ~ e 0 ~  

b. A Comparison of bhermal Annealing of 1 2 9 ~ e  Produced 
by (n,y) + I.T. in ~ ~ 1 2 8 ~ e 0 6  and o I.T. in 
~ ~ 1 2 9 m T e 0 ~ .  The Samples were Heated for 1 1/2 to 
24 Hours at the Annealing Temperatures and then 
Analysed. 
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in the reactor irradiated sample. Thus it would appear that 

the 129m~e atom in the labelled molecule and in the 

thermally annealed product found following the 128~e(n,y) 

129mT e reaction was identical. 

C. Discussion of the Radiochemical Results 

In discussing these experimental results it must be 

emphasised that the prime objective of the experiments was 

to compare and contrast the molecular decomposition 

accompanying the various nuclear transformations and, if 

possible, to relate the observed differences to known differences 

in the decay schemes of the isotopes. The radiochemical results 

provide three types of information which may be examined, and 

these are: 

(a) the initial distribution of recoil products 

(b) the thermal annealing reactions of the recoil 

products 

(c) the dependence of the thermal annealing reactions 

on the previous thermal history of the sample. 

The results for the samples labelled with 131~e, 13 lmTe I 

132~e, and 129m~e will be discussed first. 



131Te-, 131mTe - , 132~e-, and 129m~e-~abelled Samples 1. 

13Lre + 131 - Following the I 13 -decay, 40 per cent of 
- - 

the iodine atoms were found as IOq , 49 per cent as 103 , 
and 11 per cent as I-. In the @--decay of 13 lmTe , the 
corresponding distributions were 20 per cent, 69 per cent, 

and 11 per cent. These distributions may be interpreted as 

evidence for very extensive molecular decomposition occurring 

in each decay. If the iodine survived the decay in the 

parent chemical form, then the resulting H5106 molecule would 
- 

presumably analyse in the 1O4 fraction. The high yields 
- 

of 1O3 observed may indicate bond-rupture in the decay 

event, or may arise from the chemical instability of H510 6 

in the telluric acid lattice, or chemical reactions of the 

primary recoil product(s) in solution. The products observed 

are qualitatively similar to those observed following nuclear 

reactions in periodates and iodates, or following transfer 

annealing in perchlorates and periodates doped with 
1311 (631 

However, the periodate yield is higher in telluric acid then 

that generally found in the other cases. 

The differences in the distributions of 1311 for 131~e 

and 131m~e must reflect differences in the decay schemes of 

the two isotopes. The decays of these isotopes differ 

principally in the relative timing of internal conversion 

events with respect to the f5--decay. Thus, in the decay of 

13%e, internal conversion of the .I50 MeV transition in 



13% occurs in some 18 per cent of events following the 
- 

B -decay, while in the decay of 131mTe the internal conversion 

of the .la17 MeV isomeric level occurs in 18 per cent of 

events preceding the B--decay. While the excitation and 

ionisation of the daughter iodine molecule on the one hand, 

or the parent telluric acid molecule on the other, might 

be expected to lead to different patterns of molecular 

fragmentation, it is difficult to rationalize a 20 per cent 

difference in product distribution on this basis alone. 

If we examine the recoil kinetic energy acquired in 

the two decays, it is found that the B--transitions in the 

decay of 1 3 1 ~ e  impart the highest recoil kinetic energy. 

Moreover, since the 8--transitions in 131Te are high energy 

transitions in comparison with those observed for 13 lmTe I 

"shake-off" due to non-adiabatic processes might be expected 

to be more important for 131Te than 131m~e. Thus the 13'l'e 

decay is the more energetic process and yet yields a product 

distribution which may be interpreted as evidence of less 

molecular disruption. While the product distributions must 

in some way reflect differences in the decay of the two 

isotopes, it is not immediately apparent what the correlation 

between the two may be. 

An examination of the thermal annealing data for the 

131m~e-labelled samples (Figure 12) shows that the thermal 

annealing reactions of the recoil atoms in the two samples 

exhibited quite marked differences. Since the two experiments 
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were identical except for the isotope with which the molecules 

were labelled, the different annealing reactions must reflect 

differences in the immediate lattice environments of the 

1311 atoms produced in the two decay processes. However, if 

the labelled crystals were heated before the parent radioisotope 

underwent decay, then it was found that the iodine recoil 

atoms did not undergo significant thermal annealing in either 

case (see Table VII) . 
One consistent explanation for the above findings is 

that in the radioactive process the radiations emitted produce 

radiolysis of the surrounding lattice, this generating 

electrons and positive holes which are trapped at trap-sites 

in the crystal. On heating, thermal ionisation of the trapped 

defect may occur and the mobile electron or positive hole 

may diffuse to the recoil site initiating what is then observed 

as an annealing reaction. If the crystal is heated prior 

to the decay event, then the concentration of traps in the 

crystal must be changed in such a way that the subsequent 

heating no longer gives rise to an annealing reaction. Thus 

the concentration of traps may have been reduced in the 

heating process or, alternatively, the number of traps may 

have been greatly increased, thus leading to a decreased 

mobility of the trapped electrons and positive holes. 

Explanations of this kind have been invoked by a number of 

authors for a variety of annealing reactions in solids. As 

was discussed earlier, Andersen was able to directly correlate 



143 

the thermal annealing reactions of recoil atoms with the 

thermoluminescence glow curves and electrical conductivity 

for the solids concerned, this lending considerable support 

to the idea that electronic defects are involved in these 

[65-671 processes. 

The absence of thermal annealing in the H 
6 131~eo6 

and H6 1 3 1 m ~ e ~ 6  samples for the experiments of Table VII shows 

that, in each case in the absence of the participation of 

the trapped electronic defects in the crystal, little or no 

annealing of the recoil site is observed on heating. 

Turning to the results for H6 1 3 2 ~ e ~ 6 ,  we now see 

effects which can be clearly ascribed to the excitation and 

ionisation which accompanies the 132~e 8- 1 3 2 ~  decay. 
Following the ~ - - d e c a ~ ,  internal conversion of the .053 MeV 

y-transition in 13*1 will lead to Auger charging of the 

daughter iodine atom in >83 per cent of events. Thus, the 

chemical effects accompanying this decay may be expected to 

be more marked than in the decay of 131Te or 131m~e, which 

proceed in ca. 80 per cent of events by simple 6--decay. In 

Table VI it is seen that a much larger fraction of the 

daughter iodine activity analyses as the reduced form than 

was the case for 131Te or 13 lmTe . This appears to show 

more extensive molecular decomposition in the decay of 132~e. 

As previously discussed, it was not possible to measure the 
- 

TO4 fraction here 

The thermal annealing data of Figure 14 shows that, 

while heating the H6 1 3 2 ~ e ~ 6  crystals before the production 



of the recoil atom in the lattice did remove a small 

component in the annealing reaction, it did not lead to a 

total inhibition of the subsequent annealing reactions. The 

decay of 1 3 2 ~ e  leads to the production of an 1 3 2 ~  recoil 

atom which can always undergo thermal annealing in a certain 

fraction of events, independent of the previous thermal 

history of the solid lattice. 

In the case of H6 1 2 9 m ~ e ~ 6 ,  the effects of the Auger 

charging accompanying the. isomeric transition lead to 

molecular decomposition in at least 36 per cent of decay 

events, with the identifiable decomposition product being a 

tellurium in the + 4  oxidation state. The thermal annealing 

reaction leads to the conversion of the recoil product back 

to the Te(V1) form, and this annealing reaction is completely 

independent of the previous thermal history of the sample 

(see Figure 15). This latter property is very similar to that 

for 1 3 2 ~  recoil atoms. 

We may describe this above type of annealing reaction 

as being an intrinsic process, i.e., one involving molecular 

fragments or trapped electronic defects generated in the 

radioactive decay event itself. In both the 132~e and 

129m~e samples the Auger charging accompanying the decay 

appears to be responsible for the production of this type of 

recoil site. In contrast, in H 6 131~eo6 and H6 131m~e~6, the 

observed thermal annealing reactions of 1 3 1 ~  recoil atoms 

appear to be primarily extrinsic process, involving only 

defects present throughout the bulk of the lattice. In those 



cases, the radioactive decay does not appear to generate 

a particularily defective recoil site. The small amount of 

annealing observed for the experiments shown in Table VII 

may be evidence of a small intrinsic component arising from 

the ca. 18 per cent of Auger charging which occurs in those 

decay processes. 

It is apparent from the above discussion that the 

study of the thermal annealing reactions provides some useful 

information about the chemical environment surrounding the 

recoil atom in the solid. Even more useful information 

would be available if the precise chemical reactions occurring 

in the annealin? process could be identified. However, since 

the chemical identity of the recoil atoms in the solid can 

only be surmised from the subsequently observed distribution 

in solution, a detailed description of the annealing reactions 

is precluded. Moreover, the experiments described here do 

not allow a positive identification of the crystal defects 

which appear to be involved. 

Some general comments can be made about the annealing 

reactions which are observed. The fact that thermal annealing 

leads to a chemical redistribution of the radioiodine products 

clearly shows that the chemical form of the recoil atom in 

the crystal is changed on heating. It therefore appears 

quite probable that the iodine atoms are present initially 

in the crystal in other chemical forms in addition to that 

of the HSIOs molecule. Thus the spectrum of iodine products 



observed in the chemical analysis probably does not arise 

solely from reactions occurring in solution, and some I- 
- 

and 103 are probably present in the crystal following the 

radioactive decay. It is also interesting that in the 
- 

annealing reactions in H 6 131~eo6 and H6 1 3 1 m ~ e ~ 6 ,  the 104 ion 
- 

yield does not change. If the 104 product is representative 

of H5106 molecules in the solid, the annealing reaction does 

not appear to reform the "parent" molecule. 

In the case of the 12'Te atoms formed in H 
6 1 2 9 m ~ e ~ 6 ,  

on heating the solid the annealing reaction led to the 

oxidation of part of the Te(1V) fraction to the Te(V1) form, 

which was indistinguishable from telluric acid itself. 

2. Neutron Irradiated Samples 

The experiments on 130~e(n,y) 131,131mTe $- 1311 

- 
showed the presence of very large fractions of I0 and I- 3 

following the irradiation. Again the results are very 

difficult to interpret in any quantitative way because of 

the almost certain presence of some annealing during the 

irradiation, coupled with the fact that two tellurium isotopes 

are produced in the (n,y) reaction. However, the presence 
- 

of very little 104 ion as shown in the radiochemical analysis 

must indicate the presence of molecular decomposition in the 

primary (n,y) recoil event in these irradiations. The thermal 

annealing reactions clearly show the important role played 

by y-irradiation during the neutron bombardment and also the 

temperature during the irradiation (see Figure 11). Both 
4 
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of these factors must be related to the production of trapped 

electronic defects in the solid during the irradiation. 

Consistent with this interpretation, the effect of heating 

the crystals before the neutrcn irradiation was to greatly 

inhibit the subsequent annealing processes (Figure 13). The 

annealing that was still observed to occur in that sample 

may be explained either by intrinsic annealing occurring 

within the defective (n,y) recoil site or by virtue of 

trapped defects created by the concomitant y-radiation. 

The molecular fragmentation which accompanies the 

(n,y) reaction was clearly shown in the 1 2 * ~ e  (n,y)12'Te 

study (Table VIII). However, perhaps the most important 

point to be brought out here concerns the nature of the 

thermal annealing process which occurs in the crystal 

following the (n,y) reaction. For the sample of telluric 

acid containing the 129m~e (n, y )  recoil atoms produced in 

the N.R.U. reactor irradiation, these atoms were observed to 

have annealed in the irradiation back to the (VI) form, as 

previously discussed. In this sample the 129mTe + '*'T, 

isomeric transition was then used as a probe to provide 

information about the immediate chemical environment 

surrounding the annealed 129m~e atoms. As has been 

previously described, it was found that the 
2 9  I;T* 12gTe 

decay occurring in a thermally annealed (n,y) recoil site 

in the crystal, was almost identical to that observed in 

H6 
1 2 9 m ~ e ~ 6  chemically labelled samples, where there would be 



no local lattice decomposition present from a preceding 

(n,y) recoil event (see Figure 16(b)). This experiment 

indicates that the product of thermally annealing 129mTe 

( n , y )  recoil atoms is probably a telluric acid molecule in 

a normal lattice environment. 

In discussing the above radiochemical results, an 

attempt was made to avoid speculation, while drawing from the 

results conclusions consistent with all the experimental 

information. The picture is obviously a confusing and 

complicated one, even in the relatively simple case where 

the radioactive decay of a molecule labelled with a single 

isotope was studied. Nevertheless, the radiochemical results 

do provide some useful information concerning the nature of 

the chemical environment of the recoil atom in the solid, 

and it will be of interest to compare these results with 

those of the ~6ssbauer investigation. 



X .  12'1 M~SSBAUER E M I S S I O N  STUDIES 

A.  I n t r o d u c t i o n  

I n  s t udy ing  t h e  chemical  e f f e c t s  of t h e  n u c l e a r  

t r a n s f o r m a t i o n s  i n  H T e 0 6  by l ldssbauer spec t ro scopy ,  it was 6 

n e c e s s a r y  t o  s t u d y  t h e  s p e c t r a  of s e v e r a l  r e l a t e d  compounds 

t o  a i d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  ob t a ined .  Thus 

t h e  compounds B 6 T e 0  (H2Te04),, a-Te03, H 2 T e 0  and t e t r a g o n a l  6 ' 3 ' 
TeOZ were a l l  s t u d i e d  l a b e l l e d  w i t h  1 2 ' ~ e  a ~ d  1 2 9 m ~ e  i s o t o p e s .  

The ( n , y )  r e a c t i o n  was a l s o  s t u d i e d  i n  H TeO a-TeOj, and 6 6 '  

The a-Te03 p repared  by the rmal  decomposi t ion  of  

t e l l u r i c  a c i d  con t a ined  T e 0 2  a s  impur i t y .  For t h i s  r e a son  

@-Te03 ,  which i s  p r epa red  by t h e  dehyd ra t i on  o f  H6Te06 i n  t h e  

p resence  of  H SO and does n o t  c o n t a i n  any Te02,  was a l s o  2  4 

i n v e s t i g a t e d .  The method of  p r e p a r a t i o n  u n f o r t u n a t e l y  p re -  

c luded t h e  s y n t h e s i s  of 1 2 ' ~ e - l a b e l l e d  6-TeOj. 

Sodium and potass ium t e l l u r a t e  w e r e  i n v e s t i g a t e d ,  

a l t hough  h e r e  aga in  t h e  1 2 ' ~ e - l a b e l l e d  compound was n o t  

s t u d i e d .  

The compound ( N H 4 ) 2 T e C 1 6  i s  n o t  d i r e c t l y  r e l a t e d  t o  

t h e  o t h e r  compounds i n v e s t i g a t e d ,  b u t  was s t u d i e d  because  it 

1 2 ' ~ e  and 129mTe cou ld  be r e a d i l y  p r epa red  l a b e l l e d  w i t h  bo th  

I t  was a l s o  o f  some i n t e r e s t  because  i t  c o n t a i n s  an o c t a h e d r a l l y  

co-ord ina ted  T e ( I V ) ,  and a l lowed a  comparison w i t h  t h e  



1 5 0  

o c t a h e d r a l l y  co-ordinated Te(V1) i n  t e l l u r i c  a c i d .  

S ince  e lementa l  t e l l u r i u m  was r o u t i n e l y  i r r a d i a t e d  

t o  p repare  t h e  1 2 9 m ~ e  a c t i v i t y ,  it was convenient  t o  s tudy  

t h e  p o s s i b l e  chemical e f f e c t s  i n  t h i s  m a t e r i a l  a s  we l l .  

Throughout t h e  fol lowing s e c t i o n s  t h e  ~ G s s b a u e r  

s p e c t r a  shown a r e  t h e  exper imenta l ly  observed s p e c t r a .  

Because a l l  of t h e s e  experiments a r e  emiss ion exper iments ,  

t h e  measured isomer s h i f t s ,  r e l a t i v e  t o  t h e  Nal*'l absorber ,  

a r e  n o t  c o n s i s t e n t  wi th  t hose  r e p o r t e d  f o r  s t anda rd  abso rp t ion  

exper iments .  To c l a r i f y  t h e  fo l lowing  d i scuss ion  and a l low 

a  ready comparison of  t h e  d a t a  wi th  t h e  va lues  i n  t h e  

l i t e r a t u r e ,  a l l  isomer s h i f t s  have been c o r r e c t e d  s o  t h a t  

they  correspond t o  isomer s h i f t s  f o r  abso rp t ion  experiments 

r e l a t i v e  t o  a  z i n c  t e l l u r i d e  source .  To achieve t h i s  

c o r r e c t i o n ,  t h e  fol lowing express ion  was used. 

REPORTED 6 = -(EXPERIMENTALLY OBSERVED 6 + 0 . 4 6 )  rnm. s e c .  -1 

The 0 . 4 6  mrn. set.-l term i s  t h e  isomer s h i f t  f o r  a  Na 1 2 g I  

absorber  r e l a t i v e  t o  a  z i n c  t e l l u r i d e  source .  

I n  a d d i t i o n  t o  t h e  d i s c u s s i o n  of t h e  s t u d i e s  of 

chemical e f f e c t s  of t h e  nuc l ea r  t r ans fo rma t ions ,  s e v e r a l  

parameters  which could be ob ta ined  from t h e  ~ G s s b a u e r  s p e c t r a  

and which a r e  of more gene ra l  i n t e r e s t  a r e  d i scussed  i n  an 

Appendix. 



B. 1 2 ' ~ e - l a b e l l e d  Sources  

The Mossbauer e m i s s i o n  s p e c t r a  f o r  1 2 ' ~ e - l a b e l l e d  

s o u r c e s  a r e  shown i n  F i g u r e s  17 t o  2 0 ,  and t h e  spect rum 

p a r a m e t e r s  o b t a i n e d  by computer f i t  a r e  shown i n  Tab le  I X .  

1. 1 2 9 ~ e - ~ a b e l l e d  T e l l u r i u m  ( V I  ) Compounds 

The 1 ~ G s s b a u e r  e m i s s i o n  s p e c t r a  o b t a i n e d  f o r  12gI 

produced f o l l o w i n g  @--decay i n  1 2 ' ~ e - l a b e l l e d  H6Te06 , 
(H2Te04)n,  and a-TeO a r e  shown i n  F i g u r e s  17 and 1 8 .  These 3 

s p e c t r a  a r e  i n t e r p r e t e d  a s  a  d i r e c t  e v i d e n c e  t h a t  chemical  

e f f e c t s  accompanying t h e  6--decay of t h e  p a r e n t  12'Te a r e  n o t  

s e e n  i n  any of  t h e s e  compounds. I n  each i n s t a n c e  t h e  12gI 

remains bonded t o  t h e  l i g a n d s  of  t h e  p a r e n t  '* '~e molecu le .  

The spect rum measured f o r  monoc l in ic  t e l l u r i c  a c i d  

a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e  ( F i g u r e  1 7 ( a ) )  was i n t e r p r e t e d  

a s  e x h i b i t i n g  a  s m a l l  quadrupo le  s p l i t t i n g  a s  a consequence 

of t h e  d i s t o r t e d  oc tahedron  o f  s u r r o u n d i n g  -OH l i g a n d s  found 

i n  t h e  monoc l in ic  t e l l u r i c  a c i d  s t r u e t u r e .  The p o s i t i o n s  

and r e l a t i v e  i n t e n s i t i e s  of  t h e  e i g h t  l i n e s  i n  t h e  quadrupo le  

s p l i t  spect rum a r e  shown i n  t h i s  f i g u r e .  Th i s  spec t rum i s  

i n  e x c e l l e n t  agreement  w i t h  t h a t  r e p o r t e d  by P a s t e r n a k .  [ I921 

-1 
The i somer  s h i f t  f o r  monoc l in ic  t e l l u r i c  a c i d  o f  -3.59 mm.sec. 

measured i n  t h i s  work i s  i n  c l o s e  agreement  w i t h  t h a t  r e p o r t e d  

f o r  Na3H2 l2'10 r e l a t i v e  t o  a  s t a n d a r d  znl*'Te s o u r c e  (-3.35 
6  

mm. set.-l) , i n d i c a t i n g  t h a t  t h e  molecule  remained i n t a c t  
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SOURCE VELOCITY rnrn.sec.--' 

SOURCE VELOCITY rnrnsec-' 

Figure 17 12'1 ~assbauer Emission Spectra For N~I~'I Absorber 
vs. ~ ~ 1 2 9 ~ e 0 ~  Source Measured at 
(a) Liquid Nitrogen Temperature and 
(b) Liquid Helium Temperature. 
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SOURCE VELOCITY rnrn.sec.-' 

Figu re  18  1 2 9 ~  ~ l S s s b a u e r  Emission S p e c t r a  Measured a t  80•‹K. For 
~ a ~ ~ ~ 1 ~ l j 5  s o r b e r  vs. (a) ( H 2 1 2 9 ~ e 0 d n  Source and 
(b) a- Te03 S o u r c e .  



TABLE IX 

PARAMETERS OF 12' I M ~ S S B A U E R  EMISSION SPECTRA OF 

l2 '~e-LABELLED SOURCE COMPOUNDS 

*Quoted  a s  i somer  s h i f t s  f o r  a b s o r p t i o n  s p e c t r a  r e l a t i v e  t o  
a  z n 1 2 ' ~ e  s o u r c e .  

?The s i g n  of  t h e  quadrupo le  c o u p l i n g  c o n s t a n t s  r e p o r t e d  h e r e  
a r e  a l s o  c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  i n  s t a n d a r d  a b s o r p t i o n  
exper iments .  



f o l l o w i n g  t h e  B--decay. I n  t h e  l i q u i d  he l ium spect rum f o r  

t h i s  same compound ( F i g u r e  1 7 ( b ) )  t h e  p e r  c e n t  e f f e c t  was 

g r e a t l y  i n c r e a s e d ,  a l t h o u g h  t h e  quadrupo le  s p l i t t i n g  was even 

less w e l l  r e s o l v e d  t h a n  a t  80•‹K. However, t h e  two s p e c t r a  

computed t o  y i e l d  t h e  same pa ramete r s  w i t h i n  t h e  e r r o r  o f  

t h e  f i t .  The l o s s  of r e s o l u t i o n  observed h e r e  was found i n  

a l l  s p e c t r a  measured a t  l i q u i d  he l ium t e m p e r a t u r e ,  and was 

a t t r i b u t a b l e  t o  l i n e  b roaden ing  r e s u l t i n g  from v i b r a t i o n s  i n  

t h e  s o u r c e  and a b s o r b e r  caused by t h e  r a p i d  b o i l - o f f  o f  t h e  

l i q u i d  he l ium i n  t h e  vacuum dewar. 

The i n t e r p r e t a t i o n  of  t h e  s p e c t r a  i n  t e rms  o f  a  

s m a l l  quadrupo le  s p l i t t i n g  i s  s u p p o r t e d  by t h e  f a c t  t h a t  any 

a t t e m p t  t o  f i t  t h e  s p e c t r a  w i t h  a  combinat ion  o f  s i n g l e  l i n e s  

y i e l d e d  isomer s h i f t s  f o r  t h o s e  l i n e s  which d i d  n o t  c o r r e s p o n d  

t o  any known i o d i n e  i o n .  C o n s i s t e n t  w i t h  t h i s  i n t e r p r e t a t i o n ,  

t h e  spect rum o f  c u b i c  H 6 
1 2 ' ~ e 0  would be  expec ted  t o  b e  a  6 

s i n g l e  l i n e .  S i n c e  t h e  c u b i c  m o d i f i c a t i o n  can o n l y  be  

o b t a i n e d  by s low c r y s t a l i s a t i o n  from s o l u t i o n ,  and even t h e n  

o n l y  i n  t h e  p r e s e n c e  o f  l a r g e  amounts of  t h e  monoc l in ic  form, 

t h e  c u b i c  form c o u l d  n o t  b e  s t u d i e d .  

For t h e  polymer,  (H2Te04) ( F i g u r e  18  ( a )  ) , it i s  

a p p a r e n t  t h a t  t h e  1 2 9 ~  quadrupo le  s p l i t t i n g w a s  much s m a l l e r  

t h a n  t h a t  i n  monoc l in ic  t e l l u r i c  a c i d ,  and t h e  spec t rum,  

computed a s  a  b road  s i n g l e  l i n e ,  had an isomer s h i f t  a g a i n  

v e r y  c l o s e  t o  t h a t  f o r  Na3H2 
129 

I O C  (The p r e s e n c e  o f  some 

con tamina t ing  1 2 9 m ~ e  i n  t h i s  sample l e d  t o  t h e  p r e s e n c e  o f  



o t h e r  l i n e s  i n  t h i s  spect rum.)  T h i s  d a t a  i s  c o n s i s t e n t  

w i t h  t h e  I . R .  d a t a  which i n  t h e  polymer shows o n l y  a  b road  

band w i t h  e s s e n t i a l l y  no f i n e  s t r u c t u r e ,  w h i l e  i n  monoc l in ic  

t e l l u r i c  a c i d  t h r e e  d i s t i n c t  bands a r e  obse rved  which 

cor respond  t o  t h e  t h r e e  Te-OH d i s t o r t i o n  modes i n  t h e  d i s -  

t o r t e d  o c t a h e d r a l  s t r u c t u r e .  1207] Thus,  i n  t h e  polymer t h e  

geometry around t h e  t e l l u r i u m  must b e  c l o s e  t o  o c t a h e d r a l  

and t h i s  i s  r e f l e c t e d  i n  t h e  s i n g l e ,  though b roadened ,  

'*'I e m i s s i o n  l i n e .  

I n  a - 1 2 9 ~ e ~ j  ( F i g u r e  18  ( b )  ) , t h e  p r e s e n c e  of  Te02 

i m p u r i t y  was c l e a r l y  d i s c e r n a b l e .  The ass ignment  o f  t h e  

~ G s s b a u e r  e m i s s i o n  l i n e s  i n  t h i s  spec t rum was made on t h e  

b a s i s  o f  a  s i n g l e  a b s o r p t i o n  l i n e  and e i g h t  l i n e s  co r respond-  

i n g  t o  t h e  quadrupo le  s p l i t  spec t rum o f  12'1 produced by 

f.3--decay i n  129 Te02. The 12'1 e m i s s i o n  s p e c t r a  and 1 2 5 ~ e  

a b s o r p t i o n  s p e c t r a  o f  t h e  same samples  o f  a-12'Te0 gave v e r y  3  

c l o s e  agreement  f o r  t h e  p e r c e n t a g e  o f  12 '~eo2  i m p u r i t y  

p r e s e n t  i n  t h e s e  samples .  The s i n g l e  e m i s s i o n  l i n e  a t t r i b u t -  

a b l e  t o  1 2 9 ~  produced f o l l o w i n g  f3--decay i n  a - 1 2 9 ~ e ~ 3  had 

abou t  t h e  same isomer  s h i f t  a s  obse rved  i n  H 6  1 2 9 ~ e ~ 6  and 

(H2 
12'Teo4) n ,  i n d i c a t i n g  t h a t  h e r e  a g a i n  t h e  p a r e n t  t e l l u r i u m  

i s  o c t a h e d r a l l y  su r rounded  by 0 - l i g a n d s .  The b r o a d e n i n g  

obse rved  i n  t h i s  s i n g l e  l i n e  may a g a i n  b e  a t t r i b u t e d  t o  a  

v e r y  s m a l l ,  i r r e s o l v a b l e  quadrupo le  s p l i t t i n g  i n  a-TeO 3 ' 
r e s u l t i n g  from some a p p a r e n t  d i s t o r t i o n  from p e r f e c t  

o c t a h e d r a l  symmetry a b o u t  t h e  t e l l u r i u m  atom. 



2. 12'~e-labelled Tellurium (IV) Compounds 

The 12'1 M6ssbauer emission spectra were studied for 

the tellurium (IV) compounds H2Te0 tetragonal Te02, and 3 

(NH4)2TeC16. Again, chemical effects of the 129Te -+ 129= 

6--decay were not observed in these source compounds. 

For H2 12'~eo3 (Figure 19 (a) ) , the 1 2 9 ~  emission 

spectrum had an isomer shift similar to that reported for the 

iodate ion in K 129 I03. The quadrupole splitting, however, 

was close to the value observed for HI0 from N.Q.R. 3 

measurements. L220 Moreover, the spectrum also exhibited 

an asymmetry parameter, q, similar to that for the HI03 

molecule, while the iodate ion which has axial symmetry is 

known to have an asymmetry parameter of zero. [1341 These 

values are compared below. 

Thus is may be concluded that following 6--decay, the 

parent molecular configuration is retained for 1 2 9 ~  in 



SOURCE VELOCITY mm.sec.-I 

SOURCE VELOCITY mm.sec.-' 

F i g u r e  19 1 2 9 ~  ~ a s s b a u e r  Emission S p e c t r a  Measured a t  80•‹K. 
For  N ~ ~ ~ ~ I  Absorber  v s .  ( a )  ~ 2 1 2 9 ~ e 0 ~  Source  and 
(b) T e t r a g o n a l  1 2 9 ~ e ~ 2  Source  



For tetragonal Te02 (Figure 19 (b)), the spectrum 

was again quadrupole split. Only one iodine lattice site 

wasobserved following the 8--decay, and again the iodine 

presumably finds itself in the same lattice environment as 

the parent tellurium. It is of interest to note that the 

isomer shift for tetragonal Te02 measured here is different 

from that reported for the orthorhonbic modification, [I931 

but that the two have about the same quadrupole coupling 

constant and asymmetry parameter, as shown below. 

129 Te02-structure 
6 2 

qQgnd rl 

-1 -1 o r t h o r h o ~ n b i c ~ ~ ~ ~ ~  +1.52t.06 mm.sec. 786i7 Mc.sec. .55+.05 

tetragonal +2.74t.14 812i21 .52+.07 

The two crystal structures for Te02 were discussed 

previously (see page 108 and Figure 9). The similarity in the 

disposition of bonds about the tellurium is reflected in the 

similar quadrupole splittings and asymmetry parameters 

measured for these two compounds. The difference in isomer 

shifts must then presumably derive from differences in the 

s-character of the 1-0 bonds for in these two lattices. 

The more positive isomer shift in the emission spectrum of 

the tetragonal form is evidence of a higher s-electron 

density at the nucleus than for in the orthorhombic 

Te02 structure. This point will be returned to in the 

discussion in the Appendix. 



The e m i s s i o n  spect rum f o r  1 2 9 ~  i n  ( N H , ) ,  1 2 9 ~ e ~ 1 6  

F i g u r e  2 0 ( a ) )  show5d a  s i n g l e  s h a r p  l i n e  w i t h  a  v e r y  l a r g e  

-1 p o s i t i v e  isomer s h i f t  o f  8 = 6.03 mm.sec. . The s i n g l e  

e m i s s i o n  l i n e  obse rved  i n d i c a t e s  t h a t  t h e  '*'I atom produced 

i n  t h e  B--decay i s  surrounded o c t a h e d r a l l y  by c h l o r i n e  

2- l i q a n d s .  The p a r e n t  T e C 1 6  i o n  i s  a l s o  o c t a h e d r a l ,  a s  was 

evidenced by t h e  s i n g l e  l i n e  obse rved  i n  t h e  1 2 5 ~ e  a b s o r p t i o n  

spect rum f o r  t h i s  compound. The s i n g l e  l i n e  '*'I spec t rum 
- 

i s  c o n s i s t e n t  w i t h  t h e  fo rmat ion  o f  I C 1  i n  t h e  f3--decay. 6  

3 .  Elementa l  T e l l u r i u m  

The '*'I spect rum r e p o r t e d  h e r e  f o r  e l e m e n t a l  t e l l u r i u m  

p r e c i p i t a t e d  from aqueous s o l u t i o n  ( F i g u r e  2 0 ( b ) )  i s  i d e n t i c a l  

t o  t h a t  p r e v i o u s l y  r e p o r t e d  f o r  n e u t r o n  i r r a d i a t e d  e l e m e n t a l  

t e l l u r i u m .  [lg3] The spect rum p r o v i d e s  two p i e c e s  o f  

e v i d e n c e  t h a t  f o l l o w i n g  t h e  @--decay of  1 2 ' T e ,  t h e  1 2 9 ~  atom 

f i n d s  i t s e l f  i n  a  q u i t e  d i f f e r e n t  l a t t i c e  envi ronment  from 

t h a t  of  t h e  p a r e n t  t e l l u r i u m .  

[ l g 3 ]  n o t e d  t h a t  i f  t h e  12gI P a s t e r n a k  and Bukshpan 

t h e n  f o r  a  series o f  t e l l u r i u m  p a r e n t  compounds t h e  r a t i o  

e 2 q a t ~  ( 1 2 5 ~ e )  
2  

"2) 'I2 s h o u l d  b e  a  c o n s t a n t ,  which t h e y  (1 + - 
e q a t Q  (12'1) 3  

found t o  be  0.4.  However, f o r  e l e m e n t a l  t e l l u r i u m  t h e  v a l u e  

of 1.17 was obse rved  i n  t h e i r  work, and a  s i m i l a r  v a l u e  of  

1.27k.05 was o b t a i n e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  Thus 
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Figure 20 1 2 9 ~  ~8ssbauer Emission Spectra Measured at 80•‹K. 
for ~ a l ~ 9 1  Absorber vs. (a) ( N H q )  2129~e~16 Sourcz 
and ( b )  Elemental Tellurium Source . 
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t h e  d a u g h t e r  12'1 atoms i n  t h e  e l e m e n t a l  t e l l u r i u m  l a t t i c e  

must e x p e r i e n c e  a  v e r y  d i f f e r e n t  e l e c t r o s t a t i c  f i e l d  

g r a d i e n t  from t h a t  o f  t h e  t e l l u r i u m  atoms.  

The second p i e c e  o f  e v i d e n c e  r e l a t e s  t o  t h e  v a l u e  o f  

t h e  i somer  s h i f t .  I f  t h e  d a u g h t e r  i o d i n e  remains  bonded t o  

t h e  same atoms a s  t h e  p a r e n t  t e l l u r i u m ,  t h e n  t h e  r a t i o  o f  

t h e  i somer  s h i f t s  6 (125Te) shou ld  b e  a  c o n s t a n t  f o r  a  series 
6 ( 1 2 9 ~ )  

o f  t e l l u r i u m  p a r e n t  compounds. The v a l u e s  o b t a i n e d  i n  t h e  

p r e s e n t  work a r e  shown i n  F i g u r e  21, and it can b e  s e e n  t h a t  

t h e  v a l u e s  f o r  e l e m e n t a l  t e l l u r i u m  l i e  a  long  way o f f  t h e  

l e a s t  s q u a r e s  f i t  t o  t h e  o t h e r  d a t a  p o i n t s .  

I t  i s  a p p a r e n t  from t h e  above d i s c u s s i o n  t h a t  f o l l o w i n g  

t h e  decay of  1 2 ' ~ e ,  t h e  12'1 atom does  n o t  remain bonded t o  b o t h  

of  t h e  a d j a c e n t  t e l l u r i u m  atoms i n  t h e  h e l i c a l  c h a i n  s t r u c t u r e  

o f  t h e  t e l l u r i u m  l a t t i c e .  T h i s  phenomenon p robab ly  does  n o t  

a r i s e  from t h e  chemical  e f f e c t s  o f  r e c o i l  o r  e l e c t r o n i c  

e x c i t a t i o n  a r i s i n g  from t h e  @--decay, b u t  may s imply  b e  due 

t o  t h e  d i f f e r e n t  bonding c h a r a c t e r i s t i c s  o f  i o d i n e  and t e l l u r i u m  

i n  t h e  t e l l u r i u m  l a t t i c e .  

P a s t e r n a k  h a s  r e p o r t e d  a  d i v e r g e n c e  from t h e o r e t i c a l  

l i n e  i n t e n s i t i e s  f o r  t h e  12'1 e m i s s i o n  spect rum i n  t e l l u r i u m ,  

which i s  a t t r i b u t a b l e  t o  an  a n i s o t r o p y  i n  t h e  r e c o i l - f r e e  

f r a c t i o n .  I n  t h e  p r e s e n t  work, t h e  e r r o r s  i n  t h e  l i n e  

i n t e n s i t i e s  d i d  n o t  a l l o w  t h e  measurement of  t h e s e  ve ry  

s m a l l  e f f e c t s .  





In concluding this section it can be stated that with 

the exception of elemental tellurium, in the compounds 

studied labelled with 12'Te, the 12'1 @--decay products 

appear to be iso-structural and iso-electronic with the 

parent tellurium molecules. In each instance, no effects 

of recoil or electronic excitation arising from the @--decay 

are observed, and the molecule remains intact following 

the @--decay event. The isomer shift data of Figure 21 

serves to clearly illustrate this point. 

C. 129m~e-~abelled Sources and Neutron Irradiated Sources 

1. Telluric Acid - 

Of the tellurium oxy-compounds investigated, telluric 

acid showed the most clear effects of molecular disruption 

accompanying both the 129mTe + 12'Te isomeric transition 

decay and the l2 8 ~ e  (n, y ) 12'Te nuclear reaction. In Figures 

22 and 23 are shown sample spectra for several telluric acid 

sources. 

In these experiments H6 1 2 9 m ~ e ~ 6  sources were allowed 

to reach radioactive equilibrium with the daughter 12'~e at 

either liquid nitrogen (Figure 22(a)) or liquid helium 

(Figure 22 (b)) temperature, and the Massbauer spectrum was 

then recorded at that temperature. Again we see that the 
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Figure 22 12'1 MGssbauer Emission Spectra for IJa1*'1 Absorber 
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(a) Llquid Nitrogen Temperature and 
(b) Liquid Helium Temperature. 
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(n, y )  1 2 9 ~ e  Source. 
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emission lineswere broadened in the liquid helium spectrum, 

though for both the liquid nitrogen and liquid helium experi- 

ments the line widthswere the same as were measured in 

emission spectra of the corresponding 129~e-labelled source 

experiments. 

In one experiment an aqueous solution of H 12'%eo6 
6 

was frozen at 80•‹K., the sample stored at this temperature 

while the 129mTe + radioactive equilibrium was reached, 

and the spectrum for the ice matrix then recorded at that 

temperature. This spectrum is shown in Figure 23(a). 

For the study of the 12'T'e (n, y )  12'Te nuclear reaction 

in telluric acid, irradiations were performed at ambient 

temperature (ca. 7 0 • ‹ C .  ) in the Seattle reactor, and the 

~gssbauer emission spectrum was then recorded at liquid 

nitrogen temperature immediately following the irradiation. 

This spectrum is shown in Figure 23 (b). 

Each of the above experiments was repeated on many 

samples of H6Te06, all of which were shown by I.R. and 125~e 

absorption spectroscopy to be free of contaminating Te02 and 

TeO 2- species. 

An attempt was also made in this work to study the 

(n,y) 129mTe 1tT'129~e transformation sequence in telluric 

acid. However, although the samples were cooled to - < 40•‹C. 

during the reactor irradiation in the N.R.U. reactor, they 

were found to have completely decomposed to TeOZ, presumably 

as a result of the high concomitant y-dose received during the 
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i r r a d i a t i o n  (ca .  100 ~rd.hr.-l) . 

A comparison o f  t h e  d a t a  of  F i g u r e s  22 and 23 w i t h  

t h a t  of  F i g u r e  17 c l e a r l y  shows t h a t  f o l l o w i n g  i s o m e r i c  

t r a n s i t i o n  decay o r  t h e r m a l  n e u t r o n  c a p t u r e  i n  t e l l u r i c  a c i d ,  

t h e  1 2 ' ~ e  atoms a r e  s t a b i l i s e d  i n  t h e  s o l i d  n o t  o n l y  i n  t h e  

p a r e n t  H TeO form, b u t  a l s o  a s  an a p p a r e n t l y  Te(1V) 
6 6 

f ragment .  The s p e c t r a  of F i g u r e s  22 and 23 c o u l d  b e  a c c u r a t e l y  

computer f i t t e d ,  assuming t h e  p r e s e n c e  of  a  T e ( V 1 )  component 

i d e n t i c a l  t o  monoc l in ic  t e l l u r i c  a c i d  and a  t e l l u r i t e  i o n  

2  w i t h  t h e  same 6 and e q Q  a s  f o r  H2TeOj, b u t  w i t h  q=0. The 

r e s u l t s  o f  t h e s e  a n a l y s e s  a r e  shown i n  Tab le  X .  I t  i s  i m p l i c i t  

1 
i n  t h e s e  compounds and t h a t  t h e  12'1 s p e c t r a  a c c u r a t e l y  

r e f l e c t  t h e  chemica l  forms o f  t h e  1 2 ' ~ e  atoms f o l l o w i n g  t h e  

t r a n s f o r m a t i o n .  

Independen t ly  p r e p a r e d  t e l l u r i c  a c i d  s o u r c e s  y i e l d e d  

r e p r o d u c i b l e  s p e c t r a ,  a l t h o u g h  t h e  a n a l y s i s  of t h e  r e l a t i v e  

a r e a s  i n  t h e  a b s o r p t i o n  spect rum d e r i v i n g  from '*'~e ( V I )  and 

1 2 ' ~ e  ( I V )  f r a c t i o n s  y i e l d e d  d i f f e r e n c e s  o f  '3 p e r  c e n t .  I n  

a l l  t e l l u r i c  a c i d  s o u r c e s  t h e  lower  v a l e n c e  f r a c t i o n  c o u l d  

2  
b e  f i t t e d  assuming t h e  same v a l u e s  f o r  6 and e qQ, i.~., 
f o r  H2Te03. I f  H 2 T e 0 3  i t s e l f  were formed a s  a  p r o d u c t  of  

t h e  decompos i t ion ,  t h e n  t h e  lower v a l e n c e  f r a c t i o n  would b e  

e x p e c t e d  t o  have  an  asymmetry p a r a m e t e r ,  n ,  which r e f l e c t s  

t h e  n o n - a x i a l  symmetry i n  t h i s  molecule  d e r i v i n g  from a n  

i n e q u a l i t y  i n  t h e  l e n g t h s  of  t h e  Te-OH and Te -0  bonds. 



* D i s t r i b u t i o n  of Products  i n  % 

TABLE X 

D I S T R I B U T I O N  OF 12',e ( V I )  AND 12'Te ( I V )  FOLLOWING ISOMERIC 

TRANSITION AND XEUTROiG CAPTURE I N  Te ( V I )  SOURCE COMPOUNDS 

1 H6 
129m~e06 l i q u i d  N 2  

H6 1 2 9 m ~ e ~ 6  ( i c e )  

1 2 9 m ~ e ~ 4  l i q u i d  N 2  
Na2 

128 
Te04 ( n , ~ )  

343•‹K 
K2 

$ Computed from t h e  r e l a t i v e  a r e a s  under t h e  abso rb t ion  peaks,  
assuming t h a t  t h e  r e c o i l  f r e e  f r a c t i o n  f o r  t h e  two p a r e n t  
Te s p e c i e s  a r e  t h e  same. 
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However, since q is only reflected in the positions of lines 

4 and 8 in a quadrupole split spectrum, it is very difficult 

in the present case to totally exclude the possibility that 

H2Te0 is formed. Line 4 in the quadrupole split spectrum 3 

has a very low intensity, and line 8 is completely overlapped 

in these spectra by the emission spectrum of H 
6 12'~eo6 in 

the source. However, it was found that if it was assumed 

that n=O, then a statisticaily more acceptable fit was 

obtained for all of the spectra of Figures 22 and 23. On this 

basis it is concluded that the decomposition product formed in 

the nuclear transformation probably had axial symmetry. Thus 

the fragment may well be the Te03 2- ion. However, since the 

2 values for 6 and e qQ were much closer to those for 12gI 

born in H2 12'Teo3 , it is conceivable that the decomposition 
+ 

product may be the Te(OH)3 complex, which would again have 

axial symmetry. 

It is interesting that in the molecular decomposition 

accompanying the nuclear transformation the bonding to the 

tellurium changes very markedly in character. In the parent 

H6Te06 molecule the tellurium employs sp3d2 hybrids in 

forming bonds with the -OH groups leading to a low s-electron 

density at the nucleus, as reflected in the isomer shift. 

Following molecular fragmentation, the tellurium now 

employs almost pure p-orbital bonding, again as reflected 

in the isomer shift, which now indicates a high s-electron 

density at the parent tellurium nucleus. Thus the molecular 
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disruption which occurs does not lead simply to a change in 

theco-ordinationnumber of the tellurium, but leads to a 

very fundamental change in the nature of the bonding. 

2. (H TeO ) and Tellurate Salts -2-4-n - 

In the polymer, 

&served following the 

acid. The experiments 

Sources of (H 2 129m~e~4) 

(H2TeO4In, molecular fragmentation 

isomeric transition as in telluric 

were carried out in a similar way. 

were allowed to reach radioactive 
n 

. - A  

was 

equilibrium with the daughter l L Y ~ e  at liquid nitrogen 

(Figure 24(a)) and liquid helium temperatures (Figure 24(b)), 

and the spectra then recorded at those temperatures. The 

12'~e(IV) fragment observed in these samples was analysed 

to be the same 12'~e (IV) species as that produced in H6Te06, 

although the yield of the Te(1V) fragment was now significantly 

decreased in comparison with that for telluric acid. The 

samples used in these experiments were also found to be 

totally free of Te02 or any other tellurium impurity. 

The spectrum for sodium tellurate prepared labelled 

with 129m~e and measured at liquid nitrogen temperature is 

shown in Figure 25 (a). Here, perhaps somewhat surprisingly, 

chemical effects of the internally converted isomeric 

transition decay were not found. The single emission line 

observedwas quite broad with rexpt = 2.64 mm.sec.-l, and has 

an isomer shift of 6 = - 3 . 3 0 t . 0 5  mm. set.-l, which again 
corresponds very closely to that for Na3H2106. This value 
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Figure 24 1 2 9 ~  Mgssbauer Emission Spectra for N ~ ~ ~ ~ I  Absorber 
vs. ( ~ ~ ~ ~ ~ ~ ~ e 0 ~ ) ,  Source Measured at 
(a) Liquid Nitrogen Temperature and 
(b) Liquid Helium Temperature. 



of t h e  isomer s h i f t  l e n d s  c o n s i d e r a b l e  s u p p o r t  t o  E r i c k s o n  

and Xaddock's p r o p o s a l ,  based  on I . R .  s p e c t r a l  d a t a ,  t h a t  

t h e  t e l l u r i u m  atom i n  t h e s e  t e l l u r a t e  compounds h a s  o c t a h e d r a l  
12071 

r a t h e r  t h a n  t e t r a h e d r a l  symmetry. The v e r y  b road  e m i s s i o n  

l i n e  obse rved  i n  t h i s  M6ssbauer spec t rum i n d i c a t e s  t h e  

p r e s e n c e  of some d i s t o r t i o n  from r e g u l a r  o c t a h e d r a l  geometry 

i n  t h e  po lymer ic  an ion .  I n  t h e  absence  o f  o b s e r v a b l e  chemica l  

e f f e c t s  accompanying t h e  i s o m e r i c  t r a n s i t i o n ,  it was n o t  

c o n s i d e r e d  n e c e s s a r y  t o  s t u d y  t h e  1 2 ' ~ e - l a b e l l e d  compound. 

Some molecu la r  f r a g m e n t a t i o n  was found t o  o c c u r  i n  

K 2 T e 0 4  f o l l o w i n g  t h e  1 2 * ~ e  ( n ,  y) 1 2 ' ~ e  n u c l e a r  r e a c t i o n ,  a s  

s e e n  i n  F i g u r e  2 5 ( b ) .  T h i s  spect rum was a n a l y z e d  a s  showing 

t h e  p r e s e n c e  of  a  Te(1V) f ragment  v e r y  s i m i l a r  t o  t h a t  obse rved  

i n  H6Te06 and (H2Te04) ,. However, t h e  s t a t i s t i c s  and p e r  

c e n t  a b s o r p t i o n  obse rved  i n  t h i s  spect rumwere  q u i t e  p o o r ,  

making any d e t a i l e d  a n a l y s i s  of  t h e  chemical  n a t u r e  of  t h e  

T e  ( I V )  f ragment  most d i f f i c u l t .  

A broad s i n g l e  e m i s s i o n  l i n e  ( T e x p t  = 2.6 nun. set.-l) 

hav ing  an  isomer s h i f t  of  6 = -2.92t  .11 mm.sec.-I was obse rved  

i n  t h e  remaining f r a c t i o n  o f  e v e n t s  i n  t h i s  K 2 T e 0 4  ( n , y )  

spect rum.  The l a r g e  n e g a t i v e  isomer s h i f t  obse rved  a g a i n  

shows t h e  c e n t r a l  t e l l u r i u m  atom t o  b e  su r rounded  by an  
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Figure 25 '*'I MGssbauer Emission Spectra Measured at 80•‹K. 
For N ~ ~ ~ ~ I  Absorber vs. (a) ~ a ~ 1 2 9 m ~ e 0 ~  Source 
and (b) ~ ~ ~ ~ ~ ~ e 0 ~  (n, y )  1 * 9 ~ e  Source. 



3. T e l l u r i u m  T r i o x i d e  and T e l l u r i u m  Pen tox ide  

For a- 1 2 9 m ~ e ~ j ,  t h e  known p r e s e n c e  of TeO i m p u r i t y  2 

from t h e  p r e p a r a t i o n  c o n s i d e r a b l y  compl ica ted  t h e  i n t e r p r e t a t i o n  

of t h e  s p e c t r a  o b t a i n e d .  The i r r e s o l v e d  quadrupo le  s p l i t  

spect rum f o r  Te02 over lapped  t h a t  of any decomposi t ion  p r o d u c t s  

formed i n  t h e  n u c l e a r  t r a n s f o r m a t i o n .  The a- 1 2 9 m ~ e ~ 3  spect rum 

shown i n  F i g u r e  26 ( a )  was measured f o r  a  sample p r e p a r e d  

doubly l a b e l l e d  w i t h  1 2 9 ~ e  and 129mTe . The spect rum shown 

by t h e  dashed l i n e  i n  t h e  f i g u r e  r e p r e s e n t s  t h e  spect rum 

f o r  t h e  12 'Te- label led  sample where t h e  spect rum was measured 

f o r  a s h o r t  t i m e  immedia te ly  f o l l o w i n g  t h e  s o u r c e  p r e p a r a t i o n .  

The s o u r c e  was t h e n  a l lowed t o  s t a n d  w h i l e  a  new p o p u l a t i o n  

o f  1 2 ' ~ e  s p e c i e s  was produced th rough  t h e  i s o m e r i c  t r a n s i t i o n  

decay i n  t h e  sample.  The e m i s s i o n  spect rum was t h e n  re- 

measured and t h e  r e s u l t  i s  shown i n  F i g u r e  2 6 ( a ) .  The l * ' ~ e  

and 1 2 9 m ~ e  s p e c t r a ,  normal i sed  i n  p e r  c e n t  a b s o r p t i o n  s o  t h a t  

t h e y  may be d i r e c t l y  compared, p r o v i d e  some e v i d e n c e  t h a t  a 

s m a l l  amount of  molecu la r  d i s r u p t i o n  o c c u r r e d  i n  a- 1 2 9 m ~ e ~ 3  

and t h a t  a  Te ( I V )  f ragment  was produced.  The spect rum f o r  

r e a c t o r  i r r a d i a t e d  a-TeO was a l s o  s t u d i e d ,  b u t  because  of  3 

t h e  u n c e r t a i n t y  r a i s e d  by t h e  sometimes l a r g e  amounts o f  

contaminant  Te02 p r e s e n t ,  t h e  r e s u l t s  of  t h e s e  exper iments  

a r e  n o t  r e p o r t e d  h e r e .  

The spect rum obse rved  f o r  1 2 9 m ~ e 2 ~ 5  ( F i g u r e  26 ( b )  

was i d e n t i c a l  t o  t h a t  r e p o r t e d  by P a s t e r n a k  [1921 for  129Te- 

l a b e l l e d  Te205. The spect rum i s  i n t e r p r e t e d  a s  showing 
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Figure 26 MGssbauer Emission Spectra Measured at 20•‹K. 
For N ~ ~ ~ ~ I  Absorber vs. (a) a - 1 2 9 m ~ e 0 ~  Source and 
(b) 1 2 9 m ~ e 2 0 5  Source. 



T e 2 0 5  t o  be  a  s t o i c h i o m e t r i c  mix ture  of  TeO and T e 0 2 ,  a s  3  

was i n d i c a t e d  by t h e  chemical  p r o p e r t i e s  of t h i s  m a t e r i a l .  [ 2 0 2 1  

NO a t t emp t  was made t o  s t udy  t h i s  compound any f u r t h e r .  

Because of  t h e  d i f f i c u l t y  i n  p r e p a r i n g  pure  a-TeO 
3  

samples ,  8-TeO was p repared  and t h e  chemical  e f f e c t s  of  3  

i somer i c  t r a n s i t i o n  and the rmal  neu t ron  c a p t u r e  i n v e s t i g a t e d  

i n  t h i s  compound. The p r e p a r a t i o n  of  B-TeO t a k e s  up t o  24 3  

h o u r s f a n d  t h u s  t h e  ' * ' ~e - l abe l l ed  compound cou ld  n o t  be  

s t u d i e d .  The samples of  8-Te03 i n v e s t i g a t e d  i n  t h i s  work 

were shown by I.R. spec t ro scopy ,  x-ray powder photography,  

and by 1 2 5 ~ e  a b s o r p t i o n  spec t roscopy  (see F igu re  10 ( c )  ) t o  

be  pure  8-Te03. The '*'I emiss ion  s p e c t r a  observed f o r  t h i s  

compound, however, were most confus ing  t o  i n t e r p r e t .  

The emiss ion  spectrum f o r  t h e  1 2 9 m ~ e - l a b e l l e d  sample,  

i l l u s t r a t e d  i n  F igure  2 7 ( a ) ,  shows t h e  presence  of  two 1 2 g I  

s p e c i e s ,  bo th  g i v i n g  s i n g l e ,  narrow emiss ion  l i n e s ,  b u t  w i th  

ve ry  d i f f e r e n t  isomer s h i f t s  and t h u s  having q u i t e  d i f f e r e n t  

s - e l e c t r o n  d e n s i t i e s  a t  t h e i r  r e s p e c t i v e  n u c l e i .  The spectrum 

paramete rs  f o r  t h e s e  emiss ion  l i n e s  a r e  a s  shown below. 

The isomer s h i f t  and narrow l i n e  width  f o r  Spec i e s  I 

shows t h e  p resence  of  a  1 2 ' ~ e  ( V I )  compound which has  n e a r l y  

rexpt (mm. s e c  .-'I 

1.32 k.05 

1.61k.14 

Spec i e s  I 

Spec ies  I1 

PER CENT 
ABUNDANCE 

68 

32 

6 (mm. sec .-l) 

-3.05k.03 

+7.50 k.05 
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+10.0 +5.0 0 -5.0 -10.0 

SOURCE VELOCITY mm.sec.-' 

F i g u r e  27 '*'I ?46s b a u e r  s m i s s i o n  S p e c t r a  Measured a t  80•‹K. 
For  Na12$I Absorber  v s .  ( a )  ~ - 1 2 9 m ~ e 0 ~  Source and 
(b)  ( n ,  y) 1 2 9 ~ e  Source. 



p e r f e c t  o c t a h e d r a l  symmetry. Th is  s u p p o r t s  t h e  p roposa l  

o f  Er ickson and Maddock t h a t  D-TeOj h a s  a  ReOj-type s t r u c t u r e ,  

w i t h  t h e  t e l l u r i u m  o c t a h e d r a l l y  surrounded by s i x  oxygen 
[ 2 0 7 1  

l i g a n d s .  Spec ies  I1 i n  t h i s  spect rum,  however, cou ld  n o t  be  

i d e n t i f i e d  a s  any known i o d i n e  o r  t e l l u r i u m  compound, and 

t h e  12'1 isomer s h i f t  f o r  t h i s  compound has  an i n c r e d i b l y  

h igh  va lue .  The cor responding  t e l l u r i u m  p a r e n t  was n o t  

observed i n  t h e  1 2 5 ~ e  a b s o r p t i o n  spect rum,  and it i s  tempt ing 

t o  conclude t h a t  Spec ies  I1 w a s  t h e  p roduc t  of t h e  i somer i c  

t r a n s i t i o n .  However, t h i s  f i n d i n g  i s  t o t a l l y  d i f f e r e n t  from 

t h a t  a s c r i b e d  t o  t h e  chemical  e f f e c t s  of  t h e  n u c l e a r  t r ans form-  

a t i o n  i n  t h e  o t h e r  Te(V1) compounds, and t h i s  i n t r o d u c e s  some 

doubt  t h a t  t h i s  i n t e r p r e t a t i o n  i s  t h e  c o r r e c t  one. 

Whether t h e  t e l l u r i u m  p a r e n t  of Spec ies  I1 o r i g i n a t e d  

i n  t h e  i somer i c  t r a n s i t i o n  o r  was p r e s e n t  a s  an impur i t y  i n  

t h e  6-Te03 s o l i d ,  t h e  12'1 isomer s h i f t  i d e n t i f i e s  it a s  a 

most p e c u l i a r  molecule ,  having by f a r  t h e  l a r g e s t  isomer 

s h i f t  of  any i o d i n e  compound r e p o r t e d .  

The 12'1 spect rum of neu t ron  i r r a d i a t e d  6-TeOj w a s  

even more complex (F igu re  2 7 ( b ) ) .  Here,  i n  a d d i t i o n  t o  t h e  

two l i n e s  observed i n  t h e  129m~e-spect rum,  a  t h i r d ,  quadrupole  

s p l i t  component was found t o  be  p r e s e n t ,  and t h i s  presumably 

d e r i v e d  from an (n ,y )  r e c o i l  p roduc t .  The isomer s h i f t  and 

quadrupole  s p l i t t i n g  of  t h i s  molecule was very  d i f f e r e n t  from 

t h a t  of T e 0 2  o r  t h e  decomposi t ion p roduc t  i n  H6Te06. 
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Thus, the B-TeOj spectra presented here could not 

be interpreted in detail. The possible presence of impurities 

in the samples, together with the very unusual nature of the 

iodine products observed, place some doubt on the meaning 

of the results. The experiments have been described here 

because the spectra showed the presence of a novel iodine 

compound, although it is not clear that the tellurium parent 

was born in the preceding nuclear transformations. 

Tellurium (IV) Compounds - and Elemental Tellurium 

The 12'1 emission spectra for 129m~e-labelled H2Te03, 

tetragonal Te02, (NH4)2TeC16, and elemental tellurium are 

shown in Figures 28(a-d). A comparison of Figures 28(a-d) 

with Figures 19 and 20 shows that in each case the 12'~e and 

129mTe spectra were identical, except for the obvious decrease 

in the per cent absorptions due to the much higher background 

radiation in the latter samples. It is concluded that chemical 

effects of internal conversion accompanying the isomeric 

transition decay were not observed in any of these source 

compounds. 

In addition to the above investigations, tetragonal 

TeO was studied following the reaction sequences 1 2 * ~ e  (n,y) 
2 

I.T. 
129~e and 128~e(n,y) 129mTe + 12'~e, and in each instance 

the spectra were again identical to the 12'~e spectra. 

Neutron irradiation studies were not carried out on H2Te0 3 

because of the chemical instability of this compound. 



+15.0 +5.0 0 -5.0 --15.0 +10.0 +5.0 0 -5.0 -10.0 

(a) SOURCE VELOCITY r n r n . s e ~ : - ~  (C SOURCE VELOCIN rnrn.sec,-' 

+10.0 +5.0 0 -5.0 -10.0 

( d )  SOURCE VELOCITY rnrn.sec.-' 

Figure 18 I L Y 1  :72ssbau~r I _-sion Spectra Measured at 80•‹K. 
For .:n129~ Absorber vs. (a) 1 3 ~ ~ 2 9 ~ ~ e 0 ~  Source 
(L) T craqonal 129m~eo2 Source (c) ( N H ~ )  2 129m~e~16 

?OI, : : ( .~ and (d) Elenental Tellurium Source. 
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Samples of elemental tellurium, as obtained from Oak 

Ridse, were also investigated following neutron irradiation 

to give 12'~e and 129r'~e labelled sources. These sources 

also gave identical spectra to the 12'~e sources prepared by 

precipitation from solution. Furthernore, melting the 

129m~e sources and allowing the molten metal to crystallise 

gave samples which again yielded the same 12'1 spectrum. 1t 

is concluded, therefore, that in elemental tellurium, in the 

several different forms in which samples were prepared, 

chemical effects of either the isomeric transition or ( n , y )  

reaction were not observed. Moreover, the nuclei were 

formed in identical lattice environments in each of these 

tellurium samples, and thus no phase effects were observed in 

any of the differently prepared samples. 

5. Discussion - of Xesults 

In the pure Te(V1) compounds, nonoclinic H6Te06 and 

(H2Te04)n, molecular fraqmentation was observed to accompany 

the nuclear transformation in a significant fraction of 

events with the production of a sin~le decomposition product 

in each instance. This decomposition product was character- 

2 
ised by its 6 and e q Q  values as a Te(1V) ion, and the 

apparent absence of an asymmetry parameter, n, suggests that 
2- + 

the fragment nay have been the Te03 ion or Te (OH) complex 

ion. 
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The isomeric transition decay in Na2 1 2 9 m ~ e ~  did no t  4 

prcduce any ~eaqurable decorposition, although the (n, y) 

reaction in K TeO did result in bond rupture in some events, 2 4 

again with the forrtation of a Te (IV) ion. The picture for 

- a-Te03, Te205, and --,SO was a complicated one and for the 
3 

purposes of the 2rcsent discussion it will suffice to say that 

there was some tentative evidence for molecular decomposition 

accompanying the isomeric transition in a small fraction of 

events in s-TeO,. 
-I 

The experimental results clearly showed that in 

H2Te0 Te02, (2dE4) 2TeC1 and elemental tellurium, chemical 
3 ' 6 ' 

effects of the decay of 129m~e were not observed, and that 

the (n,y) reaction in TeO and elemental tellurium did not 2 

give rise to any associated chemical effects. The Auger 

charging accompanying the decay of lZgm~e did not lead to the 

stabilisation of hiqher oxidation states in the Te(1V) compounds. 

Returning to the case of H TeO the chemical effects 6 6' 

of the nuclear transformation in this compound were exceedingly 

simple. A large number of chemical products was not observed. 

Only one decomposition product was formed, and this may well 

2- 
have been the stable TeO 

3 
ion. Moreover, this same decom- 

position pro2uct was formed both following the Auger charging 

in the isomeric transition, and following kinetic recoil in 

the (n,y) reaction. The per cent decomposition accompanying 

the (n,y) reaction appeared to be slightly greater than that 

following the isomeric transition process. 
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I t  i s  a p p a r e n t  t h a t  Auger c h a r g i n g  d i d  n o t  lead t o  

 he s t a b i l i s a t i o n  of a  spect rum o f  h i g h  c h a r g e  s t a t e s  on t h e  

t e l l u r i u m .  I loreover ,  t h e r e  was no ev idence  of  a  molecu la r  

e x p l o s i o n .  Chemicai bgna r u p t u r e  l e d  t o  t h e  fo rmat ion  o f  

o n l y  one s t a b l e  r e c o i l  p r o d u c t ,  which i n  f a c t ,  c o n t a i n e d  

t e l l u r i u m  i n  a  lower o x i d a t i o n  s t a t e  t h a n  i n  t h e  p a r e n t  

molecule .  

I n  t h e  ! n , y )  r e a c t i o n ,  t h e  t e l l u r i u m  atoms a c q u i r e  a 

spect rum of r e c o i l  k i n e t i c  e n e r g i e s .  The d i f f e r e n t  k i n e t i c  

e n e r g i e s ,  t o g e t h e r  w i t h  t h e  d i f f e r e n t  i n i t i a l  t r a j e c t o r i e s  

of  t h e  r e c o i l  atom w i t h  r e s p e c t  t o  t h e  bond axes  might  have 

been expec ted  t o  produce a  v a r i e t y  o f  d i f f e r e n t l y  bonded 

t e l l u r i u m  atoms. However, a g a i n  t h i s  was n o t  obse rved ,  and 

t h e  r e c o i l  atoms were s t a b i l i s e d  i n  e i t h e r  t h e  p a r e n t  molecu la r  

form o r  a s  t h e  s i n g l e  Te(1Vj decomposi t ion  p r o d u c t .  

The above f e a t u r e s  of  t h e  n u c l e a r  t r a n s f o r m a t i o n s  
[ 5 5 1  

appear  t o  co r respond  more c l o s e l y  t o  Wal ton ' s  model f o r  t h e  

d i s s i p a t i o n  of e l e c t r o n i c  e x c i t a t i o n  o r  r e c o i l  e n e r g y ,  r a t h e r  
[ 4 9 , 5 0 1  

t h a n  t o  t h e  d i s o r d e r  model of  ~ c l l e r  o r  t o  t h e  hot -zone  model 
[ 4 6 1  

of  H a r b o t t l e  and S u t i n .  The chemical  p r o d u c t s  obse rved  

f o l l o w i n g  t h e  t r a n s f o r m a t i o n s  i n  b o t h  i n s t a n c e s  appear  t o  b e  

governed more by t h e  b a s i c  chemical  bonding and s t r u c t u r e  

p r o p e r t i e s  of  t e l l u r i u m  r a t h e r  t h a n  by t h e  d e p o s i t i o n  of  

e x c e s s i v e  amounts of  ene rgy  i n  t h e  r e c o i l  s i t e .  

There i s  some ev idence  t h a t  t h e  a b i l i t y  o f  t h e  l a t t i c e  

t o  d i s s i p a t e  t h e  e x c i t a t i o n  energy  g e n e r a t e d  i n  t h e  i s o m e r i c  



transition decay was an important factor. Thus, molecular 

fragmentation in H 
6 
1 2 9 m ~ e ~ 6 ,  in which the molecules are held .. 

t 

together only by hydrogen bonding, was greater than in 

(H2 
129mTe9 , 

4'n' 
Furthermore, decomposition in (H 

2 129m~e04) , 
in which relatively small polymeric units are present, was 

greater than in Na 
2 
129m~e04 in which the tellurium is present 

in the polyrceric octahedrally co-ordinated lattice. Thus, 

the more polymeric the host lattice, the less molecular 

decomposition that was observed. 

The present study allowed a comparison of the 

decomposition accompanying the nuclear transformations in 

telluric acid with normal thermal decomposition. In the latter 

case, telluric acid first polymerises, then loses H20 with 

the formation of polymeric TeO and finally eliminates 0 3 ' 
to give Te02, as shown below. 

+ TeO 3 

In the nuclear transformation in H Te06 there was no 6 

evidence for the formation of the polymer (H2 1 2 9 ~ e ~ 4 ) n  or 

129, leO which would give a single line in the ~Gssbauer 3 ' 
spectrum overlapping the quadrupole split spectrum of mono- 

clinic H6Te0 6 ' 
Also, the observed decomposition product 

had an isomer shift and asymmetry parameter significantly 

different from those of Te02. The molecular decomposition 

following the nuclear transformation differs significantly 

from that of thermal decomposition. 



The above results show some similar trends to the 

results of severai experiments reported in the literature. 

Thus, Jung and Triftshauser, [I251 studying the chemical forms 

of 1 2 5 ~ e  produced followinq the electron capture decay of 

1 2 5 ~ ,  observed in Na 2 -  
2 1 2 5 ~ ~ q  the formation of Te04 and 

2- Te03 (or Te03). In the present work there was no evidence 

whatever for the stabilisation of higher oxidation states in 

H2Te0 or Te02. 
3 

The previous work on the 125mTe + 1 2 5 ~ e  isomeric 

transition in H TeO and Na2H4Te06 indicated the presence of 6 6 

a broad asymmetric emission line interpreted as evidence of 

molecular fragmentation. '18'] However, a detailed account 

of that work has yet to appear. The present work allowed 

a much more detailed study of the processes occurring than was 
[l24-l2€ , 1871  

possible with the broad irresolved 1 2 5 ~ e  spectra. 

D. Thermal Annealing studies 

1. Experimental Results 

The study of thermal annealing effects in telluric 

acid provided further concrete evidence of the occurrence of 

molecular decomposition accompanying both the isomeric 

transition and the (n,y) reaction. In describing these 

experiments it must be emphasised that in the 129mTe + 12'~e 

isomeric transition, the daughter 12'~e atoms exist in radio- 

active equilibrium with the parent 129m~e atoms and that 
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e q u i l i b r i u m  i s  r e a c h e s  i n  a b o u t  8  h o u r s .  T h i s  r a d i o a c t i v e  

c q u i l i b r i ~ r ~ L  perriAts t h ~  s t u d y  of t h e  e f f e c t  o f  t e m p e r a t u r e  

on t h e  chemica l  p r o d u c t s  formed i n  t h e  i s o m e r i c  t r a n s i t i o n .  

Thus on a l l o w i n g  a  sample o f  H 129mTe0 
6 6 t o  r e a c h  

r a d i o a c t i v e  e q u i l i b r i u n  a t  373OK., t h e n  c o o l i n g  t h e  sample t o  

l i q u i d  n i t r o g e n  t e m p e r a t u r e  and immedia t e ly  r e c o r d i n g  t h e  

~ G s s b a u e r  spec t ru r r  f o r  a s h o r t  c o u n t i n g  p e r i o d  ( - 4 0  m i n . ) ,  

t h e  chemica l  e f f e c t s  o f  t h e  i s o m e r i c  t r a n s i t i o n  a t  373OK. 

were o b s e r v e d .  A s p e c t r u n  o b s e r v e d  i n  t h i s  way i s  shown i n  

F i g u r e  29 ,  where i t  i s  compared w i t h  t h e  e m i s s i o n  s p e c t r u m  

f o r  t h e  same H6 1 2 9 m ~ e ~ 6  sample i n  which r a d i o a c t i v e  e q u i l i b r i u m  

was r e a c h e d  a t  80•‹K. 

I n  a n o t h e r  e x p e r i n e n t  ( F i g u r e  30)  , a  d i f f e r e n t  sample  

o f  H6 1 2 9 m ~ e ~  was a l l o w e d  t o  r e a c h  e q u i l i b r i u m  a t  room temper-  6 

a t u r e .  The sample was t h e n  h e a t e d  f o r  2 h o u r s  a t  3 4 3 ' ~ .  (and  

373OK. ) and t h e  ~ 1 6 s s b a u e r  s p e c t r u m  t h e n  immedia t e ly  r e c o r d e d  

f o r  a 40 minu te  c o u n t i n g  p e r i o d  a t  80•‹K. The s p e c t r a  were 

a l s o  t a k e n  o f  t h i s  sample f o l l o w i n g  e q u i l i b r a t i o n  a t  room 

t e m p e r a t u r e  b o t h  b e f o r e  and a f t e r  t h e  a n n e a l i n g  e x p e r i m e n t s .  

The d i s t r i b u t i o n s  o f  1 2 ' ~ e  ( I V )  and  1 2 ' ~ e  ( V I )  measured  

i n  t h e s e  e x p e r i m e n t s  a r e  g i v e n  i n  T a b l e  X I .  Of t h e  1 2 9 ~ e  

atoms d e c a y i n g  t o  p o p u l a t e  t h e  i G s s b a u e r  l e v e l  i n  1 2 9 ~  d u r i n g  

t h e  above 40 minu te  c o u n t i n g  p e r i o d s ,  ca .  80 p e r  c e n t  w e r e  

r e p r e s e n t a t i v e  o f  t h e  atoms which had undergone  t h e  a n n e a l i n g  

p r o c e s s .  

O b v i o u s l y ,  i n  s u c h  e x p e r i m e n t s  t h e  c o u n t i n g  p e r i o d  had  

t o  b e  k e p t  v e r y  s h o r t ,  and  a s  a  consequence  t h e  s p e c t r a  



SOURCE VELOCITY mm.sec? 

(b ) 

Figure 

SOURCE VELOCITY mm.sec? 

29 1 2 9 ~  ~Gssbauer Emission Spectra Measured at 80'~. 
For a N ~ ~ ~ ~ I  Absorber vs. ~ ~ 1 2 9 m ~ e 0  Source Where 
the 1 2 9 ~ e  Atoms Were Produced at (a? 80•‹K. and 
(b) 373OK. 





TABLE XI 

THERXAI, _RNI' jFALIXG O F  TELLURIUFI R E C O I L  FRAGMENTS 

I N  T E L L U R I C  A C I D  

SAYPLE S T U D I E S  /I2'Te (VI I 1 2 9 ~ ~ ( ~ ~ ) %  

Equilibrium at 373OK. I 8423 ! 16t3 
I 

i 
Equilibrium at 298OK. [ 5153 1 49+3 

1 51+3 
I 

~quilibriun at 80•‹K. ! I 49 +3 
I 1 

Equilibrium at 10•‹K. I 44t3 
I 

Heated at 373OK., 2 Yours 74+3 i j b 3  
26+3 

Heated at 343OK., 2 I J o c v -  
1 

I 
66+3 I 3413 

-- --_I-- .+-- 
I 

Heated at 373OK. for 10 
minutes following the 
irradiation i 7 1 ~ 3  

I 

Irradiated at 343OK. I 41t3 

Irradiated at 195'K. 1 
! 6623 

i 
I + - 
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o b t a i n e d  o f t e n  had poor s t a t i s t i c s .  1 J e v e r t h e l e s s ,  a s  caa. be 

s e e n  from F i g u r e s  2 9  and 3 0 ,  a n n e a l i n g  r e a c t i o n s  were c l e a r l y  

obse rved  between 2 Y 8 " K .  and 3 7 3 " K . ,  l e a d i n g  t o  a decrease in 

,311 of  t h e  l i n e s  of t h e  quadrupo le  s p l i t  spect rum i n  t h e  

're ( T ' J )  f r a c t i o n ,  and an i n c r e a s e  i n  t h e  Te ( V I )  f r a c t i o n .  No 

a n n e a l i n g  was obse rved  between 10•‹K. and room t e m p e r a t u r e .  

A l l  o f  t h e  exper iments  of  F i g u r e  30 were performed 

129m on one s a n p l e  of H6 TeOC Fol lowing an a n n e a l i n g  s t u d y  a t  

one t e m p e r a t u r e ,  t h e  sample was a l lowed t o  r e a c h  r a d i o a c t i v e  

e q u i l i b r i u m  a t  room t e m p e r a t u r e  and was t h e n  h e a t e d  a t  t h e  

new a n n e a l i n g  t e m p e r a t u r e  and t.he ~ 1 6 s s b a u e r  spect rum a g a i n  

recorded .  I t  was found that c y c l e s  o f  a n n e a l i n g  c a r r i e d  o u t  

i n  t h i s  way gave q u i t e  r e p ~ o d u c i b l e   result.^, and t h e  sample 

gave no ev idence  of  macroscopic  decomposi t ion  d u r i n g  t h e s e  

exper iments .  Moreover,  f o l l o w i n g  t h e  h e a t i n g  a t  373•‹K.  and 

i m e d i a t e l y  r e c o r d i n s  t h e  flGssbauer spect rum f o r  40  m i n u t e s ,  

t h e  sample was n a i n t a i n e d  a t  l i q u i d  n i t r o q e n  t e m p e r a t u r e  and 

s p e c t r a  r e c o r d e d  f o r  one hour  c o u n t i n g  p e r i o d s  e v e r y  hour .  

I t  was obse rved  t h a t  t h e  1 2 ' ~ e  (IV) f r a c t i o n  reappeared  i n  

t h e  s p e c t r a ,  and t h i s  " regrowth"  was c h a r a c t e r i s e d  by t h e  

6 9  minute  h a l f - l i f e  of  t h e  12''I'e d a u q h t e r .  T h i s  p rov ided  

i r r e f u t a b l e  ev idence  t h a t  t h e  T e ( 1 V )  f ragment  was a p r o d u c t  

of molecu la r  decomposition accompanying t h e  i s o m e r i c  t r a n s i t i o n .  

I t  was i m p o r t a n t  t o  e s t a b l i s h  whether  t h e  s p e c t r a  of 

F i g u r e s  29 and 30 were e v i d e n c e  of a  t e m p e r a t u r e  dependence 

of  t h e  i so rce r i c  t r a n s i t i o n  p r o c e s s  i t s e l f ,  o r  whether  t h e y  

r e p r e s e n t e d  an a n n e a l i n g  r e a c t i o n  i n  which s t a b l e  ~ e ( 1 V )  



f r a g m e n t s  formed ln t h e  c r y s t a l  l r i  t h e  decay  e v e n t  w e r e  

~ ~ L a ~ q t i ~ ~ i t l ~  a r ~ n e & l l r l ~  'LG yitl: Tc ;;;I) m o i e i i l l t ; ~ .  A n  

c x ~ e r i m e n t  was t h e r e f o r e  c a r r i e d  o u t  i n  which  t h e  s ample  was 

a l l o w e d  t o  r e a c h  t r a n s i e n t  e q u i l i b r i u m  a t  room t e m p e r a t u r e  

o v e r  an  b h o u r  p e r i o d  and was t h e n  h e a t e d  a t  3 7 3 O K .  f o r  1 5  

m i n u t e s .  The s p e c t r u n  was t h e n  i m m e d i a t e l y  r e c o r d e d  a t  

l i q u i d  N t e m p e r a t u r e .  The s p e c t r u m  o b t a i n e d  was v e r y  s i m i l a r  2 

t o  t h a t  f o r  a  s ample  a l l o w e d  t o  r e a c h  t r a n s i e n t  e q u i l i b r i u m  

a t  353'K. Thls i s  ~ n t e r p r e t e c i  ds e v i d e n c e  t h a t  t h e  p r o c e s s  

o c c u r r i n g  was a  c h e r $ i c a l  r e a c t i o n  i n v o l v i n g  s t a b i l i s e d  Te ( I V )  

f r a g m e n t s  i n  t h e  c r y s t a l  m d  tr 'at  t h e r e  was no t e m p e r a t u r e  

dependence  o f  t h e  i s o w : r ~ c  t r m s i t i o n  p z o c e s s  i t s e l f .  

S i m i l a r  e x p e r i m e n t s  t o  t h e  above  were c a r r i e d  o u t  on 

n e u t r o n  i r r a d i a t e d  s a r rp i e s  cf t e l l u r i c  a c i d .  I n  F i g u r e  3 1  

a r e  shown s p e c t r a  f o r  s amFles  which were n e u t r o n  i r r a d i a t e d  

a t  s o l i d  C 0 2  t e m p e r a t u r e , 3 4 3 ' K . ,  and  f o r  a  s ample  h e a t e d  a t  

3 7 3 O K .  f o r  10 m i n u t e s  i m e d i a t e l y  f c l l o w i n g  t h e  i r r a d i a t i o n  

p r i o r  t o  r e c o r d i n g  t h e  s p e c t r u m .  The d i s t r i b u t i o n s  o f  12',e ( I V )  

and  12'Te(v1) r e c o i l  f r a g m e n t s  measured  i n  t h e s e  s p e c t r a  a r e  

g i v e n  i n  T a b l e  X I .  These  e x p e r i m e n t s  c l e a r l y  show t h a t  

i r r a d i a t i o n  a t343OK.  and  a n n e a l i n g  a t 3 7 3 O ~ .  b o t h  r e s u l t e d  i n  

a  l o w e r  12'Te ( I V )  f r a c t i o n  t h a n  i r r a d i a t i o n  a t  s o l i d  C 0 2  

t e m p e r a t u r e .  A c h e m i c a l  r e a c t i o n  o c c u r r e d  a t  e l e v a t e d  

t e m p e r a t u r e s  l e a d i n g  t o  a  d e c r e a s e  i n  t h e  1 2 ' ~ e  ( I V )  f r a c t i o n  

and a n  i n c r e a s e  i n  t h e  12',e ( V I )  f r a c t i o n .  
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Other source compounds in which thermal annealing 

was investigated included (H2 129m~e~4) and a- 129m~e03. 

However, no evidence was observed of thermal annealing 

processes occurring in these matricies, even at temperatures 
g 

1 as high as 160•‹C. in (H2Te04), and 300•‹C. in a-Te03. 

& 5 
B 

2. Discussion of Results - 

The same annealing reaction was observed both following 

isomeric transition and following the (n,y) reaction in 

telluric acid. In the former case it was clearly shown that 

the annealing reaction was not dependent in any way on the 

previous thermal history of the sample. 

All of the above annealing reactions were characterised 

by the same property; they led to the conversion of the 

Te(1V) fragment into the Te(V1) form in a single-step reaction 

in which no intermediate products were observed. Thus the 

reaction was not a sequential process and did not involve 

the step-wise addition of several oxygen atoms to the Te(IV) 

fragment. In the annealing reaction there was a very 

fundamental change in the nature of the bonding to the 

tellurium. In the Te(1V) fragment, the tellurium was bonded 

by pure p-bonds to the oxygens, while in the Te (VI) form the 

tellurium was employing sp3d2 hybrid orbitals. 

One is left to conjecture as to the mechanism of the 

annealing reaction which occurs. A simple oxidation of the 

Te (IV) species may occur as: 



I However, it is difficult to see how, in the telluric acid 

I matrix, this could lead to a six or four co-ordinate tellurium 

I which would yield a very small quadrupole splitting on decay 

I .  On the basis of the known propensity of telluric acid 

to polymerise on heating, a quite plausable reaction path 

might be 

(adjacent molecules) 

Such a reaction may occur within the unusual environment of the 

I recoil site at temperatures considerably below that at which 

I polymerisation normally occurs. However, if (H2Te04)sA was 

the product of annealing, the lZ91 emission spectrum of the 
I 

Te(V1) species in the lattice would be a combination of the 

I quadrupole split spectrum of mcnoclinic H6 12'~eo6, and the 

I single line of the polymer. Although the somewhat poor 

resolution of the spectra in the annealing experiments does 

not necessarily mean that (H2 12'~eo4) was not present, 

perfectly acceptable and reproducible fits to these spectra 
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were o b t a i n e d  i f  o n l y  t h e  p resence  of  monoc l in ic  H 6129~e06 

and ' * ' ~ e  (IV) were a s s u r e d .  

Another  p o s s i b l e  e x p l a n a t i o n  of  t h e  a n n e a l i n g  r e a c t i o n  
[ 5 5 1  

i s  p rov ided  by Wal ton ' s  p o s t u l a t e d  e x p l a n a t i o n  of bond- 

r u p t u r e  and subsequen t  a n n e a l i n g .  I n  t h e  n u c l e a r  t r ans fo rm-  

a t i o n  t h e  t e l l u r i u n  may b r e a k  t h r e e  of  i t s  Te-OH bonds ,  

remaining bonded t o  t h e  o t h e r  t h r e e .  The f r e e  -OH groups  

produced may remain a t  t h e i r  o r i g i n a l  l a t t i c e  s i t es  because  

of  t h e  hydrogen bonding t o  a d j a c e n t  -OH groups .  T h i s  may be 

d i a g r a r n a t i c a l l y  r e p r e s e n t e d  a s  below: 

( I V )  , pure  p ( 9 0 • ‹  
bonds)  

The a n n e a l i n g  p r o c e s s  may t h e n  i n v o l v e  t h e  o x i d a t i o n  o f  

t h e  t e l l u r i u m  back t o  T e ( V I ) ,  w i t h  t h e  r e f o r m a t i o n  o f  t h e  o r i g i n a l ,  

o c t a h e d r a l l y  d i s p o s e d  -OH bonds i n  a  s i n g l e - s t e p  p r o c e s s .  The 

s u r r o u n d i n g  l a t t i c e  t h e n  s e r v e s  t o  c o n s t r a i n  t h e  p o s i t i o n s  of 

t h e  i n i t i a l l y  bonded p a r t n e r s ,  and a l l o w s  f o r  t h e  subsequen t  

r e f o r m a t i o n  of  t h e  p a r e n t  molecule  i n  a  normal l a t t i c e  s i t e  i n  

t h e  monoc l in ic  l a t t i c e .  C e r t a i n l y  i n  t h e  a n n e a l i n g  s t u d i e s ,  t h e  
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p roduc t  o f  t h e  a n n e a l i n g  r e a c t i o n s  appeared t o  y i e l d  an 129= 

Mossbauer spect rum w i t h  a  s m a l l  quadrupo le  s p l i t t i n g  character -  

i s t i c  o f  t h e  monoc l in ic  l a t t i ce .  

The above model emphasises  one o f  t h e  unusua l  f e a t u r e s  

o f  t h e  decomposi t ion  i n  t h e  i somer i c  t r a n s i t i o n  decay.  

Although t h e  Auger cha rg ing  p roce s s  might  be expec ted  t o  produce 

h i g h  charge  s tates on t h e  t e l l u r i u m ,  t h e  daughte r  atom i s  

s t a b i l i s e d  i n  a  reduced,  T e ( I V ) ,  s t a t e  f o l l owing  bond r u p t u r e .  

The e x c i t a t i o n  i n  t h e  decay l e a d s  t o  decomposi t ion  of  t h e  

molecule ,  and subsequen t  rearrangement  and r e l a x a t i o n  p r o c e s s e s  

reduce  t h e  daugh t e r  atom t o  t h e  ( I V )  s t a t e .  The decomposi t ion  

p roduc t ,  i n  f a c t ,  a c t s  a s  an e l e c t r o n  t r a p  i n  t h e  c r y s t a l .  

On h e a t i n g ,  t h e  r e c o i l  atom i s  o x i d i s e d  back t o  t h e  T e ( V 1 )  

s t a t e  and t h i s  may cor respond  s imply  t o  t h e  the rmal  i o n i s a t i o n  

o f  t h e  d e f e c t  l a t t i c e  s i t e .  I n  t h e  ( I V )  s t a t e ,  t h e  t e l l u r i u m  

has  2 non-bonding e l e c t r o n s  i n  t h e  5s  o r b i t a l  and t h u s  employs 

t h e  empty 5p o r b i t a l s  i n  bonding t o  t h e  oxygens. On o x i d a t i o n ,  

t h e  5 s2  e l e c t r o n s  a r e  

now be formed t o  bond 

groups .  

The r e d u c t i o n  

l o s t  and spd-type hyb r id  o r b i t a l s  can 

o c t a h e d r a l l y  t o  t h e  su r round ing  l i g a n d  

i n  charge  s t a t e  f o l l owing  t h e  Auger 

cascade  i s  n o t  p e c u l i a r  t o  t h i s  sys tem and ha s  p r e v i o u s l y  

been observed i n  Mossbauer s t u d i e s  f o r  5 7 ~ e ,  [153,1711 

1 1 9 s n ,  [178-1811 and 1 2 5 ~ e .  L124f1251 I n  a l l  of  t h e s e  systems 

t h e  decomposi t ion  p roduc t  formed a c t s  a s  an e f f e c t i v e  

e l e c t r o n  t r a p .  
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E. A Comparison With Radiochemical Results 

A number of direct comparisons can be made between 

the results of the ~6ssbauer study reported above and radio- 

chemical results of the previous chapter. In Table XI1 the 

main features of the ~Essbauer and radiochemical results are 

briefly cornpared for both tellurium and iodine recoil atoms 

in telluric acid. 

Considering first the results for tellurium recoil 

atoms, the radiochemical investigations provided only a 

simple description of the labelled products, observed following 

dissolution, in terms of the 12'~e (VI) and 12"Te (IV) oxidation 

states. The MGssbauer study, in contrast, allowed a more 

positive identification of the chemical form of the 

recoil atoms present in the solid. The latter method thus 

showed that the '*'~e ( V I )  fraction was the monoclinic telluric 

acid molecule in an apparently undisturbed lattice site, and 

that the 12'~e ( I V )  fraction consisted of a single tellurium 

species in which the molecules have axial symmetry and in 

which the tellurium is bonded to three -OH or -0 ligands with 

pure p-bonds. Moreover, where the radiochemical study showed 

only that similar Te(V1) and Te(1V) fragment distributions 

were formed following isomeric transition decay and following 

(n,y) activation, the 145ssbauer study clearly demonstrated 

tkat identical tellurium recoil fragments were produced in 

each transformation sequence. Nevertheless, it is apparent 

that, since the recoil product distribution in the solid 
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in each of the above cases was in fact extremely simple, the 

radiochemical study gave a fairly accurate description of 

the processes occurring. 

In examining the results of thermal annealing 

experiments in H 6 1 2 9 m ~ e ~ 6  , the radiochemical study showed 
only that the 12'~e (IV) fraction was in some way oxidised 

back into a '*'~e (VI) fraction, although the latter could not 

be positively identified as the parent telluric acid molecule. 

The Mossbauer work, however, clearly showed that the thermal 

annealing reaction was a single-step process in which the 

2- + TeO ion or Te (OH) complex ion was probably converted 
3 

back into a telluric acid molecule, again in an undisturbed 

monoclinic telluric acid lattice site. Noreover, it was 

found that the annealing process occurring in the reactor 

irradiated sample was exactly the same as in the 129mTe- 

labelled sample. 

The t4ossbauer studies of the thermal annealing 

reactions also confirmed that these processes were independent 

of the thermal history of the sample, as had been previously 

demonstrated in the radiochemical study. 

A quantitative comparison of the data obtained by 

the two techniques is not very meaningful, because the recoil- 

free fractions for the different tellurium products observed 

in the ~Gssbauer spectra may be different. However, it can 

be concluded that the results were in reasonable agreement. 

Turning now to the chemical effects of 5--decay in 
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the production of iodine recoil atoms in tellurium compounds, 

it 1s clear that the two methods of study provided quite 

different information. The MEssbauer experiments showed 

that following @--decay at liquid nitrogen or liquid helium 

temperatures in 12'~e-labelled telluric acid, the daughter 

12'1 remained bonded to the liqand -OH groups over a time 

long by comparison with the 16.8 nanosecond half-life of the 

Mgssbauer transition. In comparison, in 131~e-and 131mTe- 

labelled telluric acld allowed to undergo B--decay at 80•‹K., 

warmed to room temperature and dissolved up for radiochemical 

analysis, a spectrun of 131~-labelled chemical product; was 
- - - 

observed which included I, 103 , and 1O4 . The internal 

1 3 1 ~ e  and 13 lmTe conversion accompanying the decays in 

in some 18 per cent of events can not be the sole explanation 

for the observed product distribution. 

Such differences in the results of the two types of 

experiment are also found in other tellurium compounds. Thus 

in Te02, the radiochemical method of analysis has shown that 

the 
0- 131 l3''I'e (n, ) 131?2e + I transformation sequence [90,911 and 

132Te + '- 13*1 decay [ 89 I produces iodine recoil atoms in the 
- - 

three chemical forms of I-, 103 , and 1O4 . However, in 

129 
the present ll6ssbauer study the I atoms in Te02 were in 

only one lattice environment, that of the parent tellurium, 

following neutron irradiation, internal conversion, and B-- 

decay. 
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There are two possible explanations for the radio- 

chemical results, one bcinq that the radioiodine-labelled 

product initially formed in the tellurium compound decomposes 

in the lattice at room temperature, and the other that 

chemical reactions occur during or following dissolution 

which yield the observed product distribution. It is also 

possible that a combination of these two processes may occur. 

Looking again at the results for telluric acid, there is 

evidence to support the proposal that the H5106 molecule 

must decompose in the H 6 131~eo6 and H6 131m~eo6 lattice 

following the $--decay event. Thus, if the solid was heated 

before dissolution and analysis, the distribution of 
1311 

- - 
activity between the forms I-, 103 , and 104 subsequently 

observed in solution was found to change markedly. This then 

shows that the 1311-labelled fragment product in the solid 

must undergo a chemical or physical change in the solid 

on heating. 

In this instance it would be advantageous to be able 

to study the 
B - 129Te + 12'1 decay at, or near to, room 

temperature using the ~6ssbauer technique to see if in fact 

the H5106 molecule does fragment following the decay. 

Experiments were attempted in which the spectrum of H6 12'~eo6 

was recorded at 142OK. and 113"K., using slurries of n- 

pentane and isopentane with liquid nitrogen to maintain the 

source and absorber at these temperatures. unfortunately 

however, no measurable resonance absorption was observed in 

these experiments. 



In conclusion, it may be stated that ~ 6 s s b a u ~ ~  spec- 

troscopy provides a very powerful tool for studying recoil 

atoms produced by nuclear reactions or radioactive decay in 

solids. In the present investigation it allowed the 

identification of the primary chemical products of the nuclear 

transformations. For tellurium recoil atoms, the results 

obtained were very similar to those arrived at by the radio- 

chemical method of analysis. In the case of iodine recoil 

atoms, however, this was not so and it is apparent that the 

radiochemical studies in that case only provided a picture 

of the chemical product distribution resulting from secondary 

processes occurring in the crystal or in solution. 

The picture that emerges from the ~6ssbauer work is 

that simple ~ - - d e c a ~  does not result in observable molecular 

fragmentation. The Auger charging process accompanying the 

internally converted isomeric transition does lead to 

decomposition in a large fraction of events. This process 

in a solid lattice, however, does not lead to a wide spectrum 

of chemical products or to the stabilisation of high charge 

states on the daughter tellurium atom, in contrast with 

the results of gas phase experiments. 
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1 2 9 ~  :GSSDAUER SPECTROSCOPY AS A TOOL FOR STUDYING STRUCTURE 

I i J  TELLURIUM COMFOU?JDS 

Until recently, 1 2 5 ~ e  iq6ssbauer absorption spectro- 

scopy was the only direct means for obtaining quadrupole 

coupling values from which structural information on tellurium 

compounds could be obtained. This work and the earlier work 

of Pasternak [19 has shown, however, that detailed structural 

information can be obtained using 12' 1 emission spectroscopy 

in which 129~e-labelled tellurium compounds are used as 

~gssbauer sources and are measured against a standard single 

line 12' I absorber. 

Where there are no chemical effects associated with 
- 

the 5 -decay event which populates the Mgssbauer transition 

in 12'1 in the tellurium source compound, the emission spectrum 

provides information about the bonding to the iodine atom in 

a lattice environment iso-structural and iso-electronic with 

that of the parent telluriuq. Since the 12'1 emission spectra 

have larger isomer shifts and quadrupole coupling constants, 

and exhibit narrower line widths than the corresponding 125~e 

absorption spectra, the interpretation of the spectra should 

12gI 
be considerably easier. Moreover, the 8 lines in the 

quadrupole split spectrum allow the direct determination of 

the sign of the electrostatic field gradient and the determin- 

ation of the asynmetry parameter TI. These parameters provide 
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further information about bonding and structure in the tellurium 

compounds. 

To show the validity of using the 
129 

I emission spectra 

in studying the structure and bonding in tellurium compounds, 

we may first examine the ratio of the 1 2 5 ~ e  absorption and 

12'1 emission isomer shifts, 6(125~e)/ i ( 12'1). From this 

ratio it is possible to determine the ratio in the change in 

size of the nuclei in these two Mossbauer transitions. Ruby 

and Shenoy [ '**I  have ~easured the isomer shifts for a series 

of 125, Le and 12' I-labelled compounds using a standard absorption 

experigent. They found 0 (125~e),' L (12'1) to be 0.32, and 

the nuclear radius ratio, o ,  to be +0.31. However, Greenwood 

et al. -- L2161 were critical of their analysis since it relied 
on the measurement of 5 for tellurium and iodine compounds 

which in some instances were not iso-structural or iso-electronic. 

In the present work, the 1 2 5 ~ e  and 12'1 isomer shifts were 

compared for nuclei in the same lattice environments. The 

isomer shift plot was shown in Figure 21, anci from the least 

squares fit 

and thus p = .28 ? . 0 4  

Thus the values obtained are in good agreement with those of 

Ruby and Shenoy, and the error in the determination of that 

work does not appear to have been significant. 

A second parameter of interest is the ratio of the 



q u a d r u p o l e  c o u p l i n g  c o n s t a n t s  f o r  t h e s e  two n u c l e i  i n  t h e  

same e n v i r o n m e n t .  P a s t e r n a k  and buksilpan [ have  d e t e r m i n e d  

a  v a l u e  f o r  t h i s  r a t i o  f o r  1 2 5 ~ e  and 12'1 i n  e q u i v a l e n t  

l a t t i c e  s i t e s  i n  o r t h o r h o n b i c  Ye0 and  Te ( N O 3 )  4. 2 From t h e i r  

work it was found  t h a t  

I f  t h e  v a l u e s  o f  t h e  p r e s e n t  work a r e  t a k e n  t o g e t h e r  w i t h  

Bukshpan ' s  v a l u e s ,  i t  i s  found  t h a t  t h e  above  r a t i o  i s  e q u a l  

t o  0 .45 -1 .05, a g a i n  i n  r e a s o n a b l e  ag reemen t  w i t h  t h e  
. 

p r e v i o u s l y  r e p o r t e d  v a l u e .  

The i m p o r t a n c e  o f  t h e  q u a d r u p o l e  c o u p l i n g  r a t i o  i s  

t h a t  it e m p h a s i s e s  t h a t  t h e  s p e c t r a  w i l l  e x h i h i t  much 

l a r g e r  q u a d r u p o l e  s p l i t t i n g s  t h a n  t h e  c o r r e s p o n d i n g  t e l l u r i u m  

s p e c t r a .  T h i s  i s  w e l l  i l l u s t r a t e d  by  t h e  c a s e  o f  m o n o c l i n i c  

t e l l u r i c  a c i d .  The 1 2 5 ~ e  a b s o r p t i o n  s p e c t r u m  i s  a s i n g l e  

l i n e .  However, t h e  12'1 e m i s s i o n  s p e c t r u m  i s  q u a d r u p o l e  s p l i t  

2  -1 
w i t h  a q u a d r u p o l e  c o u p l i n g  c o n s t a n t  o f  e qQ = 192 + 5 Mc.sec. 

On t h e  b a s i s  o f  t h e  above q u a d r u p o l e  c o u p l i n g  r a t i o  and t h e  

measured c o u p l i n g  c o n s t a n t  f o r  12' I ,  a  q u a d r u p o l e  s p l i t t i n g ,  

1 2  125, 
A = 7 f o r  i e  o f  1 . 6 7  + . 0 4  mm.sec.-l would b e  

e x p e c t e d .  T h i s  v a l u e  i s  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  

-1 
t h e o r e t i c a l  l i n e  w i d t h  f o r  1 2 5 ~ e  o f  5.32 mm. sec. , and t h u s  

a  r e s o l v e d  q u a d r u p o l e  s p l i t t i n g  i s  n o t  o b s e r v e d  i n  t h i s  

i n s t a n c e  . 
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The application of '*'I emission spectroscopy in 

studying bonding and structure rcay be best iilustrated with 

reference to some examples. 

Pasternak and Bukshpan [19 have previously reported 

the '*'I emission spectrum of orthorhombic TeO while in the 2 

present work tetraqonal TeO has been studied. While the 2 

quadrupole coupling constants and asymmetry parameters are 

very similar for the two compounds, the isomer shifts of 

- 1 -1 1.52 2 .Ol mm.sec. for orthorhombic and 2.74-t. 14 mm. sec. 

for tetragonal Te02 are significantly different. The 

difference may be explained by a difference in the s-character 

of the Te-0 bonds in the two modifications. 

If we assume, on the basis of the large isomer shift, 

that in tetragonal TeC the bonding is pure p, involving no 2 

s-character, then we can calculate the number of holes in 

the 5p-shell of the daughter iodine, hp, using the expression 

6 = 1.5hp - 0 .54 mm. sec. -1 (VI-4) 

This gives a value of hp = 2.2 for the tetragonal form. 

The similar quadrupole coupling in the two crystal 

forms indicates the same value of Up, the p-electron deficit 

defined by 
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If we make the assumption that this, together with the known 

similarity in co-ordination a ~ d  geoixetry, i~~pllcs similar 

values for hp in the two modifications, then we can calculate 

the amount of s-character in the 1-0 bonds for 1 produced 

in orthorhombic ' I 'eO using the expression 
2 '  

From this we find that 0.04 s-electrons participate in each 

1-0 bond, this being sufficient to lead to the observed 

difference in isomer shift from that of the tetragonal form. 

The structures shown in Figure 9 for these two crystal 

modifications are consistent with the a.bove discussion. In 

the tetragonal form the disposition of bonds must be very 

close to trigonal bi-pyramidal, but with the in-plane O-Te-0 

bond angles equal to 90'. This geometry 

would arise from pure p bonding. In the orthorhombic form, 

however, the qeometry is distorted from the pure p-orbital 

bond directions due to the presence of edge-bridging in the 



polymeric structure. This distortion may arise from the 

participation of hybrii! ~rkitals in bondinq, with a small 

amount of s-character being involved. 

Another study of some interest was that involving 

( : JH4)  2TeC16. In the decay of both 12'~e- and 129m~e-labelled 

sources, the 12'1 spectrum was a single line with a large 

-1 positive isorner shift of 6 = +6.03 riun.sec. This was 

- 
interpreted as evidence for the formation of the IC1 ion, 

6 

and this is of some interest because compounds of this ion 

have not previously been synthesised. Experiments of this 

sort were first performed by Perlow, [lgl] the radioactive 

decay serving to synthesise a new molecule, while at the 

same time populating the Mossbauer transition which provides 

unique information about the bonding and structure in the 

new molecule. 

The large positive isomer shift in the iodine 

2 
spectrum in ( N H 4 )  2TeC1 indicates a very large 1 $s  ( 0 )  1 . 6 

This may be explained by the removal of a large number of 

the 5p-electrons from the I- configuration of the iodine 

into the bonding orbitals, the 5s2-electrons remaining 

localised on the iodine. Assuming this model for pure p- 

bonding, the value of hp may be calculated from the isomer 

shift and is found to be 4.4. This corresponds to the 

transfer of 0.73 electrons  fro^. the I- configuration to the 

Cl ligand for each of the six I-C1 bonds. This value compares 

well with the values of 0.70e- and 0.68e- for each I-C1 



- - 
bond i n  I C 1 2  and I C 1 4  d e r i v e d  by Per low,  and t h e  

- - 
v a l u e s  of 0.80e and 0.75e c a l c u l a t e d  r e c e n t l y  Ly  Ruby and 

Shenoy . [1281 

The above a n a l y s i s  shows t h a t  t h e  bonding i n  t h e  

p o s t u l a t e d  I C 1 6  i o n  i s  q u i t e  c o n s i s t e n t  w i t h  t h e  p r e v i o u s l y  

proposed n a t u r e  of t h e  bonding i n  t h e  known s t a b l e  i o d i n e -  

c h l o r i n e  compounds. The a n a l y s i s  a l s o  shows t h a t  t h e  l i n e a r  

r e l a t i o n s h i p  between i somer  s h i f t  and hp  h o l d s  o u t  t o  a  

v a l u e  of  h p  = 4 . 4 ,  which i s  t h e  l a r g e s t  v a l u e  r e p o r t e d  f o r  

an i o d i n e  compound. 

The c a s e  of  6-Te03 i s  a l s o  o f i n t e r e s t  h e r e .  I n  8-  

1 2 9 m ~ e ~ 3 ,  one s i n p l e  l i n e  w i t h  an isomer s h i f t  c o r r e s p o n d i n g  

t o  a v a l u e  of hp = 5.36  was obse rved .  T h i s  must c o r r e s p o n d  

t o  an e x t r a o r d i n a r y  t e l l u r i u m  p a r e n t  and i o d i n e  d a u g h t e r  

compound, i n  which a lmos t  a l l  of  t h e  5 p - e l e c t r o n s  have been 

2 
t o t a l l y  removed, l e a d i n g ' t o  a  v e r y  h i g h  v a l u e  of ! $ s ( 0 ) l .  

A t  t h i s  t ime i t  

b e .  

The abc 

i s  n o t  a t  a l l  c l e a r  what t h i s  molecule  might  

~ v e  d i s c u s s i o n  i l l u s t r a t e s  t h e  a p p l i c a t i o n  o f  

~ c s s b a u e r  emiss ion  s p e c t r o s c o p y  i n  s t u d y i n g  t h e  bonding 

and s t r u c t u r e  of t e l l u r i u m  compounds. 


