
UNIVERSITY OF GLASGOW 

CHEMISTRY DEPARTMENT

ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY OP 

SOME COMPLEXES OF MANGANESE(VI) AND RHENIUM(VI)

b e in g

A t h e s i s  s u b m i t t e d  i n  p a r t  f u l f i l m e n t  c f  th e  r e q u i r e m e n t s

f o r  th e

DEGREE OF DOCTOR OP PHILOSOPHY 

by

ALI HUSAIN HUMOOD AL-MOVVALI

O c to b e r ,  1974



ProQuest Number: 11018019

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 11018019

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



A l l  H.H. A l-M ow ali, P h .B . T h e s is ,  1974

ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY OF SOME 

COMPLEXES OF MANQANESE(VI) AND RHENlUM(Vl)

Summary

T h is  t h e s i s  i s  su b d iv id ed  in t o  s i s  m ain p a r t s ,  

w h ich  are sum m arised s e p a r a te ly  b e low .

P a r t  I

The p r in c ip l e s  o f  e le c t r o n  p aram agn etic  reso n a n ce  

sp e c tr o s c o p y  are d is c u s s e d  i n  t h i s  in tr o d u c to r y  s e c t io n ,  

w ith  p a r t ic u la r  r e fe r e n c e  t o  t r a n s i t i o n  m e ta l com p lexes  

o f  th e  type s tu d ie d  i n  t h i s  work.

P a r t  I I

T h is  s e c t io n  d e s c r ib e s  a stu d y  o f  rhenium  o x y c h lo r id e  

ReOCl^, and seme o f i t s  ad d u cts ReOCl^O^C^Hg, ReOCl^OPCl^, 

ReOCl^NCCH^ and [(C^H^)^As] [ReOCl^] . The X-band e . p . r .  

s p e c t r a  of ReOCl^ and i t s  ad d u cts have  b e e n  reco rd ed  in  

s o lu t io n  a t  290K and i n  m a g n e t ic a l ly  d i lu t e  g la s s e s  a t  77K 

and th e s e  s p e c tr a  are a n a ly se d  i n  d e t a i l .  The s p in  

H am ilton ian  param eters A©* A, 3 ,  Q , 1̂ i and g^ have  

b een  e x tr a c te d  from th e se  s p e c tr a .  These p a ra m eters , and 

d a ta  o b ta in e d  from v i s i b l e - u . v .  s p e c tr a  have been  u sed  to  

o b ta in  q u a n t i t a t iv e  d e s c r ip t io n s  o f  th e  bon d in g  in  th e s e  

compounds i n  term s o f  m o le c u la r  o r b i t a l  m o d e ls .  Prcm



ex ten d ed  H uckel L .C .A .O . m o le c u la r  o r b i t a l  c a lc u la t io n s ,  

c a r r ie d  out on th e  compound ReOCl^, th e  m e ta l io n  s p in -

o r b i t  c o u p lin g  c o n s ta n t  and the param eter P are
-1  -1e s t im a te d  to  be about 2400 cm and 0*033 cm r e s p e c t ­

iv e ly *  S p in  H a m ilto n ia n  p aram eters are l i s t e d  fo r  each  

su b sta n c e  and are eq u ated  to  the a tom ic  o r b i t a l  

c o e f f i c i e n t s  i n  some o f  the m o le c u la r  o r b i t a l s  in v o lv e d  

in  bonding in  th e se  m o le c u le s ,  and a good agreem ent i s  

o b ta in e d  betw een  the v a lu e s  o b ta in ed  i n  t h i s  way and 

th o s e  d e r iv e d  from  th e  m o le c u la r  o r b i t a l  c a lc u la t io n s *  

The u n p a ired  e le c t r o n  l i e s  in  a m o lec u la r  o r b i t a l  w hich  

in v o lv e s  the m e ta l io n  5 3 ^  o r b i t a l  and i t  i s  s t r o n g ly  

d e lo c a l i s e d  (33%) on to  the c h lo r in e  lig a n d s*  g ^  i s  

g r e a t e r  than  g^ and t h i s  i s  shown to  be e s s e n t i a l l y  due 

t o  c h a r g e - tr a n s fe r  m ix in g  by s p in - o r b i t  c o u p lin g  a t  th e  

c h lo r in e  atoms* The ch an ges i n  th e  s p in  H am ilton ian  

p aram eters when a s ix t h  l ig a n d  i s  added to  ReOCl^ are  

acco u n ted  for*

P a r t  I I I

In  t h i s  s e c t io n  a d e t a i le d  stu dy h as b een  made o f  

e le c t r o n  param agn etic  r e la x a t io n  phenomena i n  s o lu t io n s  

o f  ReOCl^ in  ch loroform * T h is h as en a b led  the se p a r a te  

c o n tr ib u t io n s  from  s p in - r o t a t io n a l  in t e r a c t io n s ,  from  

g - t e n s o r  a n is o tr o p y , from  h y p e r fin e  c o u p lin g  a n is o tr o p y ,  

and from  u n r e so lv e d  c h lo r in e  h y p e r f in e  c o u p lin g , t o  the  

o b serv ed  e*p .r*  l in e w id th s  to  be e v a lu a te d . These  

r e s u l t s  have been  used  to  e s t im a te  th e  s i z e  o f  th e  

c h lo r in e  i s o t r o p ic  h y p e r f in e  c o u p lin g  c o n s ta n t  and th en



th e  e x te n t  o f d e l o c a l i s a t i o n  o f the u n p aired  e le c t r o n  

a v a i la b le  in  the com plex on to  the c h lo r in e  l ig a n d s .  In  

t h i s  way i t  has b een  shown th a t  the e x te n t  o f  d e l o c a l i s a ­

t io n  o f  the u n p a ired  e le c t r o n  on to  c h lo r in e  groups i n  

ReOCl^ i s  about 21^. T h is  r e s u l t  i s  i n  r e a so n a b le  

agreem ent w ith  the d e d u c tio n  made from  the a n a ly s is  o f  

th e  s p in  H am ilton ian  param eters o b ta in ed  in  P a r t I I .

P a r t  IV

T h is  s e c t io n  d e s c r ib e s  a stu d y  o f  the s ix -c o o r d in a te d

h3 ch3 )3.

The e . p . r .  s p e c tr a  o f th e se  com plexes have b een  record ed  

i n  s o lu t io n  a t  29&K and in  m a g n e t ic a l ly  d i lu t e  g l a s s e s  a t  

77K. These e . p . r .  s p e c tr a  are q u ite  d i f f e r e n t  from th o se  

th a t  have b een  o b ta in ed  from  th e  o th er  rh en iu n  com plexes  

th a t  have been  s tu d ie d  in  p a r t  I I .  Each t r ig o n a l  pyra­

m id a l rhenium  com plex shows a s in g le  e le c t r o n  reso n a n ce  

s i g n a l  i n  b o th  m a g n e t ic a l ly  c o n c e n tr a te d  s o l i d  and i n  

s o lu t io n  a t  room tem p era tu re . The s p e c tr a  of m a g n e t ic a l ly  

d i l u t e  g la s s e s  a t  77K show sm a ll g - t e n s o r  a n iso tr o p y  and 

v a n is h in g ly  sm a ll rhenium  n u c le a r  h y p e r f in e  c o u p lin g .

The sm a ll g - t e n s o r  a n iso tr o p y  i s  very  c h a r a c t e r i s t i c  o f  

s u lp h u r -c o n ta in in g  o rg a n ic  r a d ic a l s  and the v a n is h in g  

sm a ll rhenium  n u c le a r  h y p e r f in e  c o u p lin g , a lm o st c e r t a in ly  

a d ir e c t  d ip o la r  c o u p lin g , s e t s  an upper l im i t  o f  the  

ord er  o f 0 .1 #  to  th e  rhenium  c o n tr ib u t io n  to  th e  m o le c u la r  

o r b i t a l  c o n ta in in g  th e  un p aired  e le c t r o n  in  th e se  com p lexes. 

The e . p . r .  s p e c tr a  show th a t  the u n p a ired  e le c t r o n  in  

th e se  com plexes i s  in  a non-bonding m o le c u la r  o r b i t a l

t r ig o n a l- p r i s m a t ic  co m p lex es, R e^ gC gP l^ )*  and ReCS^C^



d e r iv e d  from the l ig a n d  'FT - o r b i t a l s .

E .P .R . p r o p e r t ie s ,  e le c t r o n ic  a b so r p tio n  s p e c tr a ,  

v o lta m m etr ic  p r o p e r t i e s ,  th e  m a g n etic  p r o p e r t ie s  o f  

io n s  d e r iv e d  from ReCSgC^Ph^)^, and th e  u n u su a lly  

h ig h  e l e c t r i c a l  c o n d u c t iv i t i e s  e x h ib it e d  by the  

s o l i d s ,  are a l l  c o n s i s t e n t  w ith  an e le c t r o n ic  ground

s t a t e  c o n f i g u r a t i o n   (3a^ ) 2 (he* ) ^ ( 2 a y 1 f o r

th e s e  com p lexes.

P a r t  V

T h is  s e c t io n  d e s c r ib e s  a stu d y  o f  th e  o c ta c y a n o -  

rhenium  co m p lex es. E .p .r .  s p e c tr a  of m a g n e t ic a l ly  

u n d ilu te d  p o l y c r y s t a l l i n e  [Ph^ A s ]  2 LR0( cn) q]  have 

b een  reco rd ed  a t room tem p erature and a t  77K. The 

s p e c t r a  are c h a r a c t e r i s t i c  o f  an u n p a ired  e le c t r o n  

m oving in  an a x i a l l y  sym m etric o r b i t a l  i n  w hich the  

h y p e r f in e  c o u p lin g  A i s  g r e a t e r  than  B , and the  

g - t e n s o r  com ponents are a lm ost i d e n t i c a l .  F iv e  

d i f f e r e n t  arrangem ents o f  th e  cyan id e  l ig a n d s  around  

th e  rhenium  atom have been  c o n s id e r e d . They are:  

a  cu b e , a sgu are  a n t ip r ism , a dodecahedron , a  

t r ig o n a l  p r ism  w ith  l ig a n d s  in  the c e n tr e s  o f  th e  two 

end f a c e s  and a t r ig o n a l  prism  w ith  l ig a n d s  c e n tr e d  

on two s id e  f a c e s .  Only the dodecahedron s tr u c tu r e  

i s  c o n s i s t e n t  w ith  th e  e . p . r .  r e s u l t s  fo r  the para­

m a g n etic  com plex CPh^Asjg [s ®(CN)q]  • The sm a ll  

s i z e  o f  th e  rhenium  h y p e r fin e  c o u p lin g  and the sm a ll



a n iso tr o p y  in  the g - te n s o r  com ponents o f  t h i s  com plex  

in d ic a t e  th a t the rhen iu n  d - o r b i t a l s  must be very  m ixed  

w ith  the cyan ide o r b i t a l s  i n  the fo rm a tio n  o f  th e  com plex.

The in f r a -r e d  s p e c tr a  o f  the co m p lex es, K^Re(CN)g, and 

[PhuA s]2 [R9(CN)8]  have b een  reco rd ed  in  s o l i d  phase a t  

roan  tem p eratu re. The in f r a - r e d  spectrum  o f K^Re(CN)g 

c o n ta in s  two s tr o n g  sharp  bands and two weak bands i n  

C — N s t r e t c h in g  r e g io n . S in c e  the dodecahedron w ith  

D2d symmetry h as two s tr o n g  in f r a - r e d  a c t iv e  C =  N 

s t r e t c h in g  modes and two weak m odes, t h e r e f o r e ,  the  

in f r a - r e d  spectrum  o f  K^Re(CN)g i s  c o n s i s t e n t  w ith  

t h i s  s t r u c t u r e .  The in f r a - r e d  spectrum  o f  

[ph^A slg  (Re(CN)g] i s  n o t w e l l  r e s o lv e d  and shows 

s u p e r p o s it io n  o f  s e v e r a l  bands, so  th a t  i t  i s  n o t  

p o s s ib le  to  g e t  in fo r m a tio n  from t h i s  spectrum  about 

th e  a c tu a l  s tr u c tu r e  o f  t h i s  com plex.

P a r t  VI

T h is  s e c t io n  d e s c r ib e s  a stu d y  o f  th e  d i s t o r t e d  

t e t r a h e d r a l  com plex o f  d ic h lo ro d io x o m a n g a n e se (V l) ,

Mn02 C 12*

The X-band e . p . r .  s p e c tr a  o f m a g n e t ic a lly  d i lu t e  

s o lu t io n s  o f  MnOgClg in  CCl^ have been  record ed  a t  

77K and a t  298K, and are a n a ly sed  in  d e t a i l .  The 

e p in - o r b i t  c o u p lin g  c o n s ta n t  and the param eter P fo r  

th e  m anganese io n  in  t h i s  compound are e s t im a te d  to  be 

2l& cnT^ and 0 .0 1 7 2  cm ** r e s p e c t iv e ly .  A t 77K,

MnOgClg r o t a t e s  about i t s  X -a x is  i n  CCl^ s o lu t io n .



S p in  H am ilton ian  param eters are l i s t e d  f o r  298K, f o r  77K, 

and fo r  th e  r ig i d  m o le c u le , and are eq u ated  to  th e  atom ic  

o r b i t a l  c o e f f i c i e n t s  i n  the m o le c u la r  o r b i t a l s  in v o lv e d  

In  bonding i n  t h i s  m o lecu le*  The unpaired  e le c t r o n  l i e s  

i n  the m e ta l io n  3d 2 ? o r b i t a l  m ixed w ith  a sm a llX -y *
amount (8 $ )  o f  th e  3d 2 o r b i t a l ,  and i t  i s  s tr o n g lyz
{55%) d e lo c a l i s e d  on to  the lig a n d s*  One o f  th e  

p r in c ip a l  com ponents o f  the g - t e n s o r ,  g ^  i s  la r g e r
1

th an  the s p in -o n ly  v a lu e , a s i t u a t i o n  u n u su a l in  d 

com plexes* T h is i s  shown to  be due to  r e l a t i v e l y  

la r g e  s p in - o r b i t  c o u p lin g  a t  th e  c h lo r in e  atoms* I t  

i s  p o in te d  out th a t  p r in c ip a l  v a lu e s  o f  the g - t e n s o r  

may be u sed  to  d i s t i n g u i s h  d i s t o r t e d  t e tr a h e d r a l  

com p lexes w hich are s t r e tc h e d  a lo n g  t h e i r  z -a x e s  from  

th e  c o rr esp o n d in g  com plexes com pressed  i n  t h i s  d ir e c t io n ,  

p r o v id e d  th a t  s p in - o r b i t  in t e r a c t io n s  a t  th e  l ig a n d s  

are  r e l a t i v e l y  la rg e *
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P r e f a c e

T h is  t h e s i s  i s  c o n c e rn e d  w i t h  e l e c t r o n  p a ra m a g n e t ic  

r e s o n a n c e  phenomena i n  com plex es  o f  m an g an ese(V I)  and  

rh e n iu m ( V l ) ,  and  w i th  t h e  r e l a t i o n s h i p s  t h a t  c o n n e c t  

t h e s e  phenomena w i t h  t h e  symmetry p r o p e r t i e s  and  th e  

e l e c t r o n  d i s t r i b u t i o n s  w i t h i n  t h e  com plexes  t h a t  were 

i n v e s t i g a t e d *

The t h e s i s  i s  c o n c e rn e d  w i th  s e v e r a l  s h a p e s  o f  

com plex  and i t  i s  s u b d iv id e d  i n t o  s i x  p a r t s *  P a r t  I  

i s  c o n c e rn e d  w i t h  th e  p r i n c i p l e s  o f e l e c t r o n  p a r a ­

m a g n e t ic  r e s o n a n c e  s p e c s r o s c o p y .  P a r t  I I  d e s c r i b e s  

s t u d i e s  o f  th e  rh en iu m (V I)  i o n  i n  s q u a re  p y r a m id a l  and  

i n  a x i a l l y  d i s t o r t e d  o c t a h e d r a l  e n v i r o n m e n ts ,  and  i t  

shows how e l e c t r o n  p a r a m a g n e t ic  r e s o n a n c e  m easu rem en ts  

o f  t h e s e  c a n  be  com bined w i t h  m o le c u l a r  o r b i t a l  c a l c u l ­

a t i o n s  t o  o b t a i n  d e t a i l  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  

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

w i t h i n  t h e s e  com plexes* P a r t  I I I  i s  c o n c e rn e d  w i th  

m e a su re m e n ts  o f  l i n e w i d t h s  o f e l e c t r o n  p a r a m a g n e t ic  

r e s o n a n c e  s p e c t r a  o f ReOCl^ i n  c h lo r o f o r m  s o lu t io n *

T hese  m ea su re m e n ts  c o v e r  a  r a n g e  of t e m p e r a t u r e ,  and 

th e y  a l s o  h av e  b e en  u s e d  t o  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  

e l e c t r o n i c  d i s t r i b u t i o n  i n  t h i s  compound* P a r t  IV and 

P a r t  V a r e  c o n c e rn e d  w i th  s t u d i e s  o f  th e  rh e n iu m (V l)  i o n  

i n  s i x - c o o r d i n a t e  t r i g o n a l - p r i s m a t i c  com plexes  and i n  

e i g h t - c o o r d i n a t e  d o d e c a h e d r a l  com plexes r e s p e c t i v e l y ,  

and  th e y  show t h a t  th e  e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  

m ea su re m e n ts  c a n  be u se d  t o  deduce  th e  n a t u r e s  o f  th e



e l e c t r o n i c  g ro u n d  s t a t e s  i n  t h e s e  co m p lex es . P a r t  VI 

d e s c r i b e s  a  s i m i l a r  s tu d y  o f  th e  m anganese(V I)  io n  i n  

th e  d i s t o r t e d  t e t r a h e d r a l  m o le c u l e ,  MnC^Clg^

The work d e s c r i b e d  i n  t h i s  t h e s i s  i s  o r i g i n a l ,  

and was c a r r i e d  o u t  i n  p a r t i a l  f u l f i l m e n t  o f  t h e  

r e q u i r e m e n t s  f o r  t h e  d e g re e  o f  P h .D . i n  t h e  U n i v e r s i t y  

o f  G lasgow .

O cto b er , 1974 A .H .E . A l-M ow ali



PART 1 

INTRODUCTION

1 .1  M a g n e tic  p r o p e r t i e s  o f  e l e c t r o n s  and n u c l e i

E l e c t r o n s ,  p r o t o n s  and n e u t r o n s  u n d e rg o  v a r i o u s  

k in d s  o f  c l o s e d - l o o p  l i k e  m o t io n :  th e y  p o s s e s s

a n g u la r  momentum and an  a s s o c i a t e d  m a g n e t ic  moment.

The a n g u l a r  momentum, G, a s s o c i a t e d  w i t h  any o f  th e s e  

p a r t i c l e s  may he w r i t t e n  i n  th e  fo rm

2 2 = ♦ GyGy + GA  .............  1 * 1

w here Gx , G^ an d  Gz a r e  i t s  com ponen ts  a lo n g  t h r e e  

m u tu a l ly  p e r p e n d i c u l a r  a x e s  x ,  y and z .  The p r o p e r ­

t i e s  o f  a n g u l a r  momentum o p e r a t o r s  i n  quantum  m ech an ics  

show t h a t  t h e  s q u a r e  o f  th e  t o t a l  a n g u la r  momentum i s  

g i v e n  by

G = G(G+1 2 .............  1 .2

w here G, th e  t o t a l  a n g u la r  momentum quantum  num ber, may 

be  an  i n t e g e r  o r  h a l f - i n t e g e r  and  h. = ( P l a n c k ’ s
_ < j

c o n s t a n t )  x  (2  ft ) . The component o f  th e  t o t a l

a n g u l a r  momentum i n  t h e  z - a x i s  d i r e c t i o n  i s  s i m i l a r l y  

shown t o  be

Gz  as m ^ t i    1 . 3

w here m^ = G, (G-1 ) ,  ............... .. , -G .

The a n g u l a r  momentum o f  an  i s o l a t e d  e l e c t r o n  a r i s e s  a s  

a  r e s u l t  of i t s  i n t r i n s i c  s p i n ,  d e f i n e d  by th e  quantum



2 .

number s ,  and i t s  o r b i t a l  m o t io n  d e f i n e d  by th e  quantum 

number 1. The s p i n  quantum num bers of th e  e l e c t r o n ,  

p r o t o n  and n e u t r o n  a l l  have v a lu e s  o f  one h a l f .  S in c e  

n u c l e i  a r e  compounded o u t  o f  p r o t o n s  and n e u t r o n s  i t  

f o l l o w s  t h a t  th e  t o t a l  a n g u la r  momentum of a  n u c le u s  i s  

made up  o f  c o n t r i b u t i o n s  f ro m  i n d i v i d u a l  n u c le o n s ,  and 

th e  a c t u a l  v a lu e  o f  a  n u c l e a r  s p i n  quantum num ber, I ,  

c a n  be 0 , i ,  1 , ^ / 2 5 . . . . . .  d e p e n d in g  on th e  way i n

w h ich  th e  s p i n  and o r b i t a l  a n g u la r  momenta o f  th e  

n u c le o n s  i n v o lv e d  a re  c o u p le d  t o g e t h e r .

When a  c h a rg e d  p a r t i c l e  h a s  an  a n g u l a r  momentum, 

i t  w i l l  p o s s e s s  a  p e rm an en t m a g n e t ic  d i p o l e  moment.

B o th  th e  o r b i t a l  and s p i n  a n g u l a r  momentum c o n t r i b u t e  

t o  th e  m a g n e t ic  moment o f  th e  e l e c t r o n .  The m ag n itu d e

o f  th e  m a g n e t ic  moment i s  p r o p o r t i o n a l  to  th e  m ag n itu d e

o f  th e  a n g u l a r  momentum, /*  = V eG, th e  c o n s t a n t  o f  

p r o p o r t i o n a l i t y ,  V Q b e in g  known as  the  m a g n e to g y r ic  

r a t i o ,  and i s  d e f i n e d  by

g fle
V  e = 2mC    ̂̂

where e and  m a re  the  c h a rg e  and th e  m ass of th e

e l e c t r o n  r e s p e c t i v e l y ,  c i s  th e  v e l o c i t y  o f  l i g h t ,  and

g i s  th e  e l e c t r o n i c  g f a c t o r  w hich  e q u a l s  1 and  2 .0 0 2 3 2  

f o r  t h e  e l e c t r o n  o r b i t a l  and s p i n  a n g u la r  momenta 

r e s p e c t i v e l y .  F o r  a  s i n g l e  e l e c t r o n  i n  an  i s o l a t e d  

atom  where th e  s p i n  and o r b i t a l  a n g u la r  momenta a r e  

c o u p le d  t o g e t h e r ,  the  t o t a l  a n g u la r  momentum i s

2  = [ d ( . l + 0 ] 5t    1 .5



where j  = 1 + s ,  and  th e  g f a c t o r  i s

=  1 +
) + s ( s +1 ) - l ( l +1 ) 
2 j ( j + l )

I n  c h e m ic a l ly  i n t e r e s t i n g  s i t u a t i o n s  atom s a re  n o t  i s o l a t e d  

Then  th e  e l e c t r o n * s  o r b i t a l  i s  p e r t u r b e d  by th e  a sy m m etr ic  

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

a tom s. Such  f i e l d s  u n c o u p le  th e  s p i n  and o r b i t a l  a n g u la r  

m omenta, and i f  th e  e l e c t r i c  f i e l d s  a r e  l a r g e  th e n  th e  

o r b i t a l  c o n t r i b u t i o n  t o  th e  e l e c t r o n i c  a n g u l a r  moment i s  

a lm o s t  c o m p le te ly  rem oved , and th e  g - f a c t o r  i s  v e ry  

n e a r l y  th e  s p i n - o n l y  v a l u e ,  2 .0 0 2 3 2 .  I n  c a s e s  where 

t h e  g ro u n d  s t a t e  s p i n  e i g e n f u n c t i o n  h a s  o n ly  a  se c o n d  

o r d e r  c o n t r i b u t i o n  fro m  o r b i t a l  p a ra m a g n e t ism ,  th e  

e l e c t r o n i c  m a g n e t ic  moment may be w r i t t e n  a s

- g e f f  [ s ( s + 1 )J  efc ( 2mc) .......... 1 .7

w here  th e  o r b i t a l  c o n t r i b u t i o n  i s  ta k e n  i n  t o  th e  

e f f e c t i v e  g  f a c t o r  and th e  m a g n e t ic  moment i s  assum ed 

t o  a r i s e  f rom  th e  s p i n  o f  th e  e l e c t r o n  o n ly .  £ e f f  i s  

a  t e n s o r  q u a n t i t y .

The m a g n e t ic  moment o f  th e  n u c le u s  may s i m i l a r l y  

be r e l a t e d  t o  i t s  a n g u la r  momentum

/ ‘k - y h ° h  ................................1 * 8

w here  t h e  n u c l e a r  m ag n e to g jr ic  r a t i o ,  Y jt> i s  d e f i n e d  by

y  = g N* 1 q•  - v r  ■■■■-  ■ 1 •  • »  •  % I • y
"  2Mc

w here o and M a r e  r e s p e c t i v e l y  th e  ch a rg e  and m ass o f  

th e  p r o t o n  and c i s  th e  v e l o c i t y  o f  l i g h t ,  g ^ ,  th e  

n u c l e a r  g - f a c t o r ,  i s  a c o n s t a n t  f o r  e a c h  n u c l e u s .  The



o r b i t a l  and sp in  angu lar momenta o f the n u c leu s  are not 

c o n s id e r e d  s e p a r a te ly  and t h e ir  r e s u l t a n t  i s  d e sc r ib e d  

by the p a r t ic u la r  v a lu e  o f f o r  the n u c leu s  in  

q u e s t io n . 1 .8  may be w r it t e n  in  th e  form

1*2 The Zeeman in t e r a c t io n

When an a p p lie d  m agn etic  f i e l d ,  H, i n t e r a c t s  w ith  

a m agn etic  d ip o le  moment the energy o f  th e  d ip o le  i s  

a l t e r e d  by an amount

when th e  m a g n etic  f i e l d  i s  assumed t o  l i e  a lo n g  the  

z - a x i s  d ir e c t io n ,  and i s  the m agn etic  d ip o le  moment 

o f  an u n p a ired  e le c t r o n  th en  1 .11 becomes

where £ 0 , th e  e le c t r o n ic  Bohr m agneton, i s  a c o n sta n t

d e f in in g  th e  z - a x i s  component o f the e le c tr o n * s  an gu lar  

momentum. In  an a p p lie d  m agn etic  f i e l d ,  the v a lu e  o f  

Sz can  be e i t h e r  or -H?, which corresp on d  to  a lign m en t  

o f  the e le c t r o n ic  m agn etic  moment rou gh ly  p a r a l l e l  and 

a n t i p a r a l l e l  r e s p e c t iv e ly ,  to  the d ir e c t io n  o f the  

a p p lie d  f i e l d .

1 . 1 0

2
where I  = 1 (1 + 1 )

H -  -  P  • H 1 .1 1

- (/v2h
( g e>z SzH £e

1.12

e q u a l to  e i i ( 2 m c ) ~ ^ ,  and Sz i s  th e  s p in  o p era to r



The e ig e n v a lu e s  o f e q u a tio n  1 . 1 2  are j u s t  m u lt ip le s  o f  

th e  e ig e n v a lu e s  o f S2 , and are g iv e n  by

E = g e P  eH ms

• • . a a 1 *1 3
= 1  i  g a £ e H

w ith  th e  low er s t a t e  co rresp o n d in g  to  the mg = e ig e n ­

v a lu e  of S .z

S im i la r ly ,  th e  in t e r a c t io n  o f  a n u c le a r  m agn etic  

moment w ith  a stea d y  m agn etic  f i e l d  a p p lie d  i n  th e  z - a x i s  

d ir e c t io n  i s  g iv e n  by

-  - / v  s

= - Y j j i l .  H

= -  y N H  1 . 1 4

where I g i s  the n u c le a r  s p in  o p e r a to r  a lon g  the z - a x i s  

d ir e c t io n .  The i n t e r a c t io n  energy E i s  g iv e n  by th e  

e ig e n v a lu e s  o f t h i s  H am ilton ian

E = -  Y jj t  m H   1 . 1 5

where m- = I ,  ( 1 - 1 ) .................... , - I .

1*3 The r e s o n a n c e  c o n d i t i o n  i n  e l e c t r o n  p a ra m a g n e t ic  
r e s o n a n c e

I n  o r d e r  t o  s tu d y  th e  t r a n s i t i o n s  b e tw ee n  e l e c t r o n i c  

Zeeman e n e rg y  l e v e l s  an  i n t e r a c t i o n  w hich  c a n  e f f e c t  

t r a n s i t i o n s  b e tw e e n  them i s  n e e d e d . The i n t e r a c t i o n  m ost



commonly u s e d  f o r  t h i s  p u rp o se  c o n s i s t s  o f  t h a t  w hich  

a r i s e s  when a  s m a l l  a l t e r n a t i n g  m a g n e t ic  f i e l d  i s  

a p p l i e d  a t  r i g h t  a n g le s  t o  th e  s t a t i c  f i e l d .  The 

H a m i l to n ia n  w hich  r e p r e s e n t s  t h i s  i n t e r a c t i o n  i s  g iv e n  

by

^ ' ( t )  = g 0 J30 + SyHy ( t ) ]  ...........1 . 1 6

w here H ^ t ) ,  Hy ( t )  a r e  th e  x  and y com ponents o f  t h e

a l t e r n a t i n g  f i e l d ,  c o s  W t, w here  u) i s  th e  a n g u la r

f r e q u e n c y  o f  t h i s  f i e l d .  I t  t u r n s  o u t  t h a t  c a n  onlyz
c o n n e c t  s t a t e s  w i t h  = 0 w h e rea s  SY and S„ c a ns  a y
c o n n e c t  o n ly  s t a t e s  w i th  Am = ^  1 . Hence why i ns  ~
o r d e r  t o  c a u se  t r a n s i t i o n s  b e tw e e n  th e  en e rg y  l e v e l s ,

th e  a l t e r n a t i n g  f i e l d  i s  a p p l i e d  i n  t h e  xy  p l a n e .  I f

t h i s  c o n d i t i o n  i s  obeyed  th e n  t r a n s i t i o n s  b e tw ee n

a d j a c e n t  en e rg y  l e v e l s  o n ly  a r e  a l lo w e d .  T r a n s i t i o n s ,

i n  a c c o rd a n c e  w i t h  th e  s e l e c t i o n  r u l e  A m  = t  1 , w i l ls
b e  in d u c e d  o n ly  when th e  e n e rg y  o f  th e  a p p l i e d  a l t e r ­

n a t i n g  f i e l d  i s  e q u a l  to  th e  e n e rg y  s e p a r a t i o n  b e tw ee n  

a d j a c e n t  l e v e l s ,  i . e .  when

A E  =

= hV ..................................................... .......... 1 .1 7

= S q $ 0®

and  bo to = g e 0 eH( it ) -1 .......................................... 1 .1 8

3
F o r  a n  a p p l i e d  f i e l d  o f  3 x  10 g a u s s  i t  t u r n s  o u t  t h a t  

t h e  r e s o n a n c e  f r e q u e n c y  o f  a n  e l e c t r o n  ( g e r2= 2 .0 0 2 3 )  i s  

a b o u t  9000 MH?s# c o r r e s p o n d in g  to  a  wave l e n g t h  o f
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a b o u t  3 cm, i . e .  e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  

t r a n s i t i o n s  i n  f i e l d s  o f  th e  o r d e r  o f  3000  g a u s s  f a l l  

i n  th e  m icrow ave r e g i o n  o f  th e  sp e c t ru m .

1 • k  The h y p e r f i n e  i n t e r a c t i o n

I f  a n  u n p a i r e d  e l e c t r o n  i s  i n  th e  v i c i n i t y  o f  a  

n u c le u s  w hich  h a s  a  m a g n e t ic  moment, th e  m a g n e t ic  d i p o l e s  

o f  th e  e l e c t r o n  and th e  n u c le u s  may c o u p le  t o g e t h e r .

I n  a  s t e a d y  m a g n e t ic  f i e l d ,  th e  p e r t u r b a t i o n  of th e  

e l e c t r o n i c  Zeeman e n e rg y  l e v e l s  c a u s e d  by th e  h y p e r ­

f i n e  c o u p l in g  may be lo o k e d  on a s  a r i s i n g  from  th e  

p r e s e n c e  o f  an  e x t r a  m a g n e t ic  f i e l d  due to  th e  n u c l e u s ,  

and whose m ag n itu d e  d e p en d s  on th e  m a g n e t ic  d i p o le  

moment o f  th e  n u c l e u s .  The s i n g l e  t r a n s i t i o n  w hich  

w ould  be o b s e rv e d  i n  th e  a b se n c e  o f  h y p e r f i n e  c o u p l i n g  

i s  t h e n  s p l i t  i n t o  ( 2 1 +1 ) a p p r o x im a te ly  e q u a l l y  sp a c e d  

t r a n s i t i o n s  w hich  obey th e  s e l e c t i o n  r u l e s  £>me = ± 1 , 

&.nij s  0 . The e l e c t r o n - n u c l e a r  h y p e r f i n e  i n t e r a c t i o n  

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

t o  th e  s p i n  H a m il to n ia n  o f  the  fo rm

w here A i s  a  sy m m etr ic  t e n s o r ,  th e  h y p e r f i n e  c o u p l in g  

t e n s o r .  The h y p e r f i n e  t e n s o r  A, c a n  a lw ay s be r e d u c e d  

t o  a  d i a g o n a l  fo rm  by c h o o s in g  a s  a x e s  th e  p r i n c i p a l  

a x e s  x ,  y and  z ,  and  th e  h y p e r f i n e  c o u p l in g  i s  t h e n  

w r i t  t e n

U j q  = I -  A. S 1 . 1 9

1 . 2 0
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V ery  o f t e n  th e  p r i n c i p a l  a x es  sy s te m  o f t h i s  h y p e r f i n e  

t e n s o r  c o i n c i d e s  w i th  t h a t  o f  th e  g - t e n s o r ,  and i f  t h i s  

c o n d i t i o n  i s  f u l f i l l e d  t h e n  th e  a n a l y s i s  o f an  e l e c t r o n  

p a r a m a g n e t i c  r e s o n a n c e  sp e c t ru m  i s  c o n s i d e r a b ly  s i m p l i ­

f i e d .  The i n t e r a c t i o n  b e tw e e n  th e  u n p a i r e d  e l e c t r o n  

and  th e  n u c le u s  a r i s e s  i n  t h r e e  q u i t e  d i s t i n c t  ways. 

These a re  b r i e f l y  o u t l i n e d  below

( a )  An i s o t r o p i c  i n t e r a c t i o n ,  th e  F e rm i c o n t a c t  

i n t e r a c t i o n ,  a r i s e s  when th e  u n p a i r e d  e l e c t r o n  r e s i d e s  

i n  an  a to m ic  o r b i t a l  w h ich  h a s  a  f i n i t e  s p i n  d e n s i t y  a t  

t h e  n u c le u s  c o n c e rn e d ,  i . e .  when th e  e l e c t r o n  i s  i n  an  

o r b i t a l  o f  s - t y p e  o r  w i t h  s - c h a r a c t e r ,  o r  when t h e r e  i s  

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

th e  n u c le u s  by th e  u n p a i r e d  e l e c t r o n .  T h is  i n t e r a c t i o n  

may be r e p r e s e n t e d  by

w here £> ( r n ) i s  th e  D i r a c  d e l t a  f u n c t i o n  w h ich , i n t e g r a t e d  

o v e r  th e  e le c t ro n ic  w a v e f u n c t io n ,  g i v e s  t h e  s q u a re  o f  th e  

v a lu e  o f  th e  w a v e f u n c t io n  a t  th e  n u c le u s .

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

( b )  An a n i s o t r o p i c  d i p o l a r  c o u p l in g  a r i s e s  from  t h e  

d i p o l a r  c o u p l in g  b e tw ee n  th e  m a g n e t ic  moments o f  th e  

e l e c t r o n  and th e  n u c l e u s .  T h is  i n t e r a c t i o n  i s  e s s e n t i a l l y  

th e  c l a s s i c a l  i n t e r a c t i o n  o f  two d i p o l e s  and  ^

s e p a r a t e d  by a  d i s t a n c e  r .  I n  a  s t r o n g  m a g n e t ic  f i e l d ,

1 . 21

1 . 2 2



9

th e  e l e c t r o n  and n u c l e a r  s p i n  v e c t o r s ,  I  and  S a r e  

f u l l y  d e c o u p le d .  The H a m il to n ia n  r e p r e s e n t i n g  th e  

e n e rg y  of d i p o l a r  i n t e r a c t i o n  may be w r i t t e n  a s

j j  _ g e £ e %  %
d i p o l a r  ~ ~rp

  1 . 23

The a n i s o t r o p y  a r i s e s  f ro m  th e  o r i e n t a t i o n  dependence  of 

t h e  v e c t o r  r .  1 .2 3  c a n  u s e f u l l y  be r e w r i t t e n  i n  th e  fo rm

^  d i p o l a r  = ge P e  %

 1 .24

where © i s  t h e  a n g le  be tw een  th e  v e c t o r  c o n n e c t in g  th e  

d i p o l e s  and th e  m a g n e t ic  f i e l d  d i r e c t i o n .  I n  an  atom 

o r  m o le c u le  r  and  0  a r e  n o t  c o n s t a n t  b e c a u se  o f  t h e  

o r b i t a l  m o tio n  o f  th e  e l e c t r o n ,  and so  th e  o r i e n t a t i o n  

d e p e n d e n t  te rm  i n c l u d e s  a  s p a t i a l  a v e ra g e  o v e r  th e  

w ho l6 o r b i t a l  o c c u p ie d  by th e  u n p a i r e d  e l e c t r o n .  When 

th e  u n p a i r e d  e l e c t r o n  d i s t r i b u t i o n  i s  s p h e r i c a l l y  

sy m m etr ic  o r when th e  o r i e n t a t i o n  d e p e n d e n t  te rm  h a s  a 

s p h e r i c a l l y  sy m m etr ic  tim e a v e r a g e ,  a s  i s  th e  c a se  f o r  

exam ple i n  s o l u t i o n  due  to  th e  B row nian  m o t io n ,  t h e n  

th e  d i p o le  c o n t r i b u t i o n  to  th e  h y p e r f i n e  c o u p l in g  i s  z e r o .

( c )  The t h i r d  c o n t r i b u t i o n  t o  h y p e r f i n e  c o u p l in g  

c o n c e rn s  th e  d i p o l a r  i n t e r a c t i o n  o f  t h e  o r b i t a l  m a g n e t ic  

moment o f th e  e l e c t r o n  w i th  th e  n u c l e a r  m a g n e t i c  moment.

T h is  i s  f a i r l y  s m a l l  i n  many t r a n s i t i o n  m e t a l  c o m p lex es .

I . s  - p 2
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A n u c le u s  w i t h  s p i n  quantum  number I  g r e a t e r  t h a n  

i  c an  a l s o  p o s s e s s  an  e l e c t r i c - q u a d r u p o l e  moment, w hich  

i n t e r a c t s  w i th  the  e l e c t r i c  f i e l d  g r a d i e n t s  p ro d u ce d  a t  

th e  n u c le u s  by t h 6 s u r r o u n d in g  e l e c t r o n s  o r  o t h e r  c h a r g e s .  

T h is  i n t e r a c t i o n  r e s u l t s  i n  s h i f t s  i n  th e  en e rg y  l e v e l s  

and  i t  may make n o rm a l ly  f o r b i d d e n  t r a n s i t i o n s  w i th  

t e n i j  = ± 2 become v/eakly a l lo w e d  w i t h  b o t h  e l e c t r o n  and 

n u c l e a r  s p i n s  c h a n g in g  s i m u l t a n e o u s ly .  The q u a d ru p o le  

i n t e r a c t i o n  d oes  n o t  c au se  any change i n  th e  p o s i t i o n  

o f  th e  r e s o n a n c e  l i n e s  when th e  s t e a d y  m a g n e t ic  f i e l d  

l i e s  p a r a l l e l  to  th e  symmetry a x i s  o f  th e  c r y s t a l ,  b u t  

i t  d o es  c a u se  s u c h  ch an g es  when th e  m a g n e t ic  f i e l d  i s  

n o t  p a r a l l e l  to  th e  z - a x i s ,  and  i n  a d d i t i o n  t h e  r e s u l t i n g  

n u c l e a r  h y p e r f i n e  l i n e s  a r e  t h e n  u n e q u a l ly  s p a c e d .  The 

s p i n  H a m i l to n ia n  r e p r e s e n t i n g  t h i s  i n t e r a c t i o n  c a n  be 

w r i t t e n
f t  = I .  P . I .    1 .2 5

Q

w here P i s  th e  q u a d ru p o le  c o u p l in g  t e n s o r .

1 . 5  The s p i n  H a m il to n ia n

F o r  th e  com plexes  whose e l e c t r o n  p a ra m a g n e t ic  

r e s o n a n c e  s p e c t r a  w i l l  be d i s c u s s e d  i n  t h i s  w ork , one 

u n p a i r e d  e l e c t r o n  i n t e r a c t s  w i th  one n u c le u s  and t h e  

o r b i t a l  c o n t r i b u t i o n  to  th e  m a g n e t ic  moment o f th e  

e l e c t r o n  i s  s m a l l .  I t  i s  t h e r e f o r e  p o s s i b l e  t o  

r e p r e s e n t  t h e  b e h a v i o u r  o f  th e  e n e rg y  l e v e l s  by th e  

f o l l o w i n g  H a m il to n ia n  w hich  h a s  on ly  s p in  o p e r a t o r s

= A e H .g 'S  + S .A . I  + I . P . I  ..........  1 . 2S
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The a d v a n ta g e  o f  th e  s p i n  H a m il to n ia n ,  w hich  was f i r s t  

i n t r o d u c e d  by Abragam and P r y c e ,  i s  t h a t  a  co m p le te  d e s ­

c r i p t i o n  of the  e x p e r im e n ta l  d a t a  c a n  be p r e s e n t e d  by 

g i v i n g  th e  m a g n i tu d e s  o f  th e  c o e f f i c i e n t s  o f  th e  te rm s  

i n  e q u a t i o n  1 *2 6 , t o g e t h e r  w i t h  the  d i r e c t i o n  o f  th e  

a p p r o p r i a t e  p r i n c i p a l  a x e s  r e l a t i v e  t o  th e  c r y s t a l  

a x es  when a n i s o t r o p y  i s  p r e s e n t .

The d i r e c t  i n t e r a c t i o n  of the  n u c l e a r  s p i n  w i th  the  

m a g n e t ic  f i e l d  i s  n o rm a l ly  one o r  two o r d e r s  o f  m a g n i t ­

ude l e s s  t h a n  t h a t  b e tw ee n  th e  n u c l e a r  and e l e c t r o n i c  

s p i n s ,  so  t h a t  i t  h a s  b e en  ig n o r e d  i n  e q u a t i o n  1 . 2 6 .

I f  i t  i s  p o s s i b l e  t o  choose  a  sy s te m  where th e  x ,  y 

and  z a x e s  a r e  p r i n c i p a l  a x e s ,  w hich  s im u l t a n e o u s ly  

d i a g o n a l i s e  th e  g ,  A and  P t e n s o r s ,  th e n  th e  s p i n  

H a m i l to n ia n  can  be w r i t t e n  i n  th e  fo rm

w here  th e  sum m ation  i s  o v e r  th e  p r i n c i p a l  a x es  c o o r ­

d i n a t e s .  I n  s o l u t i o n s  where th e  r o t a t i o n  o f  th e  sy s te m  

a v e r a g e s  o u t  th e  a n i s o t r o p i c  c o n t r i b u t i o n  t o  t h e  v a r i o u s  

t e n s o r s ,  th e  s p i n  H a m il to n ia n  becomes

-W = g 0 £  e 2* §  + A0S . I ............................... ..........  1 . 28

where g 0 = ^ I I I  S n  and AQ = 3  5ZAi i  ..........  1 • 29

S in c e  th e  q u a d ru p o le  t e n s o r  i s  t r a c e l e s s ,  t h e r e  i s  no 

c o n t r i b u t i o n  from  t h i s  i n  e q u a t io n  1 . 2 8 , and  th e  e ig e n ­

v a l u e s  o f  th e  r e s u l t a n t  H a m i l to n ia n  1 .2 8  a r e  g i v e n  by
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El v m i  = g o 0 e ms  H + A0 fflj ms   1 .3 0

p r o v id e d  n u c l e a r  h y p e r f i n e  i n t e r a c t i o n s  a re  s m a l l  compared 

w i t h  t h e  i n t e r a c t i o n  b e tw e e n  th e  e l e c t r o n  and th e  a p p l i e d  

m a g n e t ic  f i e l d .

1 .6  E l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  i n  b u lk  m a t t e r

I n  p r a c t i c e  o b s e r v a t i o n s  of e l e c t r o n  p a ra m a g n e t ic  

r e s o n a n c e  a re  made on b u lk  m a t t e r  i . e .  on l i q u i d s ,  s o l i d s  

and g a s e s  c o n t a i n i n g  a  l a r g e  number o f  s p i n s ,  and n o t  on 

i s o l a t e d  s p i n s .  We m ust t h e r e f o r e  c o n s i d e r  w hat h a p p en s  

t o  th e  s p i n s  i n  a m a c ro s c o p ic  sam ple  when th ey  a re  sub­

j e c t e d  to  b o th  s te a d y  and o s c i l l a t i n g  m a g n e t ic  f i e l d s .

F o r  s i m p l i c i t y  c o n s i d e r  a  sam ple  i n  w hich  a l l  p a ra m a g n e t ic  

m o le c u le s  a r e  i d e n t i c a l  and have  s p i n  quantum num bers s -  i  

i n  th e  s o l i d  o r  l i q u i d  s t a t e .  The m a t e r i a l  i n  w h ich  th e  

u n p a i r e d  e l e c t r o n s  a r e  embedded i s  u s u a l l y  c a l l e d  th e  

" l a t t i c e 1* w h e th e r  i t  be s o l i d  o r  l i q u i d  o r  g a s .  When t h i s  

sam ple  i s  s u b j e c t e d  t o  a  s t e a d y  m a g n e t ic  f i e l d  E, a lo n g  th e  

z - a x i s  d i r e c t i o n ,  th e  s p in s  w i l l  t e n d  i n i t i a l l y  to  d i s t r i ­

b u te  th e m s e lv e s  o v e r  th e  two p o s s i b l e  e n e rg y  s t a t e s ,  

s e p a r a t e d  i n  e n e rg y  by gQ H. H y p e r f in e  i n t e r a c t i o n s  a re  

n e g l e c t e d  i n  o r d e r  t o  s i m p l i f y  t h e  a n a l y s i s .  A p p l i c a t i o n  o f  

an  o s c i l l a t i n g  m a g n e t ic  f i e l d  i n  a d i r e c t i o n  p e r p e n d i c u l a r  

t o  th e  s t e a d y  f i e l d ,  c a u s e s  t r a n s i t i o n s  b e tw ee n  th e  two 

e n e rg y  l e v e l s  to  t a k e  p l a c e .  The o s c i l l a t i n g  f i e l d  i s  

equal3.y l i k e l y  to  p ro d u ce  t r a n s i t i o n s  up from  th e  lo w e r  

l e v e l  t o  th e  u p p e r  i + ^  l e v e l  w hich r e s u l t s  i n  a b s o rp ­

t i o n  o f  r a d i a t i o n  e n e rg y ,  or down from  th e  \ + ^  l e v e l  t o  

th e  j -  -j\ l e v e l  by s t i m u l a t e d  e m is s io n ,  w h ich  r e s u l t s  i n
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e m is s io n  o f  e n e rg y ,  and  we can  o n ly  d e t e c t  a b s o r p t i o n  

of e n e rg y  from  th e  r a d i a t i o n  f i e l d  i f  th e  p o p u l a t i o n  o f  

t h e  lo w e r  l e v e l  e x c e e d s  t h a t  o f  th e  u p p e r  l e v e l .

A t t h e i m a l  e q u i l i b r i u m  th e  d i s t r i b u t i o n  o f  th e  

s p i n s  b e tw ee n  th e  two a l lo w e d  e n e rg y  l e v e l s  i s  g iv e n  by 

th e  B o ltz m an n  fo rm u la .

A E / ^ t  g e P q H /m  

= a = «   1 .31

w here n^ and  a r e  th e  num bers o f  s p i n s  i n  th e  lo w e r  

and u p p e r  l e v e l s ,  r e s p e c t i v e l y ,  k  i s  th e  B o ltzm an n  

c o n s t a n t  and  T i s  th e  a b s o l u t e  t e m p e r a t u r e .  I f  £>n 

i s  th e  p o p u l a t i o n  d i f f e r e n c e  b e tw ee n  th e  lo w e r  and 

u p p e r  s t a t e s  and  g Q f50H/kT i s  s m a l l .

n Sa S e H _  , g e 3 eH
A n  = u  5 t  —  2 ~ k T  N

where N i s  th e  t o t a l  number o f  u n p a i r e d  s p i n s  i n  t h e  two 

l e v e l s .

The n e t  a b s o r p t i o n  of m icrow ave en ergy  i s  due t o  t h i s  

s m a l l  e x c e s s  ( £* n) i n  th e  lo w e r  l e v e l  and c o r r e s p o n d s  

t o  t h e  t r a n s f e r  of some of the  e x c e s s  p o p u l a t i o n  i n  th e  

lo w e r  l e v e l  to  t h e  u p p e r  l e v e l .  T h e r e f o r e ,  i f  th e  

u n p a i r e d  s p i n s  were i s o l a t e d  from  t h e i r  s u r r o u n d in g s ,  

t h e  two l e v e l s  would r a p i d l y  become e q u a l ly  p o p u l a t e d  

and th e  a b s o r p t i o n  o f  m icrow ave en e rg y  would c e a s e .

The f a c t  t h a t  m a g n e t ic  r e s o n a n c e  can  be o b se rv e d  w h i le  

r a d i a t i o n  i s  a p p l i e d  a t  low power l e v e l s  means t h a t  t h e r e  

m ust b e  o t h e r  m echanism s by w hich  e n e rg y  a b s o r b e d  and 

s t o r e d  i n  th e  up p e r  s t a t e  can  be d i s s i p a t e d  i n  su c h  a

.3 2



m anner a s  t o  p e r m i t  th e  s p i n s  to  r e t u r n  t o  th e  g ro u n d  

s t a t e .  Such  m echanism s a re  c a l l e d  r e l a x a t i o n  p ro c e sse s .

The d e c r e a s e  i n  th e  p o p u l a t i o n  d i f f e r e n c e  w i th  a b s o r p ­

t i o n  o f  m icrow ave e n e rg y  may be d e s c r i b e d  by im a g in in g  

th e  s p i n  t e m p e r a t u r e ,  Ts , s t e a d i l y  r i s i n g  a s  th e  

m icrow ave e n e rg y  i s  a b s o r b e d ,  w h i le  th e  t e m p e ra tu re  of 

t h e  l a t t i c e  r e m a in s  u n a l t e r e d .  I n t e r a c t i o n s  b e tw ee n  

th e  s p i n  sy s te m  and  th e  l a t t i c e  w i l l  t e n d  to  b r i n g  th e  

two sy s te m s  i n t o  th e r m a l  e q u i l i b r i u m  b u t  th e  r e s u l t a n t  

t e m p e r a tu r e  w i l l  be c lo s e  t o  t h a t  o f  th e  l a t t i c e  s in c e  

th e  h e a t  c a p a c i t y  of th e  s p i n  sy s te m  i s  n e g l i g i b l e  

com pared  w i th  t h a t  o f  th e  l a t t i c e .  T h e r e f o r e  th e  s p i n -  

l a t t i c e  i n t e r a c t i o n s  re d u c e  th e  s p i n  t e m p e r a tu re  much 

be low  Ts = o o  , i . e .  th e y  i n c r e a s e  th e  p o p u l a t i o n  o f  

th e  lo w e r  l e v e l .  When s p i n - l a t t i c e  i n t e r a c t i o n  i s  

p r e s e n t  th e  upward t r a n s i t i o n  p r o b a b i l i t i e s  a r e  no 

l o n g e r  e q u a l  t o  th e  downward t r a n s i t i o n  p r o b a b i l i t i e s .

I f  th e  upward and downward t r a n s i t i o n  p r o b a b i l i t i e s  a re  

d e n o te d  w-j and  r e s p e c t i v e l y ,  w i th  ŵ  ^  r a t e

o f  change o f  p o p u l a t i o n  o f  th e  lo w e r  s t a t e  i s  g iv e n  by 

th e  e q u a t i o n

V 2  "  nl w1 1 .3 3
d t

when th e r m a l  e q u i l i b r i u m  h a s  b e e n  e s t a b l i s h e d ,

d t

and  i f  t h e  e q u i l i b r i u m  p o p u l a t i o n s  a re  n°  and n
l  1u

o t h e n
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» °  w,
= —   1.31+

n °  w ,
1 2

th e  u se  o f  e g u a t i o n  1 .31 *  i t  now f o l lo w s  t h a t

W1 =s exp ( -  A E /k T )  1*35
w2

I f  £>n and  N a r e  e x p r e s s e d  i n  te rm s  o f  n^  and  n ^ ,  t h e n

= - A n  ( wQ + Wu) + N ( w_ -  w, ) . . . .  1 .3 6
d t  * i 2 i

R e a r ra n g e m e n t  y i e l d s

, . ^  / A n  -  ^ n n 4d A n  = -  (  o j  1>3?
d t

Where „  , * 2  -  w-j ^
A n c = 11 ^ ) a nd T1 =o XW2 + Ŵ y 1 Wj *  W2

^ n Q i s  th e  p o p u l a t i o n  d i f f e r e n c e  a t  th e r m a l  e q u i l i b r i u m  

and  T.j i s  c a l l e d  the  s p i n - r e l a x a t i o n  t im e ,  o r  l o n g i t u d i n a l  

r e l a x a t i o n  t im e ,  and i t  h a s  d im e n s io n s  o f  t im e .

The co m p le te  b e h a v io u r  o f  th e  s p i n  sy s te m  i n  a  

no rm al e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  e x p e r im e n t  can  

be d e s c r i b e d  by i n c l u d i n g  th e  e f f e c t  o f  in d u c e d  t r a n s ­

i t i o n s  w hich  a r i s e  i n  t h 6 p r e s e n c e  o f  a  m icrow ave f i e l d .

I f  we d e n o te  th e  a b s o r p t i o n  and s t i m u l a t e d  e m is s io n  

p r o b a b i l i t i e s  by P ,  t h e n  th e  r a t e  o f  change o f  th e  

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

-d A £  = -  2P b n    1 .3 8
d t

and  th e  r a t e  o f  a b s o r p t i o n  o f  en ergy  from  th e  m icrow ave 

f i e l d  i s

5 5  = £>n P A E    1 .3 9
d t



16 o

The t o t a l  r a t e  of change o f  th e  p o p u l a t i o n  d i f f e r e n c e  i s  

th e  sum o f  t h e  r a t e s  due t o  the  com bined e f f e c t s  o f  th e  

r a d i a t i o n  and  s p i n - l a t t i c e  r e l a x a t i o n ,

d n = - 2P A n -  ( A n  -  A n 0 ) ^    1 .40

A t th e r m a l  e q u i l i b r i u m  d n = q
d t  '

An0• • £> n  = ■ ■ - ..
1 + 2PT-,

dE . N--j
and i t  = A n 0 . 1-W

E q u a t io n  I . I 4.I i n d i c a t e s  t h a t  p r o v i d e d  2PT.J 1 ,  th e  

e l e c t r o n  p a r a m a g n e t ic  a b s o r p t i o n  s i g n a l  i s  n o t  l i a b l e  

t o  become s a t u r a t e d .

As a  r e s u l t  o f  r e l a x a t i o n ,  th e  s p i n  s t a t e s  have  a  

f i n i t e  l i f e t i m e  and th e  sh ap e  o f  th e  r e s o n a n c e  a b s o r ­

p t i o n  l i n e  c a n n o t  be r e p r e s e n t e d  by a  £  f u n c t i o n .

I f  th e  l i f e t i m e  i s  c o n t r o l l e d  by s p i n - l a t t i c e  r e l a x a t i o n  

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

t h i s  i s  r a r e l y  so  s in c e  t h e r e  e x i s t  o t h e r  r e l a x a t i o n

p r o c e s s  w hich  b ro a d e n  th e  l i n e s  by v a ry in g  the  r e l a t i v e  

e n e r g i e s  o f  the  s p i n  l e v e l s ,  r a t h e r  t h a n  t h e i r  l i f e t i m e s .  

Su ch  p r o c e s s  a r e  c h a r a c t e r i s e d  by a  r e l a x a t i o n  tim e T^, 

c a l l e d  th e  s p i n - s p i n  r e l a x a t i o n  t im e  or t r a n s v e r s e  

r e l a x a t i o n  t im e .  T-j and T2 a r e  c l o s e l y  r e l a t e d  s i n c e  

any i n t e r a c t i o n  w hich  can  d e c r e a s e  th e  l i f e t i m e s  o f  s p i n  

s t a t e s  may a l s o  m o d u la te  th e  e n e rg y  l e v e l s *
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i —1
The t o t a l  l i n e w i d t h  (T^ )  g e n e r a l l y  c o n s i s t s  o f  two 

c o n t r i b u t i o n s ;  th e  f i r s t  a r i s e s  from  s p i n - l a t t i c e  

r e l a x a t i o n  and e q u a l s  ( ) " " * ,  and th e  s e c o n d  r e s u l t s  

f rc m  s p i n - s p i n  r e l a x a t i o n  and i s  e q u a l  t o  ( 2T2 )

1*7 The B lo c h  e q u a t io n s  and l i n e s h a p e s  i n  m a g n e t ic  
r e s o n a n c e  s p e c t r o s c o p y

I n  o r d e r  t o  co m p le te  ou r m a c ro s c o p ic  d e s c r i p t i o n  

.o f  s p i n s  and  to  d i s c u s s  th e  l i n e s h a p e s  of e l e c t r o n  

p a ra m a g n e t ic  r e s o n a n c e  i t  i s  n e c e s s a r y  t o  d e s c r i b e  

th e  dynamic b e h a v io u r  o f  a  c o l l e c t i o n  of s p i n s  i n  a  

m a g n e t ic  f i e l d *  C o n s id e r  f i r s t  th e  b u lk  m a g n e t ic  

moment v e c t o r  M w hich  i s  th e  r e s u l t a n t  sum o f  th e  

m a g n e t ic  moment v e c t o r s  o f  the  i n d i v i d u a l  e l e c t r o n s  a t  

a  c e r t a i n  te m p e ra tu re *  I f  a l l  m a g n e t ic  f i e l d s  a r e  

su d d e n ly  s w i t c h e d  o f f  t h e n ,  s p i n - l a t t i c e  r e l a x a t i o n  

c a u s e s  th e  p o p u l a t i o n  d i f f e r e n c e  t o  decay  e x p o n e n t i a l l y  

t o  e q u i l i b r i u m ,  and th e  r a t e  o f  change i s

d £> n _ - A n  . . _
" i t —  —  ..........

S in c e  th e  z-coraponen t of b u lk  m a g n e t ic  moment, M_, i s  

p r o p o r t i o n a l  to  th e  e x c e s s  p o p u l a t i o n  o f  s p i n s  i n  th e  

lo w e r  l e v e l ,  t h e  r a t e  o f  d e c a y  of Mz t o  z e r o  i s  t h e r e ­

f o r e  g o v e rn e d  by th e  s p i n - l a t t i c e  r e l a x a t i o n  e q u a t io n

 z = -  z ..........  1 . k3
d t  T,1

Mx  a n d  My, th e  x  and y com ponents o f M, obey th e  same 

decay  e q u a t io n  a s  M s i n c e  t h e r e  i s  no p h y s i c a l



d i s t i n c t i o n  b e tw een  th e  x ,  y and z ax es  d i r e c t i o n s  i n  

th e  a b se n c e  o f  th e  a p p l i e d  f i e l d .

I f  a  s te a d y  m a g n e t ic  f i e l d  i s  now a p p l i e d  a lo n g  

t h e  z - a x i s  d i r e c t i o n ,  M_ te n d s  t o  a p p ro a c h  a s t e a d y  

v a lu e  Mq , w h i le  Mx  and s t i l l  d ecay  e x p o n e n t i a l l y  

t o  z e r o  w i th  d i f f e r e n t  c h a r a c t e r i s t i c  t im e ,  T^. i f  

t h e  e f f e c t s  o f  p r e c e s s i o n  a r e  ig n o r e d  th e n  t h e  r a t e s  

o f  d e ca y  a r e  g iv e n  by

-  Mom z  = M ■ -  z
d t T

“ k - -  “ x
d t Toe_
dM

y  - y
d t T2

H ow ever, i n  t h e  p r e s e n c e  o f  an  a p p l i e d  f i e l d ,  Hq , a lo n g  

th e  z - a x i s  d i r e c t i o n  i s  e x e r t e d  a  t o r q u e  on t h e  b u lk  

m a g n e t i z a t i o n ,  c a u s in g  i t  t o  p r o c e s s  a b o u t  HQ w i th  an  

a n g u la r  f r e q u e n c y  a c c o r d in g  to  th e  e q u a t io n

dM = V (M x  H0 ) ..........  1 .  i+5
d t

The a n g u la r  f r e q u e n c y  W 0 > i s  c a l l e d  th e  L arm or f r e q u e n c y ,  

and  th e  r e s u l t a n t  p r o c e s s i o n a l  m o t io n  i s  known as  th e  

Larm or p r e c e s s i o n .  The d i r e c t i o n  o f  p r e c e s s i o n  depends 

on th e  s i g n  o f  th e  m a g n e to g y r ic  r a t i o ,  and s in c e  Y  i s  

n e g a t iv e  f o r  th e  e l e c t r o n ,  t h e  e l e c t r o n i c  s p i n s  t h e r e ­

f o r e  p r o c e s s  a n t i c l o c k w i s e  a b o u t  th e  m a g n e t ic  f i e l d
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d i r e c t i o n  H0 .

I f  th e  r e l a x a t i o n  e f f e c t s  1*44 a r e  added  t o  e q u a t i o n  1 .4 5 ,  

t h e n  th e  e q u a t i o n s  of m o tio n  f o r  th e  t h r e e  com ponents 

become

dMx M
d t  ”  0 y T2

dMv „
— 2  = W0M — _ £
d t  °  x  T2

= _  Mz -  Mo

d t  T1

1 . i |6

T hese  e q u a t i o n s  a re  c a l l e d  B lo c h  e q u a t i o n s .  They 

d e s c r i b e  a  damped p r e c e s s i o n  o f  th e  s p i n s ,  i n  w hich  

th e  r o t a t i n g  t r a n s v e r s e  component o f  M decays t o  z e r o  

w i t h  c h a r a c t e r i s t i c  t im e  Tg, and  th e  l o n g i t u d i n a l  

com ponent Mz r e l a x e s  to w ard  i t s  e q u i l i b r i u m  v a lu e  MQ 

w i th  a  c h a r a c t e r i s t i c  decay  tim e T^•

So f a r ,  we have on ly  c o n s id e r e d  e l e c t r o n  s p i n s  i n  

th e  f i x e d  f i e l d  H0 a lo n g  th e  z - a x i s  d i r e c t i o n .  I f  a  

c i r c u l a r l y  p o l a r i s e d  m a g n e t ic  f i e l d  H-j r o t a t i n g  i n  th e  

xy p l a n e  i n  th e  same d i r e c t i o n  as  th e  Larm or p r e c e s s i o n ,  

w i th  a  u n i fo rm  a n g u la r  v e l o c i t y  6), w h ich  need  n o t  be 

e g u a l  t o  th e  r e s o n a n c e  f r e q u e n c y  i s  now a p p l i e d  to  

t h i s  sy s te m , t h e n  th e  B lo c h  e q u a t i o n s  become



where th e  r o t a t i n g  component o f  Ej i n  th e  xy p la n e  i s

H.j = i  c o s  t J t  + j  s in & > t

i  and  j  a r e  u n i t  v e c t o r s  a lo n g  th e  x  and  y a x e s  r e s p e c t i v e l y .  

To s o lv e  e q u a t i o n s  1 .^ 7  i t  i s  c o n v e n ie n t  t o  t r a n s f o r m  th e  

fram e o f  r e f e r e n c e  from  f i x e d  a x e s ,  x ,  y and z to  a  s e t  o f  

a x e s  im a g in ed  t o  r o t a t e  w i th  th e  f i e l d ,  a t  an  a n g u la r  

v e l o c i t y  U  a b o u t  th e  z - a x i s .  I n  th e  r o t a t i n g  f ra m e ,  

b o t h  Hq and a r e  f i x e d .  We may t h e n  r e s o l v e  th e  

com ponents o f M on th e  xy p l a n e  i n t o  com ponents u  and v ,  

w h ich  a re  a lo n g  and  p e r p e n d i c u l a r  t o  th e  d i r e c t i o n  o f  , 

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

o f - p h a s e  ccraponen ts  o f M. The r e l a t i o n s  b e tw e e n  u and 

v  a re

u  = ^ x  c o s  6J t  + My s i n  to t .

. . . »  1 • I4.Q

v  = M  ̂ s i n  Wt -  My c o s  u i t

I f  we s u b s t i t u t e  e q u a t io n s  1.1+8 i n  t h e  B lo c h  e q u a t i o n s ,  

we o b t a i n  a  new s e t  f o r  th e  t h r e e  com ponents u ,  v  an d  

Mz r e f e r r e d  to  r o t a t i n g  a x e s



U Q -  U) i s  a  m easu re  o f  how f a r  we a re  o f f  th e  p e a k  of 

r e so n a n c e *

The l a s t  e q u a t i o n  i s  p a r t i c u l a r l y  s i g n i f i c a n t ,  s i n c e  i t  

shows t h a t  th e  c h a n g e s  o f  Mz w hich  r e f l e c t  th e  c h a n g e s  

i n  th e  e n e rg y  o f  th e  s p i n  sy s te m , a re  a s s o c i a t e d  o n ly  

w i th  v ,  t h e  o u t - o f - p h a s e  com ponent, and no t w i t h  u .

T h is  m eans t h a t  th e  a b s o r p t i o n  s i g n a l s  w i l l  be a s s o c ­

i a t e d  w i th  th e  m easu rem en t o f  v .  The component u  

w i l l  be a s s o c i a t e d  w i th  d i s p e r s io n - m o d e  s ig n a l s *

I f  th e  m icrow ave f i e l d ,  , h a s  b een  a p p l i e d  f o r  

a  s u f f i c i e n t l y  lo n g  t im e ,  th e n  a  s t e a d y  s t a t e  i s  

r e a c h e d  and  i n  t h a t  c a s e  th e  s o l u t i o n s  o f  th e  B lo c h  

e q u a t io n s  a r e  o b t a in e d  by s e t t i n g  a l l  th e  t i m e - d e r i -  

v a t i v e s  e q u a l  t o  z e r o .  Then we o b t a i n



Prom t h e s e  e q u a t i o n s  we c a n  o b t a i n  th e  t r a n s v e r s e  

com ponen ts  o f  t h e  m a g n e t i z a t i o n  i n  th e  s t a t i c  l a b o r a t o r y  

c o o r d i n a t e  sy s te m

y  T co s  w t  + 2H.j s in u s  t
o “ 0 2

1 + T g   ̂ Wo ~ U ) Z  + T iT2

•  •  •  •  1 <

Tg( ^ 0-tO)2H-j s i n ^ t  -  2Ĥ  cos  ^  t
=  M n  V  q ^ o  . " r M,,y  ■■■ —  —— p — — q — “ '0 0 ^ / /o _ \ 2 w 2„21 + t ;  ( w - W ) ^  + v f Hf  T,T, ^ o e 1 1 <

The r e s u l t s  o f  t h e s e  e q u a t i o n s  show t h a t  t h e  m a g n e t i z a t i o n  

h a s  a  c o n s t a n t  com ponent i n  th e  d i r e c t i o n  o f  th e  a p p l i e d  

s t a t i c  m a g n e t ic  f i e l d ,  and a  r o t a t i n g  com ponent i n  th e  xy 

p l a n e .  A l th o u g h  we hav e  on ly  s o lv e d  th e  e q u a t i o n s  i n  a  

r o t a t i n g  f i e l d  , i n  e x p e r im e n ta l  e l e c t r o n  p a ra m a g n e t ic  

r e s o n a n c e  s p e c t r o s c o p y  th e  p e r t u r b i n g  f i e l d  i s  an  

o s c i l l a t i n g  l i n e a r l y  p o l a r i z e d  f i e l d .  The s o l u t i o n  of 

t h e s e  e q u a t i o n s  i n  an  o s c i l l a t i n g  f i e l d  i s  a lm o s t  t h e  

same s i n c e  a  l i n e a r l y  p o l a r i z e d  f i e l d  o f  s t r e n g t h  

2Ĥ  cos u > t  i n  th e  x - d i r e c t i o n  can  be r e g a r d e d  a s  t h e  

sum o f  two c o u n t e r - r o t a t i n g  f i e l d s  o f  m a g n i tu d e  w i th  

C a r t e s i a n  com ponents  (H^ cos  c o t ,  -  ftj s i n t o t ,  0 ) and 

(H^ c o s c o t ,  s i n  co t ,  0 ) .  Only th e  f i e l d  w h ich  r o t a t e s  

i n  an  a n t i c l o c k w i s e  s e n s e  c an  in d u c e  t r a n s i t i o n s ,  th e  

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

d i r e c t i o n  w i l l  be  n e g l i g i b l y  s m a l l .

The e f f e c t  o f  th e  l i n e a r  f i e l d  c an  be c o n v e n i e n t l y
A// yyH

d e s c r i b e d  i n  t e r n s  o f  s u s c e p t i b i l i t i e s  % a n<* X, ,
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o f t e n  r e f e r r e d  t o  as B lo c h  s u s c e p t i b i l i t i e s .  Thus th e

f i e l d  2H.j cos  u>t p ro d u c e s  an  i n - p h a s e  m a g n e t i z a t i o n ,
•  /

M = 2 % Hj cos Uit ,  and  a n  o u t - o f - p h a s e  m a g n e t i z a t i o n
U Jt

M = 2 X l i j s i n t d t .  S in c e  Mx  and My c o n t a i n  b o th  

i n - p h a s e  and  o u t - o f - p h a s e  com p onen ts ,  we d e f i n e  a  

complex s u s c e p t i b i l i t y  by

X = X  -  ± x   1 •  52

i s  t h e n  t a k e n  t o  be th e  r e a l  coup one n t  o f  m a g n e t i z a t i o n  

= Re ( X  2H.,eiW t)

I H
= X  2H^cos w t  + X  2H -jS inW t . • • •  1 .5 3

Compai*ing e g u a t io n s  1*53 w i t h  1.51 we g e t ,  f o r  th e  com plex  

s u s c e p t i b i l i t i e s

y .  *.
^  * 0 '0  T' _y.«"2 772 '.2   1*5i+1+ T 2(U 0-W )2 + Y 2i^ g ) T

T
X  = £  X 0 %    To--- -

1+ T| ( w 0-w )2 + v 2H^ i T 2 1*55

N ote t h a t  % 0HQ = M

I t  i s  o b v io u s  t h a t  i n - p h a s e  and o u t - o f - p h a s e  m a g n e t i z a -
/ rj*

t i o n  com ponents u  and v r e l a t e  t o  % a n d  X  r e s p e c t i v e l y

U = 2 x 1 s 1 

v  = 2 X*  H1



L e t  u s  now t u r n  t o  a  c o n s i d e r a t i o n  of th e  pow er

a b s o rb e d  by th e  sam ple  from  th e  f i e l d .  When th e
/

f r e q u e n c y  o f  p a s s e s  th r o u g h  th e  r e s o n a n c e ,  % 

c h an g e s  s i g n  so  t h a t  M i s  90°  o u t  o f  p h a se  w i th  th e  

m icrow ave f i e l d  a t  th e  h i g h  f r e q u e n c i e s  w h i le  X  shows 

v e ry  l a r g e  i n c r e a s e  n e a r  r e s o n a n c e ,  and t h i s  c a u s e s  a  

s t r o n g  a b s o r p t i o n  o f  e n e rg y .  F o r  an  x - p o l a r i z e d  

m icrow ave f i e l d  th e  mean r a t e  o f  en e rg y  a b s o r p t i o n  

p e r  u n i t  volume o f  s a m p le ,  A, i s  g i v e n  by

A = H
x  cre~

2M V T„ to H? r  2 2 _______________
\   |_c°8  k ) t -T 2 ( w ) s i n w t  c o s w t

1 T2 + t | ( 400- ^ )

. . . . .  1 .5 6

I t  c a n  be  r e a d i l y  shown t h a t

1 • y  ■ ■ - — ----------------------
c o s  ^ t  s  £  and  s i n ^ t  co s  o t  = o

y <*>h2 m t„
A 6 1 °

"  1+T2 (W0 - w ^ + y J ^ T g    1 , 5 7

Com paring e q u a t i o n  1 .5 7  w i t h  e q u a t io n  1 .5 5  we s e e  t h a t  

th e  pow er a b s o rb e d  i s  r e a d i l y  e x p r e s s e d  i n  te rm  o f  th e  

o u t - o f - p h a s e  B lo c h  s u s c e p t i b i l i t y

A = 2 WH2 %"   1*58
1

I f  i s  d e l i b e r a t e l y  made s u f f i c i e n t l y  s m a l l  so
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t h a t  V@ H ^ T 2 <§T 1 , t h e n  th e  n o r m a l i s e d  a b s o r p t i o n  

l i n e  i s  L o r e n t z i a n  i n  s h a p e ,  i . e .  o f  th e  fo rm

g(C0;  -  _  1 +T ^ (w-w0 )2  • • • •  1 .5 9

2 2The te rm  V qH-jT^T2 becom es im p o r t a n t  when H-j o r  i s  

l a r g e ,  and th e  l i n e s h a p e  i s  t h e n  no lo n g e r  L o r e n t z i a n .  

T h is  e f f e c t  i s  c a l l e d  s a t u r a t i o n  and  i t  r e l a t i v e l y  

w eakens th e  c e n t r e  of th e  a b s o r p t i o n  l i n e ,  and  c a u s e s  

a p p a r e n t  b r o a d e n in g .  By a  s u i t a b l e  m o d i f i c a t i o n  of 

th e  e x p e r i m e n t a l  c o n d i t i o n s ,  we c an  o b se rv e  e i t h e r  

th e  a b s o r p t i o n  mode w hich  i s  r e l a t e d  to  % U , o r  th e  

d i s p e r s i o n  mod6 w hich  i s  r e l a t e d  t o  X  • The 

a b s o r p t i o n  and  d i s p e r s i o n  sh a p e s  p r e d i c t e d  fro m  th e  

B lo c h  e q u a t i o n s  a r e  shown i n  F ig u r e  1 .1 .

0.6

O .k

• 0.2

F ig u r e  1 .1  D i s p e r s i o n  and a b s o r p t i o n  l i n e s h a p e s  
d e r i v e d  fro m  th e  B lo c h  e q u a t i o n .



1 . 8  S o u rc e s  o f l in e b r o a d e n i n g

I n  a d d i t i o n  t o  th e  n a t u r a l  l i n e w i d t h s  d e s c r i b e d  

a b o v e ,  v a r i o u s  a d d i t i o n a l  e f f e c t s  may a l s o  c o n t r i b u t e  

t o  th e  w id th s  o f e l e c t r o n  p a r a m a g n e t i c  r e s o n a n c e  

s p e c t r a l  l i n e s .  The r e l a t i v e  im p o r ta n c e  o f  t h e s e  

s o u r c e s  d epend s  on th e  p a r t i c u l a r  sy s te m  u n d e r  

d i s c u s s i o n .

I n  m a g n e t i c a l l y  c o n c e n t r a t e d  c r y s t a l s ,  where th e  

n e ig h b o u r in g  e l e c t r o n  s p i n s  a r e  c l o s e  enough , th e  

u n p a i r e d  e l e c t r o n  can  jump r a p i d l y  f ro m  one m o le c u le  

t o  a n o t h e r .  I f  th e  r a t e  o f  jum ping  i s  l a r g e ,  th e  

e f f e c t  i s  s i m i l a r  t o  w hat we would e x p e c t  i f  th e  

e l e c t r o n  were f r e e  t o  move th r o u g h o u t  th e  c r y s t a l .  

T h is  h a s  th e  e f f e c t  o f  a v e r a g in g  out any h y p e r f i n e  

i n t e r a c t i o n s  and g i v e s  r i s e  t o  a na rro w  l i n e .  When 

th e  r a t e  o f jum ping  i s  n o t  s u f f i c i e n t  enough t o  

a v e ra g e  ou t h y p e r f i n e  i n t e r a c t i o n s ,  t h e n  jum ping  may 

p ro d u ce  a  v e ry  b ro a d  l i n e .  F o r  t h i s  r e a s o n  e l e c t r o n  

p a ra m a g n e t ic  r e s o n a n c e  s t u d i e s  a r e  u s u a l l y  c a r r i e d  

o u t  on m a g n e t i c a l ly  d i l u t e  s y s te m s ,  e . g .  i n  s o l u t i o n s ,  

o r  u s i n g  c r y s t a l s  o f  a d ia m a g n e t ic  h o s t ,  i n t o  w hich  

th e  p a ra m a g n e t ic  s p e c i e s  a r e  doped . I n  s o l u t i o n s  

th e  im p o r ta n t  c o n t r i b u t i o n s  to  the  a b s o r p t i o n  l i n e ­

w id th s  of t r a n s i t i o n  m e t a l  com plexes a r e  o u t l i n e d  

be low .



( a )  A n i s o t r o p i c  i n t e r a c t i o n s ,  which a r i s e  when th e  

tu m b l in g  r a t e  o f  a  p a ra m a g n e t ic  complex i n  s o l u t i o n  

i s  n o t  r a p i d  enough t o  c o m p le te ly  a v e ra g e  ou t th e  g  

and  A t e n s o r s ,  c a u se  f l u c t u a t i n g  m a g n e t ic  f i e l d s  

w hich  p ro d u ce  l i n e b r o a d e n i n g .

( b )  When a  complex r o t a t e s  i n  s o l u t i o n ,  th e  m o tio n  o f  

i t s  e l e c t r o n  and i t s  n u c l e i  p ro d u ce  m a g n e t ic  f i e l d s  

w hich  can  i n t e r a c t  w i t h  th e  m a g n e t i c  moment o f  th e  

u n p a i r e d  e l e c t r o n .  S in c e  th e  m a g n i tu d e s  and 

d i r e c t i o n s  o f  t h e s e  f i e l d s  a r e  t im e -d e p e n d e n t  t h i s  

a l s o  c a u s e s  b ro a d e n in g  o f  th e  r e s o n a n c e  s p e c t r a .

( c )  U n re s o lv e d  h y p e r f i n e  i n t e r a c t i o n s  may e x i s t  i n  

th e  com plex w h ich  a re  n o t  l a r g e  enough t o  c a u se  

s p l i t t i n g  o f  th e  com ponent l i n e s ,  b u t  w hich  a r e  

l a r g e  enough to  c a u se  b r o a d e n in g  o f  th e  l i n e w i d t h s .

These  a r e  th e  i m p o r t a n t  s o u r c e s  i n  sy s te m s  w i th  one 

u n p a i r e d  e l e c t r o n .  O th e r  s o u r c e s  may be dom inan t i n  

o t h e r  s p e c i e s ,  i n  w hich  c a se  eac h  sy s te m  m u s t  be 

i n d i v i d u a l l y  c o n s i d e r e d .

1 . 9  E l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  s t u d i e s  and 
e l e c t r o n i c  s t r u c t u r e

The e l e c t r o n i c  s t r u c t u r e s  o f th e  com plexes t o  be 

d i s c u s s e d  i n  t h i s  t h e s i s  a r e  d e s c r i b e d  i n  te rm s  of th e  

m o le c u l a r  o r b i t a l  m ethod i n  i t s  LOAO ( l i n e a r  c o m b in a t io n s  

o f  a to m ic  o r b i t a l s )  fo rm . The e l e c t r o n i c  s t a t e s  of t h e  

m o le c u le  a r e  d e s c r i b e d  i n  te rm s of p r o d u c t s  o f  o n e - e l e c t r o n



w a v e fu n c t io n s  v/hich a r e  fo rm ed  from  a l i n e a r  c o m b in a t io n  

o f  th e  a to m ic  o r b i t a l s  o f  th e  i n d i v i d u a l  atoms w hich  make 

up th e  com plex , i . e .  t h e  m o le c u l a r  o r b i t a l s  a r e

th e  fo rm

Y" j iT~_ c 6
i  i j  i

w here  a r e  a p p r o p r i a t e  a to m ic  o r b i t a l s .

The m o le c u la r  o r b i t a l s  o f  many t r a n s i t i o n  m e t a l  com plexes 

su c h  a s  th e  com plexes  s t u d i e d  h e r e ,  a r e  fo rm ed  fro m  

n d ,  ( n + l ) s  and  (n+1 )p  o r b i t a l s  o f  a  c e n t r a l  m e t a l  i o n  

a n d  s  and p o r b i t a l s  o f  l i g a n d s .  I n  th e  f o r m a t io n  o f  

m o l e c u l a r  o r b i t a l s  by t a k i n g  l i n e a r  c o m b in a t io n s  o f  t h e  

com bin ing  a to m ic  o r b i t a l s ,  th e  symmetry p r o p e r t i e s  o f  

th e  s y s te m  m u st be t a k e n  i n t o  a c c o u n t .

C o n s id e r  th e  s i m p l e s t  p o s s i b l e  s i t u a t i o n ,  where a  

m e t a l  and  a  l i g a n d  o r b i t a l  com bine. T h is  c o m b in a t io n  

p ro d u c e s  two m o le c u l a r  o r b i t a l  y s  and Y  a t  e n e r g i e s  

above and below  th o s e  o f  th e  component a to m ic  o r b i t a l s  

r e s p e c t i v e l y .

Y =  a  *  b <pL

• • • •  1 .61

w here ^  i s  a  m e t a l  i o n  o r b i t a l  and  (pj^ i s  a  l i g a n d  

o r b i t a l .  The m o le c u la r  o r b i t a l  e n e rg y  l e v e l s  a r e  shown 

d i a g r a m m a t i e a l ly  i n  F ig u r e  1 . 2 .
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/ e n e rg y
/N

^ M
/

/

+ b&
/

M e ta l io n  o rb i ta l  M o le c u la r  o r b i t a l s  l i g a n d  o r b i t a l

F ig u r e  1*2

The c o e f f i c i e n t s  i n  th e  w a v e fu n c t io n s  m ust obey th e  

n o r m a l i z a t i o n  and o r t h o g o n a l i t y  r e q u i r e m e n ts

a2  + 2abS + b = 1

a* 2-  2a*b*S + b* 2 = 1 •»• • 1 • 62

aa -  bb* + S (a*b  -  ab*) = 0

w here th e  o v e r l a p  i n t e g r a l  S = J  <f>£ d T

Y *  i s  th e  a n t ib o n d in g  o r b i t a l  w hich  i s  o f t e n  m a in ly  

m e t a l  i o n  o r b i t a l  i n  c h a r a c t e r ,  and  o f t e n  c o n ta in s  no 

e l e c t r o n s  i n  th e  g round  s t a t e  o f  th e  m o le c u le ,  w h i le  

Y  i s  th e  b o n d in g  o r b i t a l ,  w h ich  i s  o f t e n  m a in ly  

l i g a n d  o r b i t a l  i n  c h a r a c t e r ,  and i s  u s u a l l y  o c c u p ie d  i n



t h e  g ro u n d  s t a t e .  An u n p a i r e d  e l e c t r o n  i n  an  a n t i ­

b o n d in g  o r b i t a l  w i l l  e f f e c t i v e l y  spen d  a p o r t i o n  o f  

i t s  t im e  n e a r  the  l i g a n d  atom  i f  t h e r e  i s  a p p r e c i a b l e  

m ix in g  of th e  two b a s i s  o r b i t a l s .

E l e c t r o n  p a ra m a g n e t ic  s t u d i e s  o f  t r a n s i t i o n  m e ta l  

io n s  y i e l d  v e ry  d e t a i l e d  i n f o r m a t i o n  a b o u t  th e  

d i s t r i b u t i o n  of e l e c t r o n s  i n  t r a n s i t i o n  m e t a l  com plexes . 

T h is  i n f o r m a t i o n  can  be  d e r i v e d  i n  two w ays.

F i r s t ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  th e  d e g re e  o f  

d e l o c a l i s a t i o n  of an  u n p a i r e d  e l e c t r o n  away fro m  a  

m e t a l  n u c le u s  from  th e  s i z e  o f  th e  m e t a l  h y p e r f i n e  

c o u p l i n g ,  s i n c e  th e  m a g n i tu d e  of th e  h y p e r f i n e  c o u p l in g  

d e p en d s  on th e  d i s t a n c e  o f  th e  e l e c t r o n  from  th e  n u c le u s .  

T h is  may l e a d  t o  some i n f o r m a t i o n  a b o u t  th e  d i s t r i b u t i o n  

o f  th e  u n p a i r e d  e l e c t r o n  i n  th e  m o le c u l a r  o r b i t a l  i t  

o c c u p ie s  i n  th e  g ro u n d  s t a t e  o f  th e  com plex . I n  c a s e s  

w here  th e  h y p e r f i n e  c o u p l in g  w i th  th e  l i g a n d  m a g n e t ic  

n u c le u s  i s  n o t  l a r g e  enough t o  c au se  s p l i t t i n g ,  b e c a u se  

th e  s e p a r a t i o n  b e tw ee n  th e  l i n e s  i s  l e s s  th a n  th e  

component l i n e w i d t h s ,  th e  s i z e  o f  th e  l i g a n d  h y p e r f i n e  

c o u p l in g  c a n  be e s t i m a t e d  by a n a l y s i s  o f  th e  l i n e w i d t h s  

o f  th e  e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  s p e c t r a  a t  

d i f f e r e n t  t e m p e r a t u r e s .  S eco n d , i t  i s  a l s o  p o s s i b l e  

t o  d e r i v e  i n f o r m a t i o n  a b o u t  th e  e l e c t r o n  d i s t r i b u t i o n  

fro m  th e  s i z e  o f  th e  o r b i t a l  c o n t r i b u t i o n  t o  th e  

e f f e c t i v e  p a ra m a g n e t ic  moment, a s  r e f l e c t e d  i n  th e  

d e v i a t i o n  of th e  p r i n c i p a l  v a lu e s  o f  th e  g - t e n s o r  

from  th e  s p i n - o n l y  v a l u e .
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The u n p a i r e d  d - e l e c t r o n s  i n  an i s o l a t e d  t r a n s i t i o n  

m e t a l - i o n  p o s s e s s  o r b i t a l  a n g u la r  momentum i n  a d d i t i o n  

t o  the  s p in  momentum. When th e  t r a n s i t i o n  m e t a l  i o n  i s  

i n  a  com plex , the  e l e c t r i c  f i e l d  c a u se d  by th e  s u r r o u n d ­

in g  l i g a n d s  t e n d s  t o  f o r c e  th e  u n p a i r e d  e l e c t r o n  to  

occupy an  o r b i t a l  w hich  h a s  no o r b i t a l  a n g u la r  momentum 

a s s o c i a t e d  w i th  i t .  O r b i t a l  a n g u l a r  momentum may, 

h o w e v e r ,  be r e i n s t a t e d  by s p i n - o r b i t  c o u p l in g .  The 

s p i n - o r b i t  c o u p l in g  o r i g i n a t e s  i n  th e  i n t e r a c t i o n  

b e tw e e n  th e  s p i n  o f  th e  e l e c t r o n  and th e  m a g n e t i c  

f i e l d  g e n e r a t e d  by th e  m o tio n  o f  th e  e l e c t r o n  i n  th e  

e l e c t r i c  f i e l d  o f  th e  n u c l e u s .  The m a g n i tu d e  o f  th e  

s p i n - o r b i t  c o u p l in g  i n c r e a s e s  w i th  i n c r e a s i n g  a to m ic  

number o f th e  n u c le u s  i n v o lv e d ,  and d e c r e a s e s  r a p i d l y  

w i th  th e  d i s t a n c e  o f  th e  e l e c t r o n  from  t h e  n u c l e u s .

T h is  c o u p l in g  c a u s e s  c o n s i d e r a b l e  m ix in g  o f  th e  

c h a r a c t e r s  o f  some e x c i t e d  s t a t e s  i n t o  th e  o r b i t a l  

c o n t a i n i n g  th e  u n p a i r e d  e l e c t r o n ,  and i t  l e a d s  to  a  

r e i n t r o d u c t i o n  o f  a  c e r t a i n  amount o f  o r b i t a l  m a g n e t ic  

moment. These e x c i t e d  s t a t e s  a r e  p ro d u c e d  e i t h e r  by 

p ro m o tin g  th e  u n p a i r e d  e l e c t r o n  i n t o  th e  empty a n t i ­

b o n d in g  o r b i t a l s  o r by p ro m o tin g  an  e l e c t r o n  from  

th e  f i l l e d  b o n d in g  o r b i t a l s  i n t o  th e  o r b i t a l  c o n ta in i n g  

th e  u n p a i r e d  e l e c t r o n .

The d6g r e e  o f  th e  o r b i t a l  c o n t r i b u t i o n  to  p a ra m a g n e tism  

d e p en d s  on th e  d e g re e  of l o c a l i s a t i o n  of th e  e l e c t r o n  

on t h e  m e t a l  i o n  i n  th e  g ro u n d  and e x c i t e d  s t a t e s .

Thus i f  t h e  d e g re e  o f  th e  e l e c t r o n  l o c a l i s a t i o n  i n  th e
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g ro u n d  s t a t e  i s  known, f ro m  th e  h y p e r f i n e  c o u p l in g  f o r  

i n s t a n c e ,  i t  i s  p o s s i b l e  t o  use  t h e  s p i n - o r b i t  c o u p l in g  

e f f e c t  t o  s tu d y  th e  e l e c t r o n  d i s t r i b u t i o n  i n  th e  e x c i t e d  

s t a t e s ,  i n  t h i s  c a s e  i n  th e  empty a n t ib o n d in g  and f i l l e d  

b o n d in g  m o le c u l a r  o r b i t a l s .

I f  th e  c o e f f i c i e n t s  o f  th e  a n t i b o n d i n g  m o le c u la r  o r b i t a l  

a r e  known, i t  i s  p o s s i b l e  t o  o b t a i n  th e  c o e f f i c i e n t s  o f 

th e  b o n d in g  m o le c u l a r  o r b i t a l  by u s i n g  th e  M u l l ik e n  

g r o s s - p o p u l a t i o n  a n a l y s i s .  C o n s id e r  f i r s t  our tw o-

m o le c u l a r  o r b i t a l s  ex am p le . I n  t h i s  a n a l y s i s  we s p l i t  

up th e  te rm  2abS e q u a l ly  b e tw e e n  th e  m e t a l  and l i g a n d  

atom s and d e f i n e  th e  on6- e l e e t r o n  p o p u l a t i o n s  on t h e  

m e ta l  and  l i g a n d  atoms i n  th e  b o n d in g  and  a n t i b o n d i n g  

o r b i t a l s  a s  f o l lo w s

2a  + abS PL = b 2 + abS

1 .6 3

P*  = a* 2 -  a*b*S P? = b *2 - a V s  
U L

Prom e q u a t io n s  1 .6 3  we can  show t h a t

■f P.L 1 1

1 1 1 . 6 k

T h u s , know ing  th e  o r b i t a l  p o p u l a t i o n  i n  t h e  a n t ib o n d in g  

m o le c u la r  o r b i t a l s ,  t h e  p o p u l a t i o n  i n  t h e  b o n d in g  

o r b i t a l s  c an  be d ed u ced  th r o u g h  th e  use  o f  e q u a t i o n  1 . 6 i+.



3 3 .

1 .1 0  E x p e r im e n ta l  a s p e c t s

The a p p a r a tu s  u se d  f o r  th e  o b s e r v a t i o n  of e l e c t r o n  

p a ra m a g n e t ic  r e s o n a n c e  s p e c t r a  i s  by now w e l l  e s t a b l i s h e d  

and i s  d i s c u s s e d  i n  num erous t e x t s .  A l l  th e  e l e c t r o n  

p a ra m a g n e t ic  r e s o n a n c e  s p e c t r a  d i s c u s s e d  i n  t h i s  work 

were r e c o r d e d  on a  D ecca  X-3 s p e c t r o m e t e r ,  o p e r a t in g  

i n  th e  X -band r e g i o n  a t  a f r e q u e n c y  o f  9270 MHz., 

com bined w i th  a  Newport i n s t r u m e n t s  11- i n  m agnet sy s te m . 

The r e s o n a n c e  f i e l d s  were c a l i b r a t e d  by s t a n d a r d  H 

n . m . r .  t e c h n i q u e s ,  and th e  c a l i b r a t i o n  sy s te m  i t s e l f  

was c h eck ed  w i th  a  r e f e r e n c e  o f  a  f i n e l y  pow dered  

sam ple  of d ip h e n y l  p i c r y l h y d r a z y l ,  whose g - f a c t o r  i s  

known a c c u r a t e l y  ( 2 . 0 0 3 6 6 ) .

The m easu rem en t o f  e . p . r .  s p e c t r a  o f the  sa m p le s  a t  

room te m p e r a tu r e  were c a r r i e d  ou t i n  s p e c t r o s o i l  

q u a r t z  t u b e s ,  w h i le  a t  77K, s p e c t r a  were o b ta in e d  by 

p l a c i n g  th e  sa m p le s  i n  a  l o n g - t a i l e d  dew ar, th e  

s p e c t r o s i l  q u a r t z  t a i l  o f  w h ich  was i n s e r t e d  i n t o  th e  

sam ple  c a v i t y ,  and t h e n  p o u r in g  l i q u i d  n i t r o g e n  on to p  

o f  i t .  The m easu rem en t o f  th e  s p e c t r a  o v e r  a ra n g e  

o f  t e m p e r a tu r e s  was c a r r i e d  ou t by m eans o f  a  f lo w  

sy s te m . F o r  c o o l i n g ,  a s t r e a m  o f g a s e o u s  n i t r o g e n  

was p a s s e d  th ro u g h  a c o i l  immersed i n  a  b a t h  of l i q u i d  

n i t r o g e n  and th e n  p a s s e d  o v e r  th e  sam ple  i n  th e  c a v i t y ;  

f o r  h e a t i n g ,  th e  g a s e o u s  n i t r o g e n  was p a s s e d  o v e r  an  

e l e c t r i c a l l y  h e a t e d  c o i l  b e f o r e  r e a c h in g  th e  sa m p le .

T em p era tu re  was m e a su re d  w i th  a  c o p p e r - c o n s t a n t a n  

th e rm o co u p le  t o g e t h e r  w i th  a  d i g i t a l  v o l t m e t e r  and th e
- i -

t e m p e r a tu re  o f  th e  sam ple c o u ld  be h e l d  w i t h i n  -  1K f o r



a  p e r i o d  of a t  l e a s t  one hour.

More d e t a i l e d  i n v e s t i g a t i o n  o f  e l e c t r o n  p a r a ­

m a g n e t ic  phenomena o f  com plexes  o f  th e  d* io n s  

m anganese ( v i )  and rh en iu m  (V I)  w i l l  now be d e s c r i b e d .

Rhenium (V I)  i n  a s q u a re  p y ra m id a l  e n v iro n m e n t  foun d  

i n  ReOCl^, and  th e  a x i a l l y  d i s t o r t e d  o c t a h e d r a l  

e n v iro n m e n t  fo u n d  i n  th e  a d d u c ts  o f  ReGCl^, i s  

f i r s t  c o n s i d e r e d .
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PART I I

AN ELECTRON PARAMAGNETIC RESONANCE STUDY OF THE ELECTRONIC 
STRUCTURE OP RHENIUM OXYCHLORIDS, ReOCl^, AND SOME OP ITS 
ADDUCTS

2*1 iD tr o d u c t io n

D e ta ile d  in v e s t ig a t io n s  of e le c t r o n ic  s p e c tr a , o f  

e le c t r o n  param agnetic  reson an ce s p e c tr a ,  and o f th e  

r e la t io n s h ip s  c o n n e c tin g  th e se  b ranches o f  sp e c tr o sc o p y
-j

w ith  b on d in g , have been made f o r  d com plexes d e r iv e d

from  the o x y - io n s  o f vandium, n iob ium , chromium,
1 2molybdenum and tu n g s te n  9 • The r e l a t i v e l y  sim p le  

m agn etic  and o p t ic a l  p r o p e r t ie s  w hich a r is e  from the  

s i n g le  un p aired  e le c t r o n  and th e  ap p rox im ately  C^v  

symmetry have made th e se  sy stem s o f p a r t ic u la r  i n t e r e s t .

The e le c t r o n ic  s tr u c tu r e  o f  th e se  com plexes have been  

d e sc r ib e d  in  term s o f a m o lec u la r  o r b i t a l  m odel and i t  

seem s to  be m ost a p p ro p ria te  f o r  the d e s c r ip t io n  o f the

b on d in g . A se m i6 m p ir ica l LCAO-MO method h as been  u sed
3 2+by B a llh a u sen  and Gray on the com plex VOCHgO)  ̂ and

li. 2—Gray and Hare on (MOCl^) , where M = Cr or Mo, from

w hich they  are a b le  to  p r e d ic t  the r e l a t i v e  e n e r g ie s  o f

th e  m o lec u la r  o r b i t a l s  i n  the com plexes and they

o b ta in ed  a r ea so n a b le  f i t  fo r  the o p t ic a l  sp ectra*  In

th e se  c a lc u la t io n s ,  they found th a t  the un paired  e le c t r o n

was in  a non-bonding m o lecu la r  o r b i t a l  l o c a l i s e d

co m p le te ly  on th e  c e n t r a l  m eta l io n .



On th e  b a s i s  o f  e l e c t r o n  p a ra m a g n e t i c  re s o n a n c e  s t u d i e s  

o f  brorno ox0- a n i o n  com plexes  o f  molbydenum and t u n g s t e n ,  

Kon and S h a r p l e s s  ^ showed t h a t  th e  brom ine h y p e r f i n e  

c o u p l in g  o b se rv e d  i n  th e  e . p . r *  sp e c tru m  c a n  be e x p la in e d  

i n  te rm s  o f  i n - p l a n e  TT b o n d in g  b e tw ee n  the  f o u r  h a lo g e n s  

i n  th e  XY p la n e  and  th e  t r a n s i t i o n  m e t a l  ion* F u r t h e r  

e v id e n c e  t h a t  m e t a l - h a lo g e n  i n t e r a c t i o n s  c a n n o t  be 

n e g l e c t e d  h a s  b e e n  p ro v id e d  by E a r n e r  and T y ree

Much l e s s  i n f o r m a t i o n  i s  a v a i l a b l e  f o r  th e  c o r r e s ­

p o n d in g  compounds o f  th e  s e x i v a l e n t  s t a t e s  o f  th e  g roup  

V i l a  e le m e n ts*  I n  t h i s  c o n t e x t ,  i n  th e  c a se  o f  

rh en iu m  ( V I ) ,  e l e c t r o n  p a r a m a g n e t ic  re s o n a n c e  a b s o r p t i o n

h a s  o n ly  b e e n  o b s e rv e d  i n  m a g n e t i c a l l y  c o n c e n t r a t e d
. . 7 2 -sa m p le s  c o n t a i n i n g  th e  r h e n a t e  i o n  , ReO^ , an d  i n

8 Qrh en iu m  o x y c h lo r id e  and  some o f  i t s  a d d u c ts  **', b u t  

d e t a i l e d  a n a l y s e s  of th e s e  l a s t  o b s e r v a t i o n s  have  n o t  

b e e n  r e p o r t e d .  I t  was t h e r e f o r e  d e c id e d  t o  s t u d y  th e  

e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  s p e c t r a  o b t a in e d  fro m  

g l a s s e s  w hich  c o n t a i n  rhen ium  o x y c h lo r id e  and i t s  

a d d u c ts  i n  o r d e r  t o  o b t a i n  in i 'o r m a t io n  a b o u t  th e  s p i n -  

H a m il to n ia n  p a r a m e t e r s ,  and th e n c e  use  t h e s e  p a r a m e te r s  

t o  o b t a i n  d e t a i l e d  q u a n t i t a t i v e  in f o r m a t io n  a b o u t  th e  

e l e c t r o n i c  d i s t r i b u t i o n  and b o n d in g  w i t h i n  th e s e  

compounds.

2 . 2  E x p e r im e n ta l

Rhenium o x y c h lo r id e  and i t s  a d d u c ts  ReGCl^C^C^Hg, 

ReOCl^OPClj, ReOCl^NCCH3 and j j C g H ^ A s J  JjJaOCleQ ware



p r e p a r e d  by th e  f o l lo w in g  m e th o d s .

10I .  ReOCl^, was p r e p a r e d  by r e a c t i n g  rhen ium  m e t a l  

pow der w i th  p u r i f i e d  s u l p h u r y 1 c h l o r i d e  i n s i d e  an 

e v a c u a te d  s e a l e d  tube  h e l d  a t  3 k 0°C f o r  t h r e e  d a y s .

A f t e r  a l lo w in g  th e  r e a c t i o n  m ix tu r e  to  c o o l  t o  room 

t e m p e r a tu r e  e x c e s s  SO2 CI2 was d i s t i l l e d  o f f  u n d e r  

vacuum a t  273K and  th e  v o l a t i l e  d a rk  re d -b ro w n  ReOCl^ 

was s e p a r a t e d  from  u n r e a c t e d  rh en iu m  m e t a l  by s u b l im in g  

i t  i n  vacuum a t  290K.

I I .  ReOCl^C^C^Hg, was p r e p a r e d  by d i s t i l l a t i o n  o f  

p u r i f i e d  d io x a n e  on t o  th e  r e - s u b l i m e d  p r o d u c t  o f  

ReCGl^ i n  a  vacuum l i n e  a t  room te m p e r a tu r e .  The 

s o l u t i o n  p roduced  i s  d a rk  p u r p l e - r e d  i n  c o lo u r .

11I I I .  ReOCl^OPCl^, was p r e p a r e d  by m ix in g  r e - s u b l i m e d  

ReOCl^ w i th  p u r i f i e d  POCl^ i n  s e a l e d  g l a s s  a p p a r a t u s  

f i t t e d  w i th  b r e a k - s e a l s  and a t t a c h e d  to  a  vacuum l i n e .  

A f t e r  a l lo w in g  th e  r e a c t i o n  m ix tu r e  to  c o o l  t o  i e e -  

t e m p e r a tu re  e x c e s s  P0C1* was d i s t i l l e d  o f f .  The r e d  

p r o d u c t  o f  ReOCl^OPCl^ was p u r i f i e d  by s u b l i m a t io n .

12IV . ReOOl^NCCH^, was p r e p a r e d  by d i s t i l l a t i o n  o f  an 

e x c e s s  o f  a n h y d ro u s  a c e t o n i t r i l e  on to  r e - s u b l im e d  

ReOCl^ i n  a vacuum l i n e  a t  room te m p e r a tu r e .  An 

o ran g e -b ro w n  s o l u t i o n  and s o l i d  fo rm ed . A f t e r  a l lo w ­

i n g  th e  r e a c t i o n  m ix tu r e  t o  s t a n d  f o r  an  h o u r ,  th e  

e x c e s s  of a c e t o n i t r i l e  was d i s t i l l e d  o f f  and th e  

re m a in in g  s o l i d  was pumped f o r  one h o u r  a t  room tem p era ­

t u r e .



v - £ ° 6H5 V {1  l ^ e O C lJ  was p r e p a r e d  12 on t h e  vacuum 

l i n e  by m ix in g  a p u r i f i e d  s o l u t i o n  of ReOCI^ i n  c h lo r o ­

fo rm  w i th  a  s o l u t i o n  o f  t e t r a p h e n y l a r s o n i u m  c h l o r i d e  

i n  t h e  same s o l v e n t .  The p r o d u c t  p r e c i p i t a t e d  o u t  on 

s t a n d i n g  a t  room te m p e ra tu re  a s  s m a l l  re d -b ro v m  c r y s t a l s  

T hese  were f i l t e r e d  o f f ,  w ashed  s e v e r a l  t im e s  w i th  

c h lo ro f o rm ,  and  t h e n  pumped i n  v a cu o  t o  remove e x c e s s  

c h i  o r  o f  o m .

B ecau se  o f  th e  s e n s i t i v i t y  o f  th e s e  compounds t o  m o is tu r

a l l  th e  s o l v e n t s  and  r e a g e n t s  were p u r i f i e d ,  d r i e d  and

d e g a s s e d  b e fo r e h a n d ,  and  th e  compounds th e m s e lv e s  were

s t o r e d  and h a n d le d  i n  a  n i t r o g e n - f i l l e d  d ry  b ox . The

p u r i t y  o f  ReOCl^ and i t s  a d d u c ts  was c h eck ed  by i n f r a

r e d  m ea su re m e n ts  i n  N u jo lm u l l  and  i n  s o l u t i o n  and  th e

o b se rv e d  I .R .  f r e q u e n c i e s  f o r  th e s e  compounds were i n
11 12 1 3 1 1tgood a g re e m e n t  w i th  p r e v i o u s  o b s e r v a t i o n s  9

- 3The e . p . r .  s p e c t r a  o f  th o ro u g h ly  o u t - g a s s e d  10 -'u 

s o l u t i o n s  o f  e a c h  compound were exam ined  a t  2R0K and 

i n  g l a s s e s  a t  77K i n  a  D ecca  X-3 e . p . r .  s p e c t r o m e t e r .

V i s i b l e  u . v .  a b s o r p t i o n  s p e c t r a  of s o l u t i o n s  o f  e a c h  

compound were r e c o r d e d  on Unicam SP700C and 800 

s p e c t r o p h o t o m e t e r s ,  u s in g  m a tch ed  1 -cm q u a r t z  c e l l s .

2 .3  A n a l y s i s  o f  th e  e . p . r .  s p e c t r a

The e . p . r .  s p e c t r a  of ReOCl^ and i t s  a d d u c t s  i n  

s o l u t i o n s  show s i x  l i n e s  due t o  th e  i n t e r a c t i o n  of one 

u n p a i r e d  e l e c t r o n  w i th  an  a p p l i e d  m a g n e t ic  f i e l d  and 

w i t h  one rh en iu m  n u c le u s ;  n u c l e a r  sp in -q u a n tu m  num bers ,



I ,  f o r  R e ^ ^  ( n a t u r a l  abundance  37*07$) and R e^"^  ( n a t u r a l  

abundance  6 2 *93$ )  a re  b o th  5/ 2 * The m a g n e t ic  d i p o l e  

moments o f  th e s e  i s o t o p e s  d i f f e r  by on ly  1$  so  t h a t  we 

have  n o t  b e e n  a b le  t o  r e s o l v e  any rhen ium  i s o t o p i c  f i n e  

s t r u c t u r e .  A t y p i c a l  s o l u t i o n  sp e c t ru m , i n  t h i s  c a se  

f o r  ReOCl^ i n  CCl^ a t  290K, i s  shown i n  F ig u r e  2*2. The 

s e p a r a t i o n  b e tw ee n  s u c c e s s iv e  l i n e s  i n  th e  sp e c tru m  a re  

n o t  e q u a l ,  due to  th e  e f f e c t  o f  the  s e c o n d - o r d e r  te rm  i n  

th e  e q u a t io n s  d e s c r i b i n g  th e  p o s i t i o n s  o f  th e  r e s o n a n c e  

f i e l d s ,  and  th e  h e i g h t s  o f th e  l i n e s  i n  th e  sp e c t ru m  

a r e  n o t e g u a l ,  a l t h o u g h  th e  a r e a  u n d e r  e a c h  p e a k  i s  the  

same. R o t a t i o n  o f  th e  com plex in  th e  s o l u t i o n  a v e ra g e s  

o u t  th e  a n i s o t r o p i c . c o n t r i b u t i o n s  to  the  sp e c tru m  b e t t e r  

f o r  some l i n e s  t h a n  f o r  o t h e r s ,  h e n ce  th e  v a r i a t i o n  i n  

l i n e w i d t h .

As shown i n  A ppend ix  A, e x p r e s s i o n s  f o r  th e  o b se rv e d  

r e s o n a n c e  f i e l d s  c an  b e  o b ta in e d  by s o l v i n g  a  s p i n  

H a m i l to n ia n  o f  th e  fo rm  ^

g0 /*o5*S + AoS-I   2.1

where g Q and  Aq a r e  th e  i s o t r o p i c  g - f a c t o r  and  h y p e r f i n e  

c o u p l i n g  c o n s t a n t .  The e x p r e s s i o n  f o r  th e  a l lo w e d
, a jr

t r a n s i t i o n s  o f  th e  f o m  AmT = 0 , Am = -  1 o b ta in e dI  s
by s o l v i n g  t h i s  H a m i l to n ia n  can  be w r i t t e n

H = h V o (g o ^ e )_1 ~ ho<go^e)~lAoml"h°2 2̂go?8V>o)~lAo

X [ x ( I +1 ) -  a*  ]    2 . 2





-1where th e  h y p e r f i n e  c o u p l in g  A0 i s  i n  cm • Thus by 

u s i n g  e q u a t i o n  2 . 2 ,  th e  v a lu e  of g Q and AQ c a n  be 

o b t a i n e d  from  th e  o b s e rv e d  v a lu e s  o f  th e  r e s o n a n c e  

f i e l d s  i n  th e  s p e c t r a -  g 0 and A Q v a l u e s  f o r  ReOCl^ 

and i t s  a d d u c t s  a r e  l i s t e d  i n  T ab le  2 .1 .

The e . p . r .  s p e c t r a  o b t a in e d  fro m  m a g n e t i c a l ly  

d i l u t e  g l a s s e s  o f  ReOGl^ and i t s  a d d u c t s  a r e  v e ry  

w e l l  r e s o l v e d  as  shoyvn i n  F ig u r e  2 .3  f o r  ReOCl^ i n  

d io x a n e .  I t  i s  p o s s i b l e  to  d i s t i n g u i s h  p e a k s  i n  th e  

s p e c t r a  c o r r e s p o n d in g  to  th e  c a se  where th e  a p p l i e d  

m a g n e t ic  f i e l d  l i e s  a lo n g  e a c h  o f  th e  p r i n c i p a l  a x e s  

o f  th e  compounds. F o r  th e  compounds o f  t h i s  ty p e ,  

w hich  have sym m etry , th e  p r i n c i p a l  a x es  a re  th o s e  

shown i n  F i g u r e  2 .1  be low .

2

F ig u r e  2 .1



T a b le  2.1

I s o t r o p i c  s p in - H a m i l to n ia n  p a r a m e te r s  f o r  rh en iu m

compounds i n  s o l u t i o n  a t  290K. The AQ v a lu e s  a r e  i n
-1  +u n i t s  o f  cm . L i m i t s  o f e r r o r  a r e  g Q -  0 .0 0 5 ,

A0 -  0 .0 0 0 5  cm .

Compound S o lv e n t A,

ReOCl,

Re OCI^O^C^Hq 

ReOCl^NCCH^

ReOCl^OPCl^

Q  ) ^As^j jjteOCl^J d i  oxane

CGlk  

d io x a n e  

n i t ro m e  th a n e  

P0C1,

■0 . 01+22

■0.01+15

■0.01+09

•0.0397

■0.0390

1 .7 9 3  

1 .8 0 0  

1 .8 0 8  

1 . 811+ 

1 .8 2 0



44 •

These  s p e c t r a  a t  77K a re  a l l  c h a r a c t e r i s t i c  o f  one

u n p a i r e d  e l e c t r o n  m oving  i n  a n  a n x i a l l y  sym m etric

o r b i t a l  so  t h a t  a s  shown i n  A ppend ix  A th e  s p i n
1 5H a m il to n ia n  h a s  th e  fo rm  ^

U -  8n  /3eHz Sz + g l^ (H x Sx+Hy Sy ) +ASz I z+B(Sx I x+Sy I y ) +

[ l z -  i  1 ( 1 + 1 ) ]   2 .3

where and  g^ d e n o te  th e  e l e c t r o n  g v a lu e s  p a r a l l e l

and  p e r p e n d i c u l a r  t o  th e  symmetry a x i s  ( z - a x i s )  o f  the

m o l e c u l e , r e s p e c t i v e l y ; A and  B a re  th e  n u c l e a r  h y p e r -

f i n e  c o u p l in g  p a r a l l e l  and p e r p e n d i c u l a r  t o  th e  symmetry

a x i s ,  r e s p e c t i v e l y ;  H a r e  the  com ponents o f th ex ,  y , z
m a g n e t ic  f i e l d  v e c t o r ;  and  Q i s  r e l a t e d  t o  n u c l e a r

q u a d ru p o le  c o u p l in g  c o n s t a n t  eqQ by th e  e q u a t io n

\ 3e  qQ
= i a u + i )

As shown i n  A ppend ix  B, t h e  g e n e r a l  e x p r e s s i o n  f o r  th e

a l lo w e d  t r a n s i t i o n s  o f  the  fo rm  Am^ = o, Amg = -  f ,

where th e  a p p l i e d  m a g n e tic  f i e l d  l i e s  a t  an  a n g le  Q t o
1 6th e  symmetry a x i s  i s  g i v e n  by

2H
A2g^-B 2&2 2r g n s r r  . 2 .  2 2

L— 3—J s i n  0 c o s  0 m*
_

20 ,%21 ooB2 e  s i n 2 e  [ f f S j j ]  2 ^  [ W (I+1 )-8m2 - l ]
Kg2 L K2g 4  J

Q ^ g ^ s i n ^ e  r  Bg i  1  4  r 2 - j ±-----------     m, 21 (1+ 1) -  2m -1  1
2Kg2 L Kg2 J J. L • I  J

2 . 4



o
The e g u a t i o n  2*k  h a s  two im p o r t a n t  c a s e s .  A t 0  = 0 

( p a r a l l e l  o r i e n t a t i o n ) ,  g  = , K = A, and on ly  th e

f i r s t  t h r e e  t e r n s  c o n t r i b u t e  t o  th e  l i n e s  p o s i t i o n .

Hence th e  q u a d ru p o le  t e r n s  do n o t  c o n t r i b u t e  i n  t h i s  

c a s e .  I n  th e  p e r p e n d i c u l a r  o r i e n t a t i o n  c a se  ( 0 = 9 0 ° ) ,

S = K = B, and  th e  s e c o n d - o r d e r  h y p e r f i n e  i n t e r ­

a c t i o n  becom es more i m p o r t a n t  and the  q u a d ru p o le  

i n t e r a c t i o n  c o n t r i b u t e s  to  th e  l i n e  p o s i t i o n .  Thus 

th e  v a l u e s  o f  g-j-j, g ^ ,  A,B and c a n  be o b t a i n e d  from  

e q u a t i o n  2 .U  by a n a l y s i n g  th e  e . p . r .  s p e c t r a  a t  t h e s e  

two o r i e n t a t i o n s .  The e s t i m a t i o n  o f  th e s e  p a r a m e te r s  

Y/as a c c o m p l is h e d  w i th  th e  h e l p  o f  a c o m p u te r  program m e, 

w hereby i t  was p o s s i b l e  t o  s im u la t e  th e  s p e c t ru m . The 

p ro g ram  in v o lv e d  an  i t e r a t i v e  p r o c e d u r e ,  whereby th e  

co m p u te r  was s u p p l i e d  w i th  a s e t  o f  r e s o n a n t  f i e l d s  

Hy = and  Hz f o r  e a c h  m^ v a lu e  a s  e s t i m a t e d  from  th e  

s p e c t ru m . The c o m p u te r  t h e n  p l o t t e d  a s e t  of K neubuhl 

c u rv e s  o f th e  ty p e  d e s c r i b e d  i n  A ppend ix  G, added them 

t o g e t h e r ,  b ro a d e n e d  them , and p l o t t e d  the  f i r s t  d e r i v a ­

t i v e  o f  th e  sp e c tru m . The l i n e s h a p e  was assum ed t o  be 
1 7G a u s s ia n  , and th e  com pu ter  was a l s o  s u p p l i e d  w i th  

a  b r o a d e n in g  p a ra m e te r  jS • The v a l u e s  o f  th e  

r e s o n a n t  f i e l d s  s u p p l i e d ,  and th e  v a lu e  of f$ , were 

th e n  v a r i e d  u n t i l  th e  b e s t  f i t  b e tw ee n  th e  o b se rv e d  

and c a l c u l a t e d  s p e c t r a  was o b ta in e d .  The o b se rv e d  and 

c a l c u l a t e d  s p e c t r a  o f ReOCl^ i n  CCl^ and in  d io x a n e  

a re  shown i n  F ig u r e  2 .3«  The v a lu e s  o f th e  r e s o n a n t  

f i e l d s  c o r r e s p o n d in g  t o  th e  b e s t  f i t  were th e n  u se d  

w i th  e q u a t io n  2.1*. to  c a l c u l a t e  th e  v a l u e s  o f  g-j-j > gj
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47.

A,B and Q- f o r  e a c h  compound. These p a r a m e te r s  a r e

l i s t e d  i n  T ab le  2 . 2 ,  where A , B and  Q* a re  e x p r e s s e d  
-1m  cm .

The fo rm s  of the  c o n t r i b u t i o n s  to  th e  p o l y c r y s t a l l i n e  

sp e c t ru m  o r i g i n a t i n g  from  com plexes  i n  w hich  m^ = ^ 2  

p u z z le d  a s  u n t i l  i t  was r e a l i s e d  t h a t  f o r  th e s e  s p e c i e s  

th e  r e l a t i v e  m a g n i tu d e s  o f  th e  s p in - H a m i l to n ia n  p a r a ­

m e te r s  a r e  su ch  t h a t  th e  r e s o n a n t  f i e l d  v a lu e s  do n o t  

v a ry  sm o o th ly  as th e  o r i e n t a t i o n s  o f  th e s e  m o le c u le s  i n  

th e  a p p l i e d  m a g n e t ic  f i e l d  a re  a l t e r e d .  As i n  th e  c a se  

a l r e a d y  r e p o r t e d  f o r  sane  c o p p e r  ( I I )  com plexes 

d i s c o n t i n u i t i e s  t h e r e f o r e  a p p e a r  i n  th e  JCneubuhl f u n c t i o n  

S(H) f o r  mj = 3 / 2 ,  jLn a d d i t i o n  to  th o s e  t h a t  a r e  o b s e rv e d  

when th e  m a g n e t ic  f i e l d  l i e s  a lo n g  th e  p r i n c i p a l  a x e s  

d i r e c t i o n s .  F o r  ReOGl^ i n  d io x a n e ,  S(H) f o r  m^ = 

i s  shown i n  F ig u r e  2 .4*

From th e s e  a n a l y s e s  g-j^ t u r n s  ou t t o  be g r e a t e r  th a n  g-^,
1a s i t u a t i o n  w hich  i s  u n u s u a l  i n  d s p e c i e s  s u b j e c t e d  to  

a t e t r a g o n a l  l i g a n d  f i e l d  and t h i s  a s  w i l l  be  e x p la in e d  

l a t e r  i s  shown to  be e s s e n t i a l l y  due t o  c h a r g e - t r a n s f e r  

m ix in g  by s p i n - o r b i t  c o u p l in g  a t  th e  c h l o r i n e  a tom s. The 

a n a l y s e s  show t h a t  A and  B m u st have  th e  same s i g n  s in c e  

th e  i s o t r o p i c  c o u p l i n g ,  A0 , o b t a in e d  from  th e  s o l u t i o n  

s p e c t r a  s e r v e s  as a  u s e f u l  ch ec k  t o  th e  r e l a t i v e  s i g n  

t o  t h e s e  p a r a m e te r s  w hich  a re  e q u a te d  by th e  a p p ro x im a te  

r e l a t i o n s h i p

a A+2B . . . . .  9 .
0 —  —

20 ,21

5
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The t h e o r e t i c a l  t r e a tm e n t  w h ich  w i l l  be d i s c u s s e d  I s t e r  

shows t h a t  th e  s i g n s  o f A and B i n  th e s e  compounds a re  

n e g a t iv e *  S in c e  f o r b i d d e n  t r a n s i t i o n s  have n o t  b e e n  

o b se rv e d  the  s i g n  of Q* c a n n o t  be o b ta in e d  from  th e s e  

s p e c t r a *

2* 4  G . v - v i s i b l e  s p e c t r a  of rh en iu m  o x y c h lo r id e  and 

i t s  a d d u c ts

I n  d e s c r i b i n g  th e  e l e c t r o n i c  s t r u c t u r e  o f  rhen ium  

compounds by u s in g  e l e c t r o n  p a ra m a g n e t ic  r e s o n a n c e  

t e c h n i q u e s ,  th e  e n e rg y  d i f f e r e n c e s  be tw een  th e  g ro u n d  

s t a t e  and th e  v a r i o u s  e x c i t e d  s t a t e s  m u st  be known, as 

w i l l  be d i s c u s s e d  l a t e r *  The band  maxima o b se rv e d  

i n  u * v * - v i s i b l e  s p e c t r a  can  o f t e n  be e q u a te d  t o  t h e s e  

e n e rg y  d i f f e r e n c e s *

The v a r i o u s  b ands  o b se rv e d  i n  th e  u . v - v i s i b l e  s p e c t r a  

o f  rh en iu m  compounds i n  s o l u t i o n  can  be sum m arised  a s  

f o l lo w s .

—1a )  ReOCl^ i n  CCl^ shows weak a b s o r p t i o n  a t  12800 cm 

w h ic h ,  from  i t s  p o s i t i o n  and  i n t e n s i t y  i s  a lm o s t  c e r t a i n l y  

a  d -d  t r a n s i t i o n ,  i n v o lv in g  th e  t r a n s f e r  o f  th e  u n p a i r e d  

e l e c t r o n  t o  an  empty a n t ib o n d in g  o r b i t a l .  T h is  band  i s  

s h i f t e d  t o  lo w e r  e n e rg y  i n  th e  c a se  o f  th e  s i x  c o o r d i n a t e d  

a d d u c ts*

b )  ReOCl^ i n  CCl^ shows a weak t r a n s i t i o n  a g a in  a t  17500cm” 

T h is  i s  a lm o s t  c e r t a i n l y  a  d -d  t r a n s i t i o n ,  i n v o lv i n g  th e  

t r a n s f e r  o f  th e  u n p a i r e d  e l e c t r o n  to  a n o th e r  empty



a n t ib o n d in g  o r b i t a l .  I n  th e  c a se  o f  th e  s i x  c o o r d i n a t e d  

a d d u c t s  t h i s  band i s  s h i f t e d  s l i g h t l y  to  lo w e r  e n e rg y .

c )  ReOCl^ i n  CCl^ shows a s t r o n g  a b s o r p t i o n  band a t  

23800 cm . T h is  i s  a s s i g n a b l e  to  th e  f i r s t  c h a r g e -  

t r a n s f e r  b an d , i n v o lv i n g  e x c i t a t i o n  o f  an  e l e c t r o n  from  

a f i l l e d  o r b i t a l  t o  th e  o r b i t a l  c o n t a i n i n g  th e  u n p a i r e d  

e l e c t r o n .  T h is  band  i s  n o t  s e n s i t i v e  to  a d d i t i o n  o f

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

ReOCl^.

d )  O th e r  b a n d s  w hich  a p p e a r  i n  th e  u . v . - r e g i o n  (2 9 0 0 0 -  

32000cm f o r  th e s e  compounds may be a s s ig n e d  to  o th e r  

c h a rg e  t r a n s f e r s .

Prom th e  above i t  was shown t h a t  th e  a d d i t i o n  o f  an  e x t r a  

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

a  c o n s i d e r a b l e  e f f e c t  on th e  f i r s t  band  i n  th e  s p e c t r a  

and l i t t l e  e f f e c t  on th e  se c o n d .  The t h i r d  band  w hich  

i s  a s s i g n e d  to  be c h a r g e - t r a n s f e r  no c o n s i d e r a b l e  e f f e c t s  

have  b een  n o t i c e d .

The f r e q u e n c y  of th e  band  maxima i n  th e  u . v . - v i s i b l e  

s p e c t r a  of th e  compounds a re  shown i n  T a b le  2 .3  and  

exam ple o f  th e  sp e c tru m  of ReOCl^ i n  CCl^ i s  g iv e n  i n  

F ig u r e  2.5*

2 .5  E x te n d ed  Hiickel m o le c u l a r  o r b i t a l  c a l c u l a t i o n s  o f 

rh en iu m  o x y c h lo r id e  and i t s  a d d u c t s .

I n  o r d e r  t o  use  the  s p in - I I a m i l t o n i a n  p a r a m e te r s  to  

o b t a i n  d e t a i l e d  i n f o r m a t io n  abo u t the  e l e c t r o n i c  

d i s t r i b u t i o n s  i n  th e s e  compounds, e s t i m a t e s  o f  th e  v a lu e s
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o f  th e  s p i n - o r b i t  c o u p l in g  c o n s t a n t  ^  , and th e

p a ra m e te r  P = 2 .0 0 2 3  f o r  th e

rh en iu m  i o n  w i th  th e  a p p r o p r i a t e  c h a rg e  were n e ed ed .

To do t h i s  an  e x te n d e d  H u c k e l  m o le c u la r  o r b i t a l  

c a l c u l a t i o n  was c a r r i e d  o u t  on ReOCl^.

The g e n e r a l  m ethod  u se d  f o r  th e  c a l c u l a t i o n  can  be 

sum m arised  a s  f o l lo w s .

a )  The m e t a l  i c n  and l ig a n d  o r b i t a l s  a r e  a s s i g n e d  to  

th e  v a r i o u s  i r r e d u c i b l e  r e p r e s e n t a t i o n s  o f  th e  p o i n t  

g roup  o f  th e  m o le c u le ,  w h ich  i s  assum ed t o  be

b )  The o v e r l a p  i n t e g r a l s  b e tw een  th e  c e n t r a l  m e t a l  

i o n  and th e  l i g a n d  o r b i t a l s  a r e  c a l c u l a t e d .  Hence th e  

g ro u p  o v e r l a p  i n t e g r a l s  b e tw een  th e  m e t a l  io n  o r b i t a l s  

and l i g a n d  o r b i t a l s  o f  th e  v a r i o u s  symmetry ty p e s  a r e  

c a l c u l a t e d .

c )  The coulomb i n t e g r a l s  f o r  th e  v a r i o u s  a to m ic  

o r b i t a l s  a r e  a p p ro x im a te d  a s  v a l e n c e - s t a t e  i o n i s a t i o n  

e n e r g i e s .  The v a l e n c e - s t a t e  i o n i s a t i o n  e n e rg y  i s  a 

f u n c t i o n  o f  th e  c h a rg e  and th e  c o n f i g u r a t i o n  o f  th e  

atom i n  th e  m o le c u le  i n  q u e s t i o n .

d )  The r e s o n a n c e  i n t e g r a l s  b e tw ee n  th e  two o r b i t a l s  

on d i f f e r e n t  atom s a r e  assum ed t o  be f u n c t i o n s  o f th e  

coulomb i n t e g r a l s  o f  th e  two o r b i t a l s  a s  w e l l  as  o f  th e  

o v e r l a p  i n t e g r a l s  b e tw ee n  them.

e )  The m o le c u la r  o r b i t a l s  o f  th e  compound a re  assum ed 

t o  be  a l i n e a r  c o m b in a t io n  of th e  c e n t r a l  m e ta l  i o n  

a to m ic  o r b i t a l s  and th e  l i g a n d  g roup  o r b i t a l s  of the  

same symmetry.



f )  From th e  known v a lu e s  o f  coulomb i n t e r g r a l s  

r e s o n a n c e  i n t e g r a l s  H - i and th e  o v e r la p  i n t e g r a l s  S . . ,
■L J  1  j

th e  s e c u l a r  d e te r m in a n t  c an  be s o lv e d  and th e  e ig e n ­

v a l u e s  and e ig e n f u n c t i o n s  o b ta in e d .

g )  The e l e c t r o n s  a v a i l a b l e  t o  th e  compound a re  f e d  

i n t o  th e  m o le c u l a r  o r b i t a l s  a c c o r d in g  to  th e  A ufbau  

p r i n c i p l e .  A p o p u l a t i o n  a n a l y s i s  i s  c a r r i e d  o u t ,  and

th e  c h a rg e  and c o n f i g u r a t i o n  o f  th e  m e t a l  i o n  a r e  

o b t a i n e d .

h )  The com puted  m e t a l  i o n  c h a rg e  and o r b i t a l  p o p u l a t i o n s  

a r e  th e n  u s e d  t o  e s t i m a t e  new v a l u e s  and th e  c y c le

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

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

The d im e n s io n s  u se d  i n  o u r  m o le c u la r  o r b i t a l

c a l c u l a t i o n s  were o b ta in e d  from  Edwardb* X -ra y  
22a n a l y s i s  o f  ReOCl^. T h is  shows t h a t  th e  m o le c u le  

i s  a  s q u a re  py ram id  w i th  C ^ .  sym m etry , th e  f o u r  

c h l o r i n e  atom s fo rm in g  th e  b a se  of th e  p y ram id  and
Q

th e  rh en iu m  atom i s  r a i s e d  0 .5 9  A above th e  p la n e  

c o n t a i n i n g  th e  f o u r  c h l o r i n e  a tom s. The R e-0  bond 

l e n g t h  i s  1 .6 3  A ° , th e  R e -C l bond l e n g t h  i s  2 .2 6  A0 

and th e  O -Re-C l bond a n g le  i s  105° . By u s in g  th e  

c o o r d i n a t e  sy s te m  shown i n  F ig u r e  2 . 6 ,  m o le c u l a r  

o r b i t a l s  i n  t h i s  compound may be d e s c r i b e d  i n  te rm s  of 

b a s i s  o r b i t a l s  d e r i v e d  from

i )  th e  5 d ,  6 s  and 6p o r b i t a l s  o f  th e  rhen ium  i o n ,

i i )  th e  c h l o r i d e  i o n  3 s  and 3p o r b i t a l s  and ,

i i i )  th e  ox ide  i o n  2s  and 2p o r b i t a l s .
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I n  th e  C^v g ro u p ,  th e s e  tw e n ty - n in e  b a s i s  o r b i t a l s  c a n  

th e m s e lv e s  be g ro u p ed  a s  shown i n  T ab le  2 .4 .

S l a t e r - t y p e  a to m ic  o r b i t a l s  o f  th e  k in d  d e s c r i b e d  by 

C usach s  e t  a l .  ^ * ^ 4  w ere use(^ -t0 e s t i m a t e  th e  o v e r l a p  

i n t e g r a l s  b e tw een  b a s i s  o r b i t a l s .  These a re  s i n g l e  

e x p o n e n ts  o f  the  fo rm  Nrn“ ^ e "  i n  w hich  th e  v a lu e  

o f  th e  p r i n c i p a l  quantum number n , and the  o r b i t a l  

e x p o n e n t  § , a r e  c h o se n  t o  g iv e  th e  b e s t  ag reem en t

w i th  th e  o v e r l a p  p r o p e r t i e s  of C l e m e n t e s  m u l t i - e x p o n e n t
Qpr 9 /T

wave f u n c t i o n s  . The b e s t  v a lu e  o f  §  and  n f o r

th e  v a r i o u s  atom s a r e  g i v e n  be low .

Rhenium 6 s  n=6 & = 2 .5
«• 6p n=6 4  = 2 .2
ti n=5 |  = 2 .9 2

C h lo r in e 3 s  n=3 4  = 2 .2
w 3p n=3 4  = 1 .8 2

Oxygen 2s n=2 4  = 2 .2
it 2p n=2 4  = 1 .9 5

The g ro u p  o v e r la p  i n t e g r a l s  o b t a i n e d  u s in g  t h e s e  v a lu e s  

a re  l i s t e d  i n  T ab le  2.fj« The i o n i s a t i o n  e n e r g i e s  f o r  

th e  rh en iu m  io n  a to m ic  o r b i t a l s  were o b ta in e d  u s i n g
o oft

th e  m ethod  o f  C o t to n  and H a r r i s  9 w h i le  th e  c o r r e s ­

p o n d in g  e n e r g i e s  f o r  c h l o r i n e  3 s  and 3p o r b i t a l s  and  

f o r  oxygen 2s  and 2p o r b i t a l s  were ta k e n  from  r e f e r e n c e  29*

The r e s o n a n c e  i n t e g r a l s  were c a l c u l a t e d  u s in g  th e  

W o lfs b e rg -H e lm h o l tz  a p p ro x im a t io n

Hi-j = 0 .9 5  + Hj j ]  8 i j    2 .6
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3*6 R e s u l t s  and d i s c u s s i o n  o f  m o le c u l a r  o r b i t a l  c a l c u l a t i on3

As i n d i c a t e d  a b o v e ,  th e  c y c l e  o f  m o le c u la r  o r b i t a l

c a l c u l a t i o n s  were r e p e a t e d  u n t i l  th e  i n p u t  and o u tp u t  

c h a r g e s  c o in c id e d .  The m o s t  im p o r t a n t  r e s u l t s  o f  th e  

m o le c u l a r  o r b i t a l  c a l c u l a t i o n s  of ReOCl^ a r e  l i s t e d  

be low .

( 1 )  The f i n a l  e s t i m a t e d  e l e c t r o n i c  c o n f i g u r a t i o n  and 

c h a rg e  a t  th e  rh en iu m  atom t u r n e d  o u t  t o  be

R e ( ------------ 5 ^ 8 8 0  6 s °* 7 1 4  6p ° .9 3 9 )  a nd + 0 . 1*76 ,

r e s p e c t i v e l y .  The o v e r a l l  c h a r g e s  i n  th e  m o le c u le  

i n  u n i t s  o f  p r o t o n i c  c h a rg e  a re  d i s t r i b u t e d  as  f o l lo w s

Atom Re 0 C l

C harge +0 . 24-76 -0.2+31 -0 .0 1 1

The f i n a l  e ig e n v a l u e s  and e i g e n f u n c t i o n s  a re  l i s t e d  i n  

T a b le  2 .6  and  th e  r e s u l t a n t  e n e rg y  l e v e l  d ia g ra m  i s  

shown i n  F ig u r e  2.7*

(2 )  The u n p a i r e d  e l e c t r o n  i s  i n  th e  a n t ib o n d in g  

m o le c u l a r  o r b i t a l  B2 num bered 21 i n  F ig u r e  2 .7  and 

s t a r r e d  i n  T ab le  2 .6 .  T h is  o r b i t a l  i s  compounded o u t  

o f  th e  5dXy o r b i t a l  o f  rhen iu m  and c h l o r i n e  3 px  and 3py 

o r b i t a l s ,  and i t  i s  a b o u t  35% d e l o c a l i s e d  on t o  th e  

c h l o r i n e  a to m s. T h is  a g r e e s  w i th  th e  q u a l i t a t i v e  

d e d u c t io n  made e a r l i e r  from  th e  g - t e n s o r  v a lu e s  a b o u t  

th e  l i g a n d  o r b i t a l  c o n t r i b u t i o n s  t o  th e  m o le c u l a r  

o r b i t a l  c o n t a i n i n g  th e  u n p a i r e d  e l e c t r o n *
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Energy/eV
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22-2^
? ------ — 21— * =  0 (2P )
d ! - * = = §  = c i ( 3 p )6

2-5: CX(3s)

0 ( 2 s )

A B C

F ig u re  2*7 M olecu lar  o r b i t a l  e n e r g y - le v e l  diagram  f o r
ReOCl^: A, m e ta l- io n  o r b i t a ls ;  B, m o lec u la r
o r b i t a l s ;  and 0 l ig a n d  o r b i t a l s .



( 3 )  I f  th e  e l e c t r o n - e l e c t r o n  r e p u l s i o n s  a r e  i g n o r e d ,  

th e  band maxima i n  th e  v i s i b l e - u . v .  a b s o r p t i o n  s p e c t r a  

l i s t e d  i n  T ab le  2 .3  c an  be e q u a te d  t o  th e  s e p a r a t i o n  

o f  th e  e n e rg y  l e v e l s  i n  th e  m o le c u la r  o r b i t a l  d ia g ra m . 

T hese  bands  sh o u ld  be a s s i g n e d  i n  th e  f o l l o w in g  way.

Band maxima ( cm~^) T r a n s i t i o n  0 . l e v e l s

12800 

17500  

23800

These a s s i g n n e n t s  a r e  c o n s i s t e n t  w i th  e . p . r .  d a t a  and 

w i t h  th e  p o s i t i o n s  and  i n t e n s i t i e s  o f  th e  b an d s .

(4 )  The m o le c u l a r  o r b i t a l  c a l c u l a t i o n  s u g g e s t s  t h a t  

t h e r e  i s  a  h ig h  d e g re e  of c o v a le n c y  i n  t h e  m e t a l - I i g a n d  

b o n d s .  The m e t a l  o r b i t a l  c o e f f i c i e n t s  o f  th e  a n t i ­

b o n d in g  m o le c u la r  o r b i t a l s  2 1 , 21+ and 22 e s t i m a t e d  from  

t h i s  c a l c u l a t i o n  a re

0 .8 0 7  0 .8 6 9  0 .7 8 6

w here B , ^  and ex z  a r e  t h e  c o e f f i c i e n t s  of 

rhen iu m  d ^ ,  dx 2_y2 and  d ^  o r b i t a l s  r e s p e c t i v e l y .  

T hese  c o e f f i c i e n t s  w i l l  be e s t i m a t e d  in d e p e n d e n t ly  

f rom  e . p . r .  d a t a  l a t e r *

in v o lv e d  

Y ( E )  <=---- Y (B 2 ) 2 2 , 21

Y*:B1 ) <—  Y (B 2 ) 2 k ,  21

Y V(B2 )<— Y (B .,)  2 1 ,  7



( 5 ) Knowing th e  i o n i c  c h a rg e  o f  th e  c e n t r a l  m e t a l  i o n ,  

th e  v a lu e  o f  th e  s p i n - o r b i t  c o u p l in g  c o n s t a n t  $ f o r  

rh en iu m  i n  ReQGl^ c a n  be e s t i m a t e d  from  F ig u r e  2 .8  which 

o b t a i n s  when th e  f r e e - i o n  v a lu e s  o f  th e  s p i n - o r b i t  

c o u p l in g  c o n s t a n t  f o r  rh en iu m  a re  p l o t t e d  a g a i n s t  

i o n i c  c h a rg e .  S in c e  s p i n - o r b i t  c o u p l in g  c o n s t a n t s  f o r  

th e  t h i r d  t r a n s i t i o n  s e r i e s  a re  on ly  a p p ro x im a te ly  known, 

and s i n c e  we do n o t  have  enough i n f o r m a t i o n  to  e n a b le  u s  

t o  e s t im a t e  th e  e f f e c t s  o f  change i n  c o n f i g u r a t i o n  on
—1t h e s e  v a l u e s ,  we have u se d  th e  v a lu e  o f  J  = 2i+00 cm ,

o b ta in e d  d i r e c t l y  f rom  F ig u re  2 . 8 ,  f o r  R e ^ * ^ 6  i n

rhen iu m  o x y c h lo r id e .  The s p i n - o r b i t  c o u p l in g  c o n s t a n t

f o r  c h l o r i n e  i n  ReOCl^ was assum ed t o  be i d e n t i c a l
2 0 £ — iw i t h  th e  v a lu e  f o r  th e  f r e e  atom  ( 5 =  5^7 om ' ) .

-1The P v a lu e  o f  0 .0 3 3  cm was o b ta in e d  by i n t e r p o l a t i n g

b e tw e e n  th e  v a lu e s  o f  0 .0 3 2  cm f o r  Re ( ---------- 5d" 6 s  )

and  0 .0 5 0  cm f o r  Re (  5d  ) ,  w h ich  were d e r i v e d

fro m  th e  v a lu e  of /  r  "" ^  g iv e n  by M cM illan  and 

H a lp e r n  ** .

t

2 .7  E q u a t io n s  r e l a t i n g  th e  s p in - H a m i l to n ia n  p a ra m e te r s  
t o  the  m o le c u la r  o r b i t a l  c o e f f i c i e n t s  i n  rhen ium  
o x y c h lo r id e

As c a n  be s e e n  from  th e  en e rg y  l e v e l  d iag ram  o f  th e  

m o le c u la r  o r b i t a l s  th e  u n p a i r e d  e l e c t r o n  i s  l o c a t e d  i n  

a  B2 a n t ib o n d in g  m o le c u la r  o r b i t a l .  I f  the  s p i n - o r b i t  

c o u p l jn g  i s  i g n o r e d  th e n  t h i s  o r b i t a l  h a s  the  fo rm



02*

F ig u re  2 .8  S p in -o r b it  c o u p lin g  c o n s ta n t s ,  ^ (cn T ^ ), 

f o r  rhenium  io n s  as a fu n c t io n  o f  i o n ic  ch a r g e , Z.
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Y * ( B2> = ^ 2 ^  +-B2 ( 1 ) 3P(B2 ) 2 .7

b u t  when s p i n - o r b i t  i n t e r a c t i o n s  a re  c o n s id e r e d  th e n  

m ix in g  of e x c i t e d  s t a t e s  i n t o  th e  g ro u n d  s t a t e  o f  th e  

m o le c u le  m ust  be taicen i n t o  a c c o u n t .  These e x c i t e d  

s t a t e s  a re  p ro d u ce d  e i t h e r  by p ro m o tin g  th e  u n p a i r e d  

e l e c t r o n  i n t o  an  empty a n t i b o n d i n g  o r b i t a l  of B.j o r of 

E symmetry w hich  i s  im m e d ia te ly  above y x (B2 ) i n  

F ig u r e  2 . 7 ,  o r  by p ro m o tin g  an  e l e c t r o n  from  th e  

f i l l e d  b o n d in g  o r b i t a l s  o f  B  ̂ o r  o f E symmetry i n t o  

\)/3€(B2 <): on ly  m ix in g  o f  th e  m o le c u la r  o r b i t a l s

num bered 7 ,  22 , 23 and  2 k  need  be c o n s i d e r e d  i n  t h i s  

c o n t e x t .  The m o le c u l a r  o r b i t a l  c a l c u l a t i o n s  show 

t h a t  i n  t h e s e  compounds l i g a n d  s  o r b i t a l s  c o n t r i b u t e  

l i t t l e  t o  th e  m a g n e t i c a l l y  im p o r ta n t  m o le c u l a r  o r b i t a l s  

so  t h a t  t h e s e  may be w r i t t e n  i n  th e  fo rm s

Y (B i ) -  f td _ 2  2 + * 1<1 >3p(, [ b1] * P i (11 )3p z [ s j

I f  th e  m a t r i x  e le m e n ts  o f  t r u e  Zeeman and h y p e r f i n e  

H a m il to n ia n  a re  e q u a te d  to  t h e  c o r r e s p o n d in g  m a t r i x  

e le m e n ts  o f  th e  s p i n  H a m il to n ia n  a s  d e s c r i b e d  i n  

A ppend ix  A, e q u a t io n s  r e l a t i n g  th e  s p in - H a m i l to n ia n

“  6 X Z ^ X Z  + exz  ̂ -^Pxz [S]'xz Is  J + ex z

2 . 8



p a ra m e te r s  t o  th e  m o le c u l a r  o r b i t a l  c o e f f i c i e n t s  f o r  

th e  compounds a re  o b ta in e d .  Thus m ix in g  o f  th e  o r b i t a l s  

( 2 . 7 )  and ( 2 . 8 )  u n d e r  th e  i n f l u e n c e  o f  s p i n - o r b i t  

c o u p l in g  a t  th e  rh en iu m  and c h l o r i n e  a to m s, a lo n g  w i th  

Zeeman i n t e r a c t i o n  and h y p e r f i n e  i n t e r a c t i o n s ,  th e n  

l e a d s  t o  t h e  r e l a t i o n s h i p s  ( 2 . 9 )  -  ( 2 .1 3 )  f o r  t h e  

p r i n c i p a l  com ponents o f  th e  g -  and  h y p e r f i n e  c o u p l in g  

t e n s o r s

- 2 M 2 3  f i s r e p r  V )

x  [2P i J32 -  P i ( i  W 1 * ]    2 .9

where o r b i t a l s  7 and 2h  c o n t r i b u t e  t o  th e  sum, and the

p o s i t i v e  s i g n  r e f e r s  t o  o r b i t a l  7 and th e  n e g a t iv e  s i g n

t o  o r b i t a l  2!+•

V01  = ^ C l / ^ E e ^

BX .  2 .0 0 2 3  -  2 ^ S e  \  ♦ 3 2 ( 1 ) «X8( 1 > ] 2
|A E (E ) | L -*

. . . . .  2 . 1 0

where th e  se co n d  te rm  i s  due t o  m ix in g  o f  o r b i t a l  22.

i s  g r e a t e r  th a n  g^ i n  ReOCl^ and t h e r e f o r e  i n  

e g u a t i o n  ( 2 . 9 )  we have a l lo w e d  f o r  m ix in g  of s t a t e s  

o b t a in e d  by e x c i t i n g  b o n d in g  e l e c t r o n s  b u t  we have  n o t  

c o n s i d e r e d  s i m i l a r  e f f e c t s  i n  e q u a t io n  ( 2 . 1 0 ) .



72.

2.11

where o r b i t a l s  7 and 2 k  c o n t r i b u t e  to  th e  sum, th e  

p o s i t i v e  s i g n  r e f e r r i n g  t o  o r b i t a l  7> and th e  n e g a t iv e  

s i g n  t o  o r b i t a l  2 k • O r b i t a l  22 c o n t r i b u t e s  t o  th e

l a s t  te rm  i n  ( 2 . 1 1 ) .

K i s  t h e  i s o t r o p i c  c o n t r i b u t i o n  t o  th e  h y p e r f i n e  c o n s t a n t  

due t o  p o l a r i s a t i o n  o f  th e  i n n e r  e l e c t r o n  s p i n  d e n s i t y  

by th e  u n p a i r e d  d - e l e c t r o n .

2 .  8 M o le c u la r  o r b i t a l  c o e f f i c i e n t s  and b o n d in g  i n  
rhen iu m  o x y c h lo r id e  and i t s  a d d u c t s .

The s p i n  H a m il to n ia n  p a ra m e te r s  and  th e  a s s ig n m e n ts  

o f  th e  band maxima i n  th e  u . v . - v i s i b l e  s p e c t r a  o f  th e

compounds now e n a b le  th e  v a lu e s  o f  th e  i s o t r o p i c  c o n t a c t

te rm  K , and  th e  m o le c u l a r  o r b i t a l  c o e f f i c i e n t s  p 2 .

and e t o  be e s t i m a t e d  by u s in g  e q u a t io n s  ( 2 .9 )  -  (2 .1 3 )*  x z
P a r a m e te r s  o b t a in e d  i n  t h i s  way f o r  ReOOi^ and i t s  

a d d u c ts  a re  l i s t e d  i n  T ab le  2 .7*

S in c e  th e  m o le c u la r  o r b i t a l  t h a t  c o n ta in s  th e  u n p a i r e d  

e l e c t r o n ,  h a s  z e ro  e l e c t r o n  s p in  d e n s i t y  a t  th e  rhen ium  

n u c le u s  and d oes  n o t  m ix w i th  th e  m e ta l  6 s  o r b i t a l  i n

B = P
2.12

<A> = -  PK -  (2 .0 0 2 3  -  <g> ) P 2 .1 3



T a b le  2*7

K. v a lu e s  and m o le c u la r  o r b i t a l  c o e f f i c i e n t s  f o r  ReOCl^ 

and  some o f  i t s  " a d d u c t s ” *

M o le c u la r  o r b i t a l  21 21+ 22

K 1*2 I 1*1 I l*xz

ReOCl,
4 1 .0 6 4 0 .8 2 0 0 .7 8 0 0 .9 2 0

ReOCl. OgC^Hg 1 .0 6 3 0 .8 1 4 0 .7 8 2 0 .9 1 3

ReOCl^HCCH, 1.041 0 .8 0 9 0.781 0 .9 0 7

ReOGlj,OPCl, 1 .0 1 2 0 .8 0 8 0.781 0 .9 0 6

[ ( c6h5 )4a s ]  [r s o c iJ 1 .0 0 4 0 .8 0 5 0 .7 8 0 0 .9 0 3



C^v sym m etry , t h e r e  I s  no d i r e c t  way o f  p u t t i n g  u n p a i r e d  

e l e c t r o n  d e n s i t y  on t h e  n u c le u s*  The non z e r o  v a lu e s

o f  t h e  I s o t r o p i c  c o n t a c t  te rm  K, m u st th e n  a r i s e  from
33th e  s p i n  p o l a r i z a t i o n  m echanism  . The v a lu e s  o f  jB2 

i n  T ab le  2*7 i n d i c a t e  th e  d e g re e  o f  d e l o c a l i s a t i o n  o f  

th e  u n p a i r e d  e l e c t r o n  i n  t h e s e  compounds on  t o  th e  l i g a n d s  

and show t h a t  i n  e a c h  c a s e  th e  u n p a i r e d  e l e c t r o n  i s  a b o u t  

33% d e l o c a l i s e d  on t o  th e  c h l o r i n e  atoms* We have n o t  

b e e n  a b le  to  r e s o l v e  c h l o r i n e  h y p e r f i n e  c o u p l in g  i n  

t h e s e  s p e c t r a  b u t  l i n e w i d t h  m ea su re m e n ts  w h ich  we have  

c a r r i e d  ou t a r e  c o n s i s t e n t  w i th  a b o u t  21$ d e l o c a l i s a t i o n  

i n  t h i s  o r b i t a l *  The v a lu e  o f  0*82 f o r  j$2 i n  ReOCl^ 

i s  i n  e x c e l l e n t  ag reem en t w i th  th e  v a lu e  o b t a i n e d  from  

th e  m o le c u l a r  o r b i t a l  c a l c u l a t i o n s .

The and ex z  v a l u e s  i n  T a b le  2*7* w hich  r e f l e c t  t h e

b o n d in g  o f  th e  m e t a l  i o n  d  0 0 and d ^  o r  d„_
x ^ -y ^

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

by e q u a t io n  2*8 a r e  i n  good ag reem en t w i th  v a lu e s  

o b ta in e d  from  th e  m o le c u la r  o r b i t a l  c a l c u l a t i o n *  T hese  

v a l u e s  show a g a in  a n  a p p r e c i a b l e  d e g re e  of c o v a le n c y  i n  

t h e  m e t a l - l i g a n d  b o n d s . Thus t h e r e  i s  a  good c o r r e l a t i o n  

b e tw e e n  th e  c o e f f i c i e n t s  o b t a in e d  from  e l e c t r o n  p a r a ­

m a g n e t ic  r e s o n a n c e  and th o s e  from  m o le c u l a r  o r b i t a l  

c a l c u l a t i o n s *

A d d i t i o n  o f  an e x t r a  l i g a n d  to  th e  s i x t h  c o o r d i n a t i o n  

p o s i t i o n  o f  ReOGl^ h a s  no m e a s u re a b le  e f f e c t  on s igm a 

b o n d in g  to  th e  m e ta l  i o n  5d o o r b i t a l ,  and i t  h a s  

l i t t l e  e f f e c t  on th e  t r a n s i t i o n  e n e r g i e s  |AE (B ^) | #



Hence c o o r d i n a t i n g  a  s i x t h  l i g a n d  does n o t a l t e r  g-j -j *

On th e  o t h e r  hand , i n  th e  c a se  of i n - p l a n e  TT-bonding

t o  th e  m e t a l - i o n  o r b i t a l ,  and of o u t - o f - p l a n 6

IT -b o n d in g  t o  th e  m e t a l  i o n  5 ^ z and 5d^z o r b i t a l s ,

th e  s i x t h  l i g a n d  d oes  c au se  v e ry  s m a l l  a d d i t i o n a l

d r i f t s  of e l e c t r o n s  away from  th e  c e n t r a l  m e t a l  i o n ,

and  a l s o  i n c r e a s e s  th e  m a g n i tu d e s  o f  th e  t r a n s i t i o n

e n e r g i e s  |A E (E ) |  . The a d d i t i o n a l  l i g a n d  t h e r e f o r e

n o t i c e a b l y  i n c r e a s e s  th e  m ag n itu d e  o f  and r e d u c e s

th e  m a g n i tu d e s  o f  th e  m a g n e t ic  h y p e r f i n e  t e n s o r

com ponen ts . T h is  l i g a n d  s h o u ld  p resu m ab ly  have th e

g r e a t e s t  i n f l u e n c e  on sigm a b o n d in g  t o  th e  m e t a l  i o n

5d. 2 o r b i t a l ,  b u t  t h i s  in v o lv e s  m o le c u l a r  o r b i t a l s  o f  z  7

A-j symmetry w hich  a re  i n a c c e s s i b l e  t o  us s i n c e  th e y  

do n o t  a f f e c t  th e  p a ra m a g n e t ic  p r o p e r t i e s  o f  t h e s e  

compounds.
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2 .9  Summary o f  P art I I

X-band e .p .  r .  s p e c t r a  of ReOCl^ and o f  the  adducts

i n  m a g n e t ic a l ly  d i l u t e  g l a s s e s  a t  77K and th ese  

s p e c t r a  are a n a ly sed  in  d e t a i l .  The sp in-K & m iltonian

e x tr a c t e d  from th e se  s p e c tr a .  These p aram eters , and 

d ata  ob ta in ed  from v i s i b l e - u . v* s p e c tr a  have been used  

t o  o b ta in  q u a n t i t a t iv e  d e s c r ip t io n s  o f  the bonding o f  

th e se  compounds i n  terms o f  m o lec u la r  o r b i t a l  m odels .  

From extend ed  Huckei L.C.A.O. m o lecu la r  o r b i t a l  c a l c u l ­

a t i o n s ,  c a r r ie d  out on the compound ReQCl. , the m eta l
"T

io n  s p i n - o r b i t  c o u p lin g  c o n s ta n t  and the param eter P
-1  -1are e s t im a te d  to  be about 2i|00 cm and 0 .0 3 3  cm

r e s p e c t i v e l y .  S p in  H am ilton ian  param eters are l i s t e d  

f o r  each su b sta n ce  and are equated to  the atom ic o r b i t a l  

c o e f f i c i e n t s  i n  some o f  the m o lec u la r  o r b i t a l s  in v o lv e d  

i n  bonding i n  th e se  m o le c u le s ,  and a good agreement i s  

o b ta in ed  between the v a lu e s  o b ta in ed  in  t h i s  way and 

th o se  d e r iv e d  from the m o lec u la r  o r b i t a l  c a l c u l a t i o n s .  

The unpaired  e le c t r o n  l i e s  in  a m o lecu la r  o r b i t a l  which  

in v o lv e s  the m e ta l  io n  o r b i t a l  and i t  i s  s t r o n g ly

d e l o c a l i s e d  (33/o) on to  the c h lo r in e  l ig a n d s .  g-j  ̂ i s  

g r e a t e r  than and t h i s  i s  shown to  be e s s e n t i a l l y  due 

t o  c h a r g e - t r a n s fe r  m ix in g  by s p i n - o r b i t  c o u p l in g  a t  the  

c h lo r in e  atoms. The changes i n  the sp in  H am ilton ian  

param eters when a s i x t h  l ig a n d  i s  added to  ReCGl^ are  

accounted  for*

Re0C1^02C^H8 , ReOCl^NCCH*, ReOCl^OPCl^ and 

[(CgHp^ijAs ] [ReOCl^] have b een  recorded  a t  290K, and

param eters AQ, g 0 , A, B, Q# , g ^  and g^ have been
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In fo rm a tio n  about the  e x te n t  o f  d e l o c a l i s a t i o n  

on to  the  l ig a n d s  can a l s o  be ob ta in ed  by d e t a i l e d  

a n a l y s i s  o f  the e . p . r .  l in e w id t h s  i n  s o l u t i o n ,  as  

w i l l  be shown i n  the  next s e c t i o n  o f  t h i s  t h e s i s *

\
/



R e fe r e n c e s  t o  P a r t  I I

1 .  A.B. Goodman and J .B . Raynor, !,Adv.Inorg.Chem. and
Radiochem. ” , H. J .  Emeleus and A.G, Sharpe, e d s . ,
Academic P r e s s ,  London, 1970 , Y5,  and r e f e r e n c e s  
t h e r e in .

2 .  J .R . Shock and M.T. R o g e r s ,  J .C h em .P h y s ., 1973, 5 8 ,3 3 5 6 .

3* C .J . B a l lh a u s e n  and H .B.G ray, In org . Chem., 1962, 1_, 111.

4 .  H.B.Gray and C.R. Hare, In org .C hem ., 1962 , 1_, 363.

5* H.Kon and N.E. S h a r p le s s ,  J .P h y s .C h em ., 1966 , 70*105•

6 . S.M. Horner and S.Y. T yree , J r . ,  Inorg.N ucl.C hem . L e t t e r s ,  
196 5 , 1 ,  43 .

7* A .C a rr in g to n , D. J. E. Ingram and M. C.R. Symons, J .C h e im S o c ., 
1956 , 4710 .

8 . N. S. G ar ifyan o v , Zh.Exsp. T e o r . F i z . , 1963, 4^> 1819;
S o v ie t  Phys. JETP(English  T r a n s la t io n ^  964,1 8 ,1 2 4 6 .

9 . N.S, G a rifyan ov , Iz v e s t .A k a d .N a u k .S .S .S .R . ,S er .K h im ,1 968,1 902.

10 . D.A. Edwards and A.A. W ooif, J.Chem .Soc. A, 19 66 , 91»

11 . A. Guest and C .J .L . Lock, Can.J .C hem ., 1971 , 49>

12. B .R .B r isd o n  and D.A.Edwards, In org .C hem ., 1 968 , 7 ,1 8 9 8 .

13* K.V<. B a g n a l l ,  D.Brown and R .C o lto n , J.Chem. Soc. ,1 964,301 7*

14. C. G. B arraclou gh  and D .J . Kew, A u st .J .C h em ., 1 9 7 2 ,2 5 ,2 7 .

1 5 . A.Abragam and M .H .L .Pryce, P ro c .R o y .S o c . (A) ,1951 , 2 0 5 ,135*

1 6 . L. D.Rollmann and S. I .  Chan, ’’E le c tr o n  Sp in  Resonance o f
M etal Complexes” , T.F.Yen ed. , Adam H ilg e r  L t d . ,
London, 1969 , 175*

17- L .P e t r a r k i s ,  J .C hem .E d ., 1967, 44 , 432.

18 . R.Neiman and D. K iv e ls o n ,  J .C h em .P hys .,  1961, 3^, 156.

19* H.R. Gersmann and J .D .S w a len , J.Chem .Phys. ,1 9 6 2 , 36.,3221 •



/ ✓•

20. H.Kon and N.E. S h a r p le s s ,  J .C h em .P h ys ., 1965 , U2, 906.

21. K. DeArmond, B .B .G a r r e t t ,  and H. S. Gutowsky, J.Chem.
P h y s . ,  1965 , i±2, 1019*

22 . A .J .  Edwards, J .C h em .S o c .,  D a lto n ,  1972, 582.

23* L. C. C usachs, B. L. T rus, D.G. C a r r o l l  and S .P . McGlynn, 
I n t e r n e t .  J.Quantum C hem istry , 1967 , 1_, U23-

24* L.C. Cusaohs, and J.H. C o rr in g to n , ‘‘Sigma M olecu lar
O r b ita l  Theory” , 0 . S in a n og lu  and K. w. Wiberg, 
Yale U n iv e r s i t y  P r e s s ,  1970 , 256.

25* E. C le m e n ti ,  “Table o f  Atomic F u n c t io n s11, I.B.M.
C orp oration  Development Lab. R eport, 1965;
I.B .M . J .R e s .D e v . , 1965, 9 ,  2.

26. S . C lem en ti ,  D.L. Raimondi and W.P. R e in h a r d i,  
J .C h em .P h ys .,  1967, U3, 1300.

27* F.A. C otton  and C.B. H a r r is ,  In o rg . Chem., 1967,
6 ,  3 6 9 , 376 .

28. F.A. C otton  and C.B. H a r r is ,  Inorg.Chem. ,1 9 6 7 , 6 ,  921+.

29. C .J . B a l lh a u s e n  and H.B.Gray, “M olecu lar  O r b it a l  Theory” ,
W.A.Benjamin and Co. , New York, 1965*

30 . M.V/olfsberg and L .H elm h o ltz ,  J .C h em .P h ys ., 195 2 ,20 ,8 37*

31 . J .A .M cM illan  and T .H alp ern , J .C h em .P h ys .,  1971 , £ 5 ,  33 .

32 . A.H. Maki and B.R. McGarvey, J .C h em .P h ys ., 1 9 5 8 ,2 9 ,  31*

3 3 . B.R.McGarvey, J .C h em .P h ys .,  1967 , 71 , 51 •



8 0 .

PART I I I

ELECTRON PARAMAGNETIC RESONANCE LINEwIDTH STUDIES OF 

R eO C l^  IN  SOLUTION

3*1 I n tr o d u c t io n

In  the stu dy  o f  the e l e c t r o n i c  s tr u c tu r e  o f  ReOCl^ 

and i t s  a d d u c ts ,  as d e sc r ib e d  in  d e t a i l  i n  p a r t  I I ,  the 

un p aired  e l e c t r o n  in  the com plexes was found i n  an 

a n tib o n d in g  m o le c u la r  o r b i t a l  compounded out o f  the  

5dxy o r b i t a l  o f rhenium, and c h lo r in e  3px  and 3py 

o r b i t a l s ,  and i t  i s  about 33% d e l o c a l i s e d  on t o  the  

c h lo r in e  atom s. T h is  k in d  o f  in fo r m a tio n  was obta in ed  

e s s e n t i a l l y  from the a n a l y s i s  o f  the s p in - d ip o la r  

i n t e r a c t i o n  o f  the m agnetic  moment of the unpaired
the

e l e c t r o n  w ith  the m agnetic  moment o f/rhen ium  n u c le u s .

I t  i s  p o s s i b l e  to  o b ta in  s im i la r  in f o r a a t io n  about  

the d e l o c a l i s a t i o n  of the u n p a ired  e le c t r o n  on t o  the  

c h lo r in e  l ig a n d s  from the s i z e  o f  the c h lo r in e  n u c le a r  

h y p er f in e  i n t e r a c t i o n  i n  th e se  com plexes. We have  

not been ab le  to  r e s o lv e  c h lo r in e  h y p e r f in e  c o u p l in g  

i n  the e . p . r .  s p e c tr a  due to  the i n t e r a c t i o n  of the  

unpaired  e l e c t r o n  w ith  the c h lo r in e  l ig a n d  n u c l e i .  

However i t  i s  s t i l l  p o s s i b l e  to  e s t im a te  the s i z e  o f  

the i s o t r o p i c  h y p e r f in e  c o u p l in g  from the c o n t r ib u t io n  

which i t  makes to  the w id th  of the l i n e s  i n  the e . p . r .  

s p e c tr a  of th e se  complexes i n  s o lu t io n .  I t  was th e r e ­

fo r e  d ec id ed  to  a n a ly se  i n  d e t a i l  the e . p . r .  l in e w id t h s  

of ReOCl^ i n  ch loroform  as a f u n c t io n  of tem perature in



order to  se p a r a te  the u n re so lv e d  l ig a n d  h y p e r f in e  

s t r u c t u r e  c o n t r ib u t io n  from the o ther  v a r io u s  e f f e c t s  

which c o n tr ib u te  to  the l in e w id t h s .  The e s t im a te d  

v a lu e  o f  the c h lo r in e  h y p e r f in e  c o u p lin g  ob ta in ed  i n  

t h i s  way i s  then used  to  e s t im a te  in d ep en d en tly  the  

e x t e n t  of d e l o c a l i s a t i o n  o f  the unpaired  e le c t r o n  on 

t o  th e  c h lo r in e  l ig a n d  o r b i t a l s .  T h is  r e s u l t  i s  then  

compared w ith  the v a lu e s  o b ta in ed  from the a n a l y s i s  

o f  the sp in  H a m ilton ian  d e s c r ib e d  i n  P a r t  I I .

3 . 2  Mechanisms of e l e c t r o n  s p i n  r e l a x a t i o n  i n  s o l u t i o n s
o f  t r a n s i t i o n  m e ta l  com plexes

As m entioned i n  P a rt  I ,  th ere  are s e v e r a l  

v a r i e t i e s  o f  m agnetic  i n t e r a c t i o n s  which in f lu e n c e  the  

l in e w id t h s  o f  param agnetic  io n s  i n  s o l u t i o n .  The 

stan d ard  procedure f o r  exam ining the b ehaviou r  o f  such  

a system  i s  to  w r ite  down the a p p rop ria te  H am ilton ian  

f o r  the system  to  be d is c u s s e d  and so lv 6  f o r  the t im e-  

independent and t im e-depend en t components.

U =  U 0  + t )   3 .1

i s  t im e- in d ep en d en t  and determ in es  the sharp l i n e  

spectrum . U  ( t )  i s  tim e-dependent w ith  zero  f i e l d  

averag e . The e f f e c t  o f  J^ ((t )  i s  to  cause the e ig e n ­

f u n c t i o n s ,  and hence the p r o p e r t i e s ,  of the system  to  

be a f u n c t io n  o f  t im e , i . e .  i t  i s  th e  t im e-d ep en d en t  

terms i n  the  H am ilton ian  which cause r e l a x a t io n .



The m a gn etic  terms i n  the H am ilton ian  f o r  one unpaired  

e l e c t r o n  moving i n  an a x i a l l y  symmetric o r b i t a l  and 

i n t e r a c t i n g  w ith  one n u c leu s  such  as in  ReOCl^ can be 

w r i t t e n  i n  the form

U  = gr W r  *  Sp W p  * i V a V W r + V p V V V Q

 3 . 2

where p , q, r  are a s e t  o f  o r th o g o n a l u n i t  v e c to r s  

f i x e d  i n  the com plex, r b e in g  the u n i t  v e c to r  p a r a l l e l  

t o  the  symmetry a x i s .  In  a t e t r a g o n a l  complex,

gp = g-j-j Sp = gg = gj_

and AP = A =£1 Ap = Ag = B

In  s o l u t i o n  the complex undergoes r o t a t i o n a l  m otion

and the Brownian m otions tend to  average out the  a n is o ­

t r o p ic  c o n t r ib u t io n s  to  the  g and h y p er f in e  t e n s o r s .

In  most c a s e s  the r o t a t i o n a l  m otion  o f  the complex i s  

not f a s t  enough to  average out co m p le te ly  the a n i s o ­

t r o p ic  c o n t r ib u t io n s  to  g and h y p e r f in e  t e n s o r s ,  and 

the  f l u c t u a t i n g  m agnetic  f i e l d  which t h i s  produces  

c a u se s  broadening  o f  the e . p . r .  l in e w id t h s .

I f  the s o l u t i o n s  o f  the param agnetic  io n s  are made 

s u f f i c i e n t l y  d i l u t e ,  then the c o n t r ib u t io n s  o f  m agnetic  

d ip o la r  i n t e r a c t i o n s ,  exchange i n t e r a c t i o n s  and 

in tr a m o le c u la r  v ib r a t io n s  to  the l in e w id t h s  are so  

sm a ll  as t o  be n e g l i g i b l e .



A r e l a x a t io n  mechanism in  l iq u i d s  in  the  p resen ce  of  

a n i s o t r o p ic  Zeeman and h y p e r f in e  i n t e r a c t i o n s  was f i r s t  

proposed by McConnell . He assumed th a t  the io n  and 

i t s  l ig a n d  group, c a n  be c o n s id e r e d  as a u n i t  even  

i n  s o l u t i o n ,  the  group o f m o le c u le s  tum bling as a w hole.

Thus the s p in  H am ilton ian  3 . 2  can  be used as the  

ap p ro p r ia te  H am ilton ian  f o r  th e  tum bling m ic r o c r y s t a l .

I t  i s  n e c e ssa r y  to  tran sform  the H am ilton ian  3*2 t o  

the  new c o o r d in a te  system  x , y , z ,  f i x e d  i n  the  

la b o r a to r y  which i s  d e f in e d  by the d i r e c t i o n  z of the  

m agn etic  f i e l d  H0 and the a n g le s  0 and  9  •

tran sform ed  H am ilton ian  may be c o n s id er ed  as  compounded 

from tv/o term s, ^  0 and  ( t ) .

+ Ao S- £  . . . .  3 .3

where g 0 = i  ( g ^  + 2g 1 ) f an d A0 = i  (A + 2B)

and U ( t )  = [* g  ? eH0 + b l z ]  [co s2 0  ( t ) - i ] S z+i[z ,g^ 6H0+b I z]

x  [ s i n 0 ( t )  c o s  9 ( t ) J  [s^ Q "1 ^  < t >+S_ei  9  ( o)]

-  i b  [ c o s 2 © ( t )  -  i ] -  [ s +I _  + S J L j

+ i b  [ s i n 2 0  ( t ) ]  l__S_e+ 2 i 9  ( "OJ

+ i b  [ s i n 0 ( t )  co s  0 ( t ) J  [ l ^ e ~ i ^ +  I _ e + i ^ ^ J s z

 3 ’*f

where b = A-B, and 0 and (p are the p o la r  and az im u thal

a n g le s  o f the m i c r c - c r y s t a l l i n e  symmetry a x is  ( r )  r e l a t i v e

to  the la b o r a to ry  x , y , z  a x e s .  Because o f  the Brownian  

m o tio n , the  a n g le s  0 and <p are f u n c t io n s  of time so
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t h a t  a l l  terms i n  W ( t )  are a l l  averaged to  z e r o  over  

a sphere and the c e n tr e  o f  g r a v i t y  of each  o f  the  

h y p e r f in e  m u l t i p l e t  r e so n a n c e 5 is  ob ta in ed  from the  

e ig e n v a lu e s  o f  •

E le c t r o n  s p i n - l a t t i c e  r e l a x a t i o n ,  w ith  c h a r a c t e r i s t i c  

tim e , a r i s e s  from the seco n d , th ir d  and fo u r th  

t e r n s  i n  3 * 4  c o n ta in in g  the  e l e c t r o n  sp in  r a i s i n g  

and lo w e r in g  o p e r a to r s ,  o b ta in ed  by

S+ = Sx  “ iSy  • *•• 3*3

N u clear  r e l a x a t i o n  a r i s e s  from the t h ir d ,  fo u r th  and 

f i f t h  term s. A nother c o n t r ib u t io n  to  the  broadening  

o f  e l e c t r o n  reson ance  comes from the f i r s t  and the  

l a s t  term i n  e q u a t io n  3*4* hut the c h a r a c t e r i s t i c
1

tim e f o r  t h i s  p r o c e s s  i s  ta k en  as T^. McConnell 

used the  H a m ilton ian  3*4  to  c a l c u l a t e  r e l a x a t io n  t im es  

and Tg but the com plete s o l u t i o n  o f  t h i s  H am ilton ian  

was not a ttem p ted . In s te a d  he assumes th a t  

Ag »  |b |  s o  th a t  the  l a s t  th r e e  terms i n

e q u a t io n  3 . 4  may be n e g le c t e d .  T h is  im p l ie s  n e g le c t  

o f  n u c le a r  s p i n - l a t t i c e  r e l a x a t i o n ,  so  th a t  the t im e-  

dependence of m a tr ix  e lem en ts  o f  I z i n  the  f i r s t  two 

t e r n s  i s  a l s o  n e g le c t e d .  With th e se  c o n d it io n s  

McConnell showed th a t

i  >  ( 8 i r 2/ i 5 )( A g/JeH0+ b i z ) 2 h“2 r c (i+UTr2 v 02 r e )"1 
1

. . . .  3*6



(J - )  >  (32TTA5)( A g  £ aH0+ b Iz ) 2 h “ 2 t a n -1 (2 Tc/T 2 )

 3 - 7

where V  0 i s  th e  f r e q u e n c y  a t  w h ich  th e  r e s o n a n c e  i s  

o b se rv e d  and T c i s  th e  c o r r e l a t i o n  tim e f o r  t h e  a n g u la r  

f u n c t i o n s  [ c o s 2 6  ( t )  -  i j  a n d  £ s i n 0 ( t )  c o s 0 ( t ) ]  

o f  th e  m i c r o c r y s t a l  o r i e n t a t i o n .  The m ost i n t e r e s t i n g  

a s p e c t  of th e s e  r e s u l t s  i s  t h e  dep en dence  o f  th e  l i n e ­

w id th s  f o r  th e  i n d i v i d u a l  h y p e r f i n e  l i n e s  on th e  

m a g n e t ic  quantum  number m̂ . ( i . e .  I z )*

2
McGarvey d i s c u s s e s  th e  l i n e w i d t h s  o f  s e v e r a l  

p a ra m a g n e t ic  io n s  i n  s o l u t i o n  i n  te rm s  o f  th e  m ic ro ­

c r y s t a l l i n e  m odel. He c o n s i d e r s  two c o n t r i b u t i o n s  t o  

th e  l i n e w i d t h s  of p a ra m a g n e t ic  i o n s  i n  s o l u t i o n .  The 

f i r s t  o f  t h e s e  i s  t h a t  due t o  th e  tu m b lin g  of th e  

m i c r o c r y s t a l  i n  s o l u t i o n ,  i . e .  th e  m echanism  d i s c u s s e d  

by M cC onnell. The seco n d  a r i s e s  from  r e l a x a t i o n  

p r o c e s s e s  i n v o l v i n g  s p i n - o r b i t  c o u p l in g  w i th  e x c i t e d  

s t a t e s :  when th e  symmetry of th e  c r y s t a l l i n e  f i e l d

a b o u t  th e  i o n  i n  th e  m i c r o c r y s t a l  i s  such  a s  t o  p e r m i t  

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

i n  an e f f i c i e n t  r e l a x a t i o n  p r o c e s s  w hich  may be 

d o m in a n t .

S.A. A l ’ t s h u l e r  and K.A. V a l i e v  ^ have c r i t i c i s e d  

th e  McConnell-McGarvey th e o ry  of th e  l i n e w i d t h s  i n  e . p . r .  

s p e c t r a  of t r a n s i t i o n  m e ta l  i o n  com plexes on th e  g ro u n d s  

t h a t  t h i s  th e o r y  i s  b a s e d  on e x p e r im e n ts  c a r r i e d  o u t  a t



a  s i n g l e  f r e q u e n c y  o n ly ,  and a t  a  s i n g l e  t e m p e r a tu r e ,

and th e y  s t a t e  t h a t  B*M# K ozyrev  has c a r r i 0a  out  

s e r i e s  o f  e x p e r im e n ts  on d i f f e r e n t  t r a n s i t i o n  m e t a l  

io n s  i n  s o l u t i o n  a t  d i f f e r e n t  t e m p e ra tu re  and o v e r  a  

wide ra n g e  o f  f r e q u e n c y .  The e x p e r im e n ta l  r e s u l t s  o f  

K ozyrev  show t h a t  th e  dependence  o f  l o n g i t u d i n a l  

r e l a x a t i o n  t im e s  on t e m p e r a tu r e  and on th e  a p p l i e d  

m a g n e t ic  f i e l d  d i r e c t i o n  i s  c o m p le te ly  a t  v a r i a n c e  

w i t h  M cConnell*s th e o r y .  A l * t s h u l e r  and V a l i e v  

b e l i e v e  t h a t  i s  d e f i n e d  by th e  v i b r a t i o n s  w i t h i n  

t h e  com plex r a t h e r  t h a n  by r o t a t i o n s  o f  th e  complex*

The r e s u l t s  o f  A l * t s h u l e r  and V a l i e v ,  how ever,
c 10

a r e  n o t  s u b s t a n t i a t e d  by K iv e ls o n  and c o -w o rk e rs  . 

K iv e l s o n  h a s  d e v e lo p e d  i n  g r e a t  d e t a i l  th e  th e o r y  of 

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

c r y s t a l s  and i n  d i l u t e  l i q u i d  s o l u t i o n s ,  c o n s i d e r i n g  

th e  c a s e  i n  w hich  th e  o r b i t a l  m agne tism  h a s  been  

e s s e n t i a l l y  quenched . N u c le a r  q u a d ru p o le  moments, 

z e r o  f i e l d  s p l i t t i n g ,  a n i s o t r o p i c  Zeeman t e r m s ,  and 

i n t r a m o l e c u l a r  e l e c t r o n - n u c l e a r  d i p o l a r  i n t e r a c t i o n s ,  

a s  w e l l  a s  m o t io n a l  and exchange e f f e c t s  a re  c o n s id e r e d  

i n  t h i s  theo ry *

11
R o gers  and Fake have  s t u d i e d  th e  e*p*r* 

s p e c t ru m  o f  th e  var)(lyl i o n  i n  s o l u t i o n  a t  two f r e q u e n c i e s  

and a t  d i f f e r e n t  t e m p e r a t u r e s ,  and t h e i r  r e s u l t s  a p p e a r  

t o  s u p p o r t  M cC onne ll’ s mechanism*



7-1  0A t k i n s ,  W ilso n  and K iv e l s o n  have d i s c u s s e d

th e  r e l a t i o n s  b e tw ee n  l i n e w i d t h s  and t e m p e r a tu r e ,  

v i s c o s i t y  and m a g n e t ic  f i e l d  f o r  th e  v a n a d y l  and  c u p r i c  

a c e t y l a c e t o n a t e s .  They f i n d  t h a t  i n  a d d i t i o n  t o  th e  

e f f e c t s  o f  m o t io n a l  m o d u la t io n  of a n i s o t r o p i c  g and 

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

r e s i d u a l  l i n e w i d t h  w h ich  i s  in d e p e n d e n t  of nij and  on ly  

v e ry  w eakly  d e p e n d e n t  on Hq . T h is  r e s i d u a l  c o n t r i ­

b u t i o n  i s  a  l i n e a r  f u n c t i o n  o f  T /y  , w here y  i s  

th e  v i s c o s i t y .  T h is  r e s i d u a l  l i n e w i d t h  i s  a s c r i b e d  to  

a s p i n - r o t a t i o n a l  i n t e r a c t i o n .  When a complex r o t a t e s  

i n  s o l u t i o n ,  th e  e l e c t r o n s  do n o t  f o l lo w  7*12 p r e c j_SQiy  

th e  m o t io n  o f  th e  n u c l e i  and t h i s  im b a lan ce  o f  r o t a t i n g  

c h a rg e  g e n e r a t e s  a  m a g n e t ic  moment w hich  can  i n t e r a c t  

w i t h  b o t h  th e  n u c l e a r  and e l e c t r o n i c  s p in s  i n  th e  

m o le c u le .  The m ag n i tu d e  o f  th e  i n t e r a c t i o n ,  w hich  i s  

a n i s o t r o p i c  and  t h e r e f o r e  t e n s o r i a l ,  i s  m ea su re d  by 

th e  s p i n - r o t a t i o n a l  c o u p l in g  t e n s o r  C ( t ) .  T h is  

i n t e r a c t i o n  can  be w r i t t e n  a s

^ ( t )  = J ( t ) .  C ( t ) .  S  3 . 8

where J ( t )  i s  th e  r o t a t i o n a l  a n g u l a r  momentum o p e r a t o r  

f o r  th e  m o le c u le .  The i n t e r a c t i o n  w i l l  co m p rise  a  

r e l a x a t i o n  m echanism  i f  the  i n t e r a c t i o n  i s  m o d u la ted  

and  i n  s o l u t i o n  t h e r e  a re  two ways i n  w hich  t h i s  c a n  

h a p p en . F i r s t ,  th e  r o t a t i o n a l  a n g u la r  moment c an  be 

m o d u la te d  as  t h e  m o le cu le  b r u s h e s  a g a i n s t  i t s  n e ig h b o u r s  

i n  s o l u t i o n ,  and se c o n d ,  th e  s p i n - r o t a t i o n a l  c o u p l in g



88,

can  be m o d u la te d  a s  th e  m o le c u le  changes  i t s  o r i e n t a t i o n  

th ro u g h  more v i o l e n t  e n c o u n t e r s ,  b u t  i n  f a c t  t h e  

m o d u la t io n  of r o t a t i o n a l  a n g u la r  momentum by m o le c u la r  

c o l l i s i o n s  i n  s o l u t i o n  i s  th e  m ore im p o r ta n t  r e l a x i n g  

mechanism*

13-19The d e n s i t y  m a t r i x  a p p ro a c h  seems to  be th e

b e s t  a p p ro a c h  f o r  t r e a t i n g  th e  t h e o r e t i c a l  a s p e c t  o f 

e l e c t r o n  s p i n  r e l a x a t i o n .  I n  t h i s  a p p ro a c h ,  t h e  

e ig e n f u n c t i o n s  o f  th e  H a m il to n ia n  o f  e g u a t io n  3«1 

a r e  ex panded  a s  a  l i n e a r  c o m b in a t io n  o f  th e  e ig e n ­

f u n c t i o n s  o f  %£. 0 , o f  th e  fo rm

Y  = L ° i  4 b  . . . .  3 . 9
i

The t im e -d e p e n d e n c e  o f  th e  e i g e n f u n c t i o n s  Y  *-s  th u s  

c o n ta in e d  i n  th e  c o e f f i c i e n t s  c ^  The e x p e c t a t i o n

v a lu e  o f  any o p e r a t o r  0 i s  g i v e n  by

< 0 >  = £ “  0*0 j  . . . . 3 . 1 0

I* d

I f  a n  o p e r a t o r  i s  d e f i n e d  su c h  t h a t

= < (#)i l ? l ^ >  = cV i  • • • • 3 *11

t h e n

<°> - H
i . J

• • • •  3*12



The e le m e n ts  o f th e  o p e r a t o r  f  c o n s t i t u t e  w ha t i s  knovm 

a s  th e  d e n s i t y  m a t r i x .  By d i f f e r e n t i a t i n g  t h i s  e q u a t io n ,  

t h e  t im e -d e p e n d e n c e  o f  th e  o p e r a t o r  0 can  be o b ta in e d

< * ! • ! * , >  • • • • > • »

Thus th e  p ro b lem  of o b t a i n i n g  an e x p r e s s i o n  f o r  th e  t im e -

dependence  o f  any p r o p e r t y  o f th e  sy s te m  r e d u c e s  to

d e r i v i n g  an  e q u a t i o n  d e s c r i b i n g  th e  t im e -d e p e n d sn e e  of

th e  e le m e n ts  o f  t h e  d e n s i t y  m a t r i x ,  i . e .  o f  th e  p ro d u c t
1 6 190  ̂ Cj_« R e d f i e l d  9 y d e r i v e d  su c h  an  e x p r e s s i o n  f o r  

th e  t im e -d e p e n d e n c e  of ?  a s  f u n c t i o n  of ££  ( t )  by 

u s in g  t im e -d e p e n d e n t  p e r t u r b a t i o n  th e o r y .  U s ing  th e  

R e d f i e l d  e x p r e s s i o n  i t  i s  p o s s i b l e  t o  d e r i v e  an  

e x p r e s s i o n  f o r  the  t r a n s v e r s e  r e l a x a t i o n  tim e  Tg. The 

T^ v a lu e  c a n  th e n  be r e l a t e d  to  th e  p e a k - t o - p e a k  l i n e ­

w id th  AH f o r  th e  f i r s t  d e r i v a t i v e  o f  a  L o r e n t z i a n  l i n e  

by th e  r e l a t i o n

AH = m" "  "-11 • • • •  3»1U
l 2 \TS

K iv e ls o n  ^ u se d  th e s e  t h e o r e t i c a l  g ro u n d s  t o  d e r i v e  a  - 

p o ly n o m ia l  r e l a t i o n  f o r  th e  t o t a l  l i n e w i d t h  of th e  

h y p e r f i n e  l i n e s  i n  e . p .  r .  s p e c t r a .  I f  th e  w id th  of 

t h e  h y p e r f i n e  l i n e  c o r r e s p o n d in g  to  th e  n u c l e a r  quantum 

num ber, m^, i s  d e f i n e d  as A H . th e n  th e  l i n e w i d t h  i n
7 20 21th e  com plexes s t u d i e d  h e r e  c a n  be w r i t t e n  i n  th e  fo rm  9 9

t  h 2 3
AH = oC + o( + o( + p  mj+VmI  H-Sm^ . . . .  3 . 1 5



H
where th e  p a r a m e te r s  <Y , 9 Y  and  b  a r e  g iv e n  by

* ' = ( ^ c /360)(TC J J g  /h )~1 | 8 ( H 0^V)2 [4+3(1 + % Zo )

+ 91(1+1 )b 2 [ > + 7 ( l * « 2 Z 2 }- 1 j ]

A = ( r c/ l 5 ) (  7T v/3g 3 e/ h ) “ 1bH0 AY[^+3(1+ w 2 r 02 ) “ 1]

• • • • 3

y  = ( t / w H t  >/3g £eA ) ' 1 [5 -  d+wj r *  ) - iJ  b2 

(,= ( T c/ 1 0 )(Tr <JJg fie/ h ) ~ 1 (b2 < A > A  w 0)

where and b a r e  now r e - d e f i n e d  by

= ( g ^  -  g l ) £ 0A  and b = 2 (A -B ) /3 h

I n  th e  above e x p r e s s i o n s  th e  h y p e r f i n e  c o u p l in g  c o n s t a n t s

a r e  i n  u n i t s  c f  e r g s ,  and th e  l i n e w i d t h s  i n  g a u s s ,

a r i s e s  from  th e  m o d u la t io n  o f  th e  a n i s o t r o p i c  h y p e r f i n e

t e n s o r  and th e  a n i s o t r o p i c  g - f a c t o r ;  ^  and S te rm s

a r i s e  from  th e  m o d u la t io n  o f  th e  a n i s o t r o p i c  h y p e r f i n e

t e n s o r ;  £  a r i s e s  f rom  c r o s s  te rm  d e p e n d e n t  on

m o d u la t io n  b o t h  the  a n i s o t r o p i c  h y p e r f i n e  t e n s o r
/

and th e  a n i s o t r o p i c  g - f a c t o r ;  t h e  o( te rm  i s  th e  

c o n t r i b u t i o n  from  th6 s p i n - r o t a t i o n a l  i n t e r a c t i o n ;  and 

ot i s  th e  c o n t r i b u t i o n  from  th e  u n r e s o lv e d  h y p e r f i n e  

c o u p l in g ,  p l u s  any o t h e r  s m a l l  c o n t r i b u t i o n s  w hich  have 

n o t  b e e n  c o n s id e r e d  ab ove .

The p a ra m e te r  i s  th e  tu m b lin g  or r e o r i e n t a t i o nc
c o r r e l a t i o n  oime, and i t  i s  a  m easu re  o f  th e  r a t e  a t



91.

w hich  th e  complex r o t a t e s  i n  s o l u t i o n  and i t  i s  g iv e n  

a p p ro x im a te ly  by

hTT ¥  a.Q
T c = -------- —  . . . .  3 .1 7

3KT

where ^  i s  th e  c o e f f i c i e n t  o f  v i s c o s i t y  o f  th e  

s o l v e n t  and a 0 i s  th e  m o le c u l a r  r a d i u s  o f  th e  

e q u i v a l e n t  r o t a t i n g  s p h e r e .

3 . 3  E x p e r im e n ta l

ReOCl^ was p r e p a r e d  by th e  m ethod d e s c r i b e d  i n  

P a r t  I I  and the  l i n e w i d t h s  of SeOCl^ i n  th o ro u g h ly  o u t -  

g a s s e d  c h lo r o fo rm  were m easu red  as f u n c t i o n  of tem p era ­

t u r e .  O b s e r v a t io n s  were made o v e r  a b ro a d  te m p e ra tu re  

r a n g e ,  from  230 to  295K. The te m p e r a tu re  was m easu red  

w i th  a  c o p p e r - c o n s t a n t a n  th e rm o co u p le  l i n k e d  to  a  

d i g i t a l  v o l t m e t e r  and was v a r i e d  u s i n g  the  gas f lo w  

sy s te m  d e s c r i b e d  i n  th e  i n t r o d u c t o r y  c h a p t e r .  The 

t e m p e r a tu r e  g r a d i e n t  d u r in g  r e c o r d i n g  o f  th e  sp e c tru m  

d i d  n o t  e x c e e d  1 ° .  The c h lo ro fo rm  s o l v e n t ,  was 

r e p e a t e d l y  f r a c t i o n a t e d  and p u r i f i e d  w i th  an(^

th e  d i s s o l v e d  oxygen was removed by d e g a s s in g ,  

em ploy ing  s u c c e s s iv e  f r e e z i n g  and thaw ing  o f  th e  

s o l u t i o n .

The v i s c o s i t y  c o e f f i c i e n t s  o f  c h lo ro fo rm  a s  a

f u n c t i o n  o f  t e m p e ra tu re  w ere  ta k e n  from  th e  I n t e r n a t i o n a l
21±C r i t i c a l  T a b le s  • The v a lu e s  f o r  low te m p e r a tu r e s  

were o b ta in e d  by e x t r a p o l a t i o n ,  u s in g  the  fo rm u la



g iv e n  w i th  th e  ta b le s *

I n  o r d e r  to  keep  i n t e r m o l e c u l a r  i n t e r a c t i o n s  from  

a f f e c t i n g  the  l in e w i d t h s  o f th e  e .p .  r .  sp ec tru m , th e  

s o l u t i o n  c o n c e n t r a t i o n s  were re d u c e d  u n t i l  th e  l i n e ­

w id th s  c e a se d  to  depend on the  c o n c e n t r a t i o n .  T h is
-3

was a c h ie v e d  t o  10 M.

The e . p . r .  s p e c t r a  of ReOCl^ i n  l i q u i d  c h lo ro fo rm  a t  

two te m p e r a tu re s  a r e  shown in  F ig u r e  3 .1 .

3*4 R e s u l t s  and d i s c u s s i o n

I n  o rd e r  t o  e s t im a te  th e  v a lu e  of th e  i s o t r o p i c  

h y p e r f in e  c o u p l in g  o f  the  c h lo r i n e  l i g a n d s ,  i t  i s  

n e c e s s a r y  to  c a l c u l a t e  a l l  th e  o th e r  c o n t r i b u t i o n s  

t o  th e  l i n e w i d t h s  of th e  e .p .  r .  s p e c t r a .  To do t h i s  

th e  l in e w id th s  of th e  e .p .  r .  s p e c t r a  a re  f i t t e d  u s in g  

a  l e a s t  s q u a r e s  p ro c e d u re  to  th e  p o ly n o m ia l  fo rm u la

3 .1 5  and th e  p a ra m e te r s  <X + + o( , £ , Y  and 6 a r e

o b ta in e d .  The v a lu e s  o f  th e s e  p a ra m e te r s  a t  d i f f e r e n t  

t e m p e r a tu re s  a r e  l i s t e d  i n  Table  3*1.

A cco rd ing  to  the  th e o ry  d i s c u s s e d  i n  3*2 , the  p a ra m e te r  

Y sh o u ld  be p r o p o r t i o n a l  t o  ? / T ,  so  i t  i s  n e c e s s a ry  

t o  check  t h a t  b e fo r e  u s in g  Y i n  f u r t h e r  c a l c u l a t i o n s .  

T h is  p a ra m e te r  i s  p l o t t e d  as  a f u n c t i o n  of T / T  i n

F ig u re  3*2 , and i t  can  be s e e n  from  the  g rap h  t h a t  Y

p ro v id e d  a good s t r a i g h t  l i n e ,  p a s s in g  c lo s e  to  th e  

o r i g i n ,  i n  a good agreem ent w i th  th e  th e o ry .  From 

t h i s  f i g u r e  the  l e a s t  s q u a re s  f i t  of Y  i s  g iv e n  by
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T ab le  3 .1

P a r a m e te r s  o b ta in e d  from  th e  l e a s t - s q u a r e s  f i t  

o f  th e  e . p .  r .  l i n e w i d t h s  o f  th e  complex ReOCl^ 

i n  Q hloroform  s o l u t i o n  as f u n c t i o n  of m^.; 

a l l  v a lu e s  a re  i n  u n i t s  o f g a u ss .

T em pera tu re  (K) + oC * ci fc V &

295 196 - 8 . 2 2 .8 - 0 .1 4

290 1 93 .6 - 8 . 8 3 .0 5 - 0 .1 6

281* 203 - 9 . 2 3 .3 5 - 0 .1 9

274 203.1* - 9 . 5 3 .6 - 0 .2 3

257 * 2 18 .6 - 9 . 3 4 .1 6 - 0 . 2 4

21*0 233 —9* 6 4 .8 ? -0 .2 6

230 226 -1 0 5.1 - 0 .3 0



V (g a u s s )

5

3

2

1

F ig u re  3 .2  V (g a u ss )  v s  7 / T  ( p o i s e A )  f o r  HeOCl^



V = 0 .4 9  + 125000 7 / t

By u s in g  th e  s p i n  H a m il to n ia n  p a ra m e te r s  o b ta in e d  i n

P a r t  I I  t o g e t h e r  w i th  th e  v a lu e s  o f  Y a t  each

te m p e r a tu r e ,  the  r o t a t i o n a l  c o r r e l a t i o n  t im e s ,  Xc ,

c a n  be  c a l c u l a t e d  from  e q u a t io n s  3«16. The v a lu e s

o f  Xc t h e n  u sed  to  c a l c u l a t e  o(U a g a in  from

e q u a t io n s  3*16. Thus t h e  v a lu e s  o f the  r e s i d u a l

l in e v / id th  o< + 9 c o u ld  th e n  be c a l c u l a t e d  s in c e  th e
/ //

v a lu e s  o f o< + oC + oc were a l r e a d y  known. The v a lu e s

o f  Xc and oc + oc* o b ta in e d  i n  t h i s  way t o g e t h e r

w i th  th e  e f f e c t i v e  m o le c u la r  r a d i u s ,  a Q, o b ta in e d  

from  e q u a t io n  3 -1 7  a re  l i s t e d  i n  T ab le  3 .3 .

S in c e  th e  v a lu e s  o f  oC* a re  p r o p o r t i o n a l  t o  "7/T, th e  

c o n t r i b u t i o n  of th e  c h lo r i n e  n u c l e a r  h y p e r f in e  s t r u c t u r e ,  

o( , t o  th e  l i n e w i d t h  can  be o b ta in e d  by f i t t i n g  th e  

v a lu e s  o f  + oc‘ t o  an e q u a t io n  of the  form

OC + oc# = oC + KT/'J*

where K i s  c o n s t a n t ,  and th e  r e s u l t i n g  l e a s t  s q u a re s  

f i t ,  which i s  shown g r a p h i c a l l y  in  F ig u re  3«3 i s  g iv e n  

hy

+ oc' = 18 + 0 .0 0 1 5  T / ^

As shown i n  F ig u r e  3«3» th e  c o n t r i b u t i o n  to  th e  l in e v / id th s  

from  u n re s o lv e d  c h lo r i n e  n u c le a r  h y p e r f in e  s t r u c t u r e  i s  

18 g a u s s .



T ab le  3 . 2

V a lu e s  o f  th e  v i s c o s i t y  ( 7 ) ,  7  /T  and T/2*

f o r  c h lo r o f o n n  a t  v a r io u s  te m p e r a tu re s .  V a lu es  

o f  7 . &1*9 u n i t s  o f  p o i s e ,  and were o b ta in e d

by i n t e r p o l a t i o n  of th e  v a lu e s  g iv e n  i n  th e
2hi n t e r n a t i o n a l  c r i t i c a l  t a b l e s  .

T em pera tu re ? 7 / t T / 7

295 5 .6 0  x10~3 1.90x1 O '5 52678

290 5 .6 9  x10 1 .96x10 50966

28k 6 .2 3  x10~3 - 52 .20x10  J 45586

274 6 .9 6  x10”3 2 .5 4 x 1 0-5 39368

257 8 .04x10  “ 3 3 .1 3 x 1 0-5 31965

240 8 .6 2  x10- 3 3 .60x10~5 27842

230 8 .9 9  x10-3 3 .9 0 x 1 0-5 25584



T a b le  3 . 3

V a lu e s  o f  r e s i d u a l  l in e w id th s  (** + o< ) ,  i n  

g a u s s ,  c o r r e l a t i o n  t im e s  ( T  ) i n  se c o n d s ,

and th e  m o le c u la r  r a d i u s  ( a Q) i n  angstrom s 

f o r  th e  complex ReOCl^ a t  v a r io u s  tem pera­

t u r e s .

T em p era tu re o( + od rc a o

295 100 4. 202x10” 11 4 .1 5

290 89 4 .577 x10“ 11 4 . 22

2 8 k 88 5 .027x10“ 11 4* 20

2 1 k 80 5 .4 0 2 x 1 0‘ 1i 4 .1 0

257h 76 6 . 2 k  x10“ 1i 4.01

2 kO 66 7 .308 x10“ 11 4 .0 4

230 51 7 .6 5  xIO*"11 3 .9 9
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Bach o f  th e  l i n e s  i n  the  e . p . r .  s p e c t r a  of th e  oxy- 

c h l o r i d e  c o n s i s t s  of an u n re s o lv e d  1 : 2 :3 :i4-:5 s6 s7 i 6 i 5 s4 :3 : 2:1  

m u l t i p l e t ,  and so to  e s t im a te  th e  s i z e  of the  c h lo r i n e  

h y p e r f in e  c o u p l in g  w hich would g iv e  r i s e  to  a  p a r t i c u l a r  

c o n t r i b u t i o n  to  th e  l i n e w i d t h s ,  a com puter programme h a s  

b e e n  u sed  w hich  p l o t t e d  ou t th e  s i n g l e  l i n e  a r i s i n g  from 

t h e  s u p e r p o s i t i o n  o f  th e  t h i r t e e n  peaks  of t h i s  ty p e .

The s p a c in g  be tw een  the  c o n s t i t u e n t  peaks  was sim ply  

v a r i e d  u n t i l  th e  w id th  of the  s i n g l e  com posite  l i n e  was 

l a r g e r  th a n  t h a t  o f  th e  c o n s t i t u e n t  l i n e s  by 18 g a u s s .

I n  t h i s  way th e  c h lo r i n e  n u c le a r  h y p e r f in e  c o u p l in g  

was e s t im a t e d  to  be 15 g a u s s .  Now t h i s  v a lu e  c o u ld  be 

u se d  to  e s t im a te  th e  e x t e n t  of d e l o c a l i s a t i o n  of th e  

u n p a i r e d  e l e c t r o n  a v a i l a b l e  i n  th e  complex on t o  

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

By s e t t i n g  th e  v a lu e  o f  th e  c h lo r i n e  i s o t r o p i c  c o u p l in g

c o n s t a n t  ro u g h ly  e q u a l  to  th e  l a r g e s t  p r i n c i p a l  v a lu e  o f

th e  c h lo r i n e  s p i n - d i p o l a r  i n t e r a c t i o n  ~  P where
* 2 (1)P g  i s  th e  c o e f f i c i e n t  o f  th e  c h lo r in e  P - o r b i t a l  i n

th e  m o le c u la r  o r b i t a l  c o n ta in in g  th e  u n p a i r e d  e l e c t r o n ,

and  -yP i s  th e  l a r g e s t  p r i n c i p a l  v a lu e  o f  th e  s p i n -

d i p o l a r  i n t e r a c t i o n  f o r  one e l e c t r o n  i n  a c h l o r i n e
25-29P - o r b i t a l ,  w hich  i s  e s t im a te d  to  be 90 g a u ss  , th e  

v a lu e  o f  &2 ^   ̂ was e s t im a te d  t o  be 0 .1 6 7 ,  c o r r e s p o n d in g  

t o  a  d e l o c a l i s a t i o n  o f  the  u n p a i r e d  e l e c t r o n  i n  th e  

complex o f  abou t 21$. Thus th e  l in e w id th  a n a l y s i s  o f  

ReOCl^ c o n firm s  t h a t  th e  u n p a i r e d  e l e c t r o n  i s  i n  a  

m e ta l  io n  o r b i t a l  and d e l o c a l i s e d  by ab o u t 21$ on to  th e  

c h lo r i n e  a tom s, i n  r e a s o n a b le  agreem ent w i th  the  c o n c lu ­

s io n s  re a c h e d  from  th e  a n a l y s i s  o f th e  s p i n  H a m il to n ia n  

p a ra m e te r s  d i s c u s s e d  i n  P a r t  I I .



3 . 5  Summary of P a r t  I I I

I n  t h i s  s e c t i o n  a d e t a i l e d  s tu d y  has b e en  made 

o f  e l e c t r o n  p a ra m a g n e t ic  r e l a x a t i o n  phenomena i n  

s o l u t i o n s  o f  ReOOl^ i n  c h lo ro fo rm . T h is  has  e n a b le d  

t h e  s e p a r a t e  c o n t r i b u t i o n s  from  s p i n - r o t a t i o n a l  

i n t e r a c t i o n s ,  from  g - t e n s o r  a n i s o t r o p y ,  from  h y p e r f in e  

c o u p l in g  a n i s o t r o p y ,  and from  u n r e s o lv e d  c h lo r i n e  

h y p e r f in e  c o u p l in g ,  to  th e  observed  e .p .  r .  l i n e w id th s  

t o  be e v a lu a te d .  These r e s u l t s  have b een  u sed  t o  

e s t im a te  th e  s i z e  o f  the  c h lo r i n e  i s o t r o p i c  h y p e r f i n e  

c o u p l in g  c o n s t a n t  and th e n  the  e x te n t  of d e l o c a l i s a ­

t i o n  o f  th e  u n p a i r e d  e l e c t r o n  a v a i l a b l e  i n  th e  complex 

on t o  the  c h l o r i n e  l i g a n d s .  I n  t h i s  way i t  h a s  b een  

shown t h a t  th e  e x t e n t  of d e l o c a l i s a t i o n  o f  th e  

u n p a i r e d  e l e c t r o n  on t o  c h l o r i n e  g roups i n  ReOCl^ i s  

abou t 21$. T h is  r e s u l t  i s  i n  r e a s o n a b le  agreem ent 

w i th  th e  d e d u c t io n s  made from  th e  a n a l y s i s  o f  th e  

s p in -H a ra i l to n ia n  p a ra m e te r s  o b ta in e d  in  P a r t  I I .

The m a g n e tic  p r o p e r t i e s  and the  e l e c t r o n i c  g round  

s t a t e  o f  the  rhen ium  (V I) io n  i n  t r i g o n a l - p r i s m a t i c  

com plexes w i l l  be c o n s id e r e d  i n  th e  n ex t  s e c t i o n  o f  

t h i s  th e s i s *
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PART IV

THE ELECTRONIC GROUND STATES OF T H E )  TRIGONAL-PRISMATIC 
RHENIUM COMPLEXES, T R IS (C IS -1 . 2-D3PHENYL5THENE- 
1 ,2-D IT H I0L A T 0) RHENIUM, R e(C 2 S2P h 2 )3 , AND TR IS(TO L-

U EN E-3,4-D ITH I0LA T0) RHENIUM, R e (S 2 .C 6H3 CH3 )3 .

4«1 I n t r o d u c t i o n

The e l e c t r o n i c  s t r u c t u r e s  of s i x - c o o r d i n a t e d  

com plexes of b i d e n t a t e ,  u n s a t u r a t e d  s u lp h u r  donor 

l i g a n d s  I n  which th e  c e n t r a l  m e ta l  io n s  a r e  V, C r,

Mo, W and Re have been  th e  s u b j e c t  of s e v e r a l
1 2 3 i n v e s t i g a t i o n s  . The s t r u c t u r e  of Re(S2C2Ph2 )3 9

/ s k
and  ILo\Q2 ^2 ^2 ^ 3  kave h e en  so lv e d  by s i n g l e  c r y s t a l  

X -ra y  d i f f r a c t i o n  a n a ly s e s ,  and i t  h a s  been  found  

t h a t  th e  c e n t r a l  m e ta l  io n s  a re  su rro u n d e d  by an  

a lm o s t  p e r f e c t  t r i g o n a l  p r ism  of s i x  s u lp h u r  a tom s.

The c o o r d i n a t i o n  geometry o f  th e  rhenium  and moly­

bdenum com plexes a re  D ^  and th e  o v e r - a l l  m o le c u la r  

symmetry b e lo n g s  very  n e a r ly  th e  p o in t  g roup  C3h"
5

S p e c t r o s c o p ic  and powder X -ray  m easurem ents s t r o n g l y  

i n d i c a t e  t h a t  t h i s  geom etry i s  a l s o  e n c o u n te re d  i n  

th e  9 ^ (S 2^^B^CH3 )3 and

sy s tem s w i th  M = Re, W o r  Mo.

6 7S c h ra u z e r  and Mayweg 9 ' c a r r i e d  ou t an e x te n d e d  

H uckel L.C.A.O. m o le c u la r  o r b i t a l  c a l c u l a t i o n  on th e  

t r i s ( d i t h i o g l y o x a l a t e s ) ,  M(S2C2H2 )^ ,  w i th  M = C r, Mo



o r  W, from  which they  were a b le  to  p r e d i c t  th e  r e l a t i v e  

e n e r g i e s  o f  th e  m o le c u la r  o r b i t a l s  i n  th e  com plexes.

They found  t h a t  th e re  i s  e x te n s iv e  d e l o c a l i s a t i o n  o f  

e l e c t r o n s  i n  the  ground s t a t e s  of th e se  com plexes.

8 9G ray, e t  a l .  9 c a r r i e d  ou t s i m i l a r  c a l c u l a t i o n s  

on b u t  r e a c h e d  a d i f f e r e n t  c o n c lu s io n

ab o u t  th e  r e l a t i v e  o rd e r in g  o f  the  m ost im p o r ta n t  

l e v e l s .  The energy  l e v e l  scheme o b ta in e d  i n  t h i s  

c a l c u l a t i o n  p r e d i c t s  t h a t  the  u n p a ir e d  e l e c t r o n  i s  

i n  a  m o le c u la r  o r b i t a l  which i s  e s s e n t i a l l y  m e ta l  io n  

i n  c h a r a c t e r .

7
C o n d u c t iv i ty  m easurem ents  were made on 

M = V, C r ,  Mo, W or Re and R =

H, CH^ or Ph by Rosa and S c h ra u z e r .  T h e i r  r e s u l t s  

show t h a t  th e  rhen ium  complexes a re  the  b e s t  c o n d u c to rs  

o f a l l ,  and th e y  i n d i c a t e  t h a t  th e  u n p a ir e d  e l e c t r o n  

m ust be i n  a  m o le c u la r  o r b i t a l  which i s  d e l o c a l i s e d  

o v e r  th e  whole m o le c u la r  complex.

S e v e r a l  d i t h i o l a t e  complexes of vandium, chromium, 

molybdenum, t u n g s t e n  and rhen ium  have b e en  i n v e s t i g a t e d  

p o l a r o g r a p h i c a l l y  ^ 9^ and i t  h a s  b een  foun d  t h a t  only, 

th e  rhen ium  com plexes Re(S2CgPh2 ) j  and ReCSgC^H^CH^)^ 

e x h i b i t  o x i d a t i o n  waves c o r re sp o n d in g  to  th e  fo r m a t io n  

o f  m o n o ca tio n s .

The m a g n e t ic  d a ta  o b ta in e d  from  the  t r i s C d i t h i o l a t o )

com plexes a re  r e l a t i v e l y  s p a r s e .  M cCleverty  and 
1 ocow o rk ers  have b e en  unab le  to  r e c o n c i l e  m ag n e tic



2—
moment m easurem ents f o r  th e  complexes [m (S 2G2 

w i th  M = V, C r ,  Mo or W and R = CN or CP^ i n  th e  

te m p e ra tu re  ran g e  90 K ^  T 300  K w i th  the  m o le c u la r  

o r b i t a l  scheme c o n s t r u c t e d  by S c h ra u z e r  and Mayweg on 

th e  one hand  and by Gray e t  a l . , on the  o ther*

I n i t i a l  e . p . r *  s t u d i e s  of th e  t r i s ( d i t h i o l a t o )  complexes
11 12were c a r r i e d  ou t by D av ison  e t  a l . , 9 on v a r io u s

com plexes o f  vandium and molybdenum and i t  was co n c lud ed  

t h a t  th e  v a lu e s  o f g and o f  h y p e r f in e  i n t e r a c t i o n s  

o b ta in e d  from  th e s e  com plexes co u ld  n o t  be accommodated 

by p l a c i n g  th e  u n p a i r e d  e l e c t r o n  i n  a  m o le c u la r  o r b i t a l  

w hich  had  a  l a r g e  amount o f  m e ta l  io n  c h a r a c t e r :

D a v iso n ,  e t  a l .  were f o r c e d  to  conc lude  t h a t  the
<K

u n p a i r e d  e l e c t r o n  was l o c a l i s e d  in jm o l e c u la r  o r b i t a l  

w hich  i s  p r i n c i p a l l y  l i g a n d  i n  c h a r a c t e r .  The 

i n t e r p r e t a t i o n  of e . p . r .  s p e c t r a  o f vandium t r i s ( m a l -
Omm

e o n i t r i l e d i t h i o l e n e ) , V (m nt)^  ~ h a s  g iv e n  r i s e  t o
13some c o n t r o v e r s y .  A th e r to n  and Winscom s t a t e  t h a t

th e  sp ec tru m  i s  c o n s i s t e n t  w ith  a d^ c o n f i g u r a t i o n  i n

a  d i s t o r t e d  D_. c r y s t a l  f i e l d  and t h a t  th e  u n p a ir e d  3h
e l e c t r o n  l i e s  i n  a m o le c u la r  o r b i t a l  which i s  d e r iv e d

p r i n c i p a l l y  from  vandium 3d 1 and 3dVrT o r b i t a l s ,z  H z
w h ile  Whei-Lu Kwick and S t i e f e l  ^  s t a t e  t h a t  th e  

sp e c tru m  i s  c o n s i s t e n t  w i th  th e  a ssu m p tio n  t h a t  th e  

u n p a i r e d  e l e c t r o n  i s  i n  a n o n -d e g e n e ra te  m o le c u la r  

o r b i t a l  compounded s u b s t a n t i a l l y  from 3dz 2 o r b i t a l  

i n  D^ symmetry and i t  i s  s t r o n g ly  d e l o c a l i s e d  on to  

t h e  s u lp h u r  l ig a n d  o r b i t a l s .
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The e . p . r .  s p e c t r a  o f rhenium  t r i s ( d i t h i o l a t o )  

com plexes i n  s o l u t i o n  a t  rocm te m p e ra tu re  and i n  

m a g n e t i c a l ly  c o n c e n t r a te d  sam ples have been  r e p o r t e d  

I n  an  a t t e m p t  to  more d e f i n i t e l y  i d e n t i f y  th e  n a tu r e  

o f  th e  ground  s t a t e s  i n  th e s e  s p e c i e s ,  i t  was d e c id e d  

t o  s tu d y  t h e i r  e . p . r .  s p e c t r a  i n  m a g n e t i c a l ly  d i l u t e  

s o l u t i o n s  a t  room te m p e ra tu re  and a t  77 K.

4« 2 E x p e r im e n ta l

T r i s ( d i t h i o l a t o )  complexes o f  rhen ium  were p re p a re d
9

by th e  f o l lo w in g  m ethods .

1: R e ^3 was P ^ P 01*0^ m ix in g  b e n z o in  w i th

P^S^Q i n  x y le n e  s o l u t i o n ,  and the  r e a c t i o n  m ix tu re  

was r e f l u x e d  f o r  3 h o u rs  and th e n  c o o le d  and f i l t e r e d .  

Rhenium p e n t a c h l o r i d e ,  ReCl^, i n  e th a n o l  was added to  

th e  x y le n e  s o l u t i o n  and th e  r e s u l t i n g  m ix tu re  was 

h e a t e d  f o r  4  h o u r s .  The volume o f  th e  g re e n  s o l u t i o n  

was re d u c e d  by e v a p o r a t in g  i t  i n  vacuum. The s o l u t i o n  

was th e n  a l lo w e d  t o  s ta n d  o v e rn ig h t  a f t e r  a d d i t i o n  o f  

hexane  s o l u t i o n .  The r e s u l t i n g  m ix tu re  was f i l t e r e d  

and th e  f i l t r a t e  was c o n c e n t r a te d  t o  g iv e  b l a c k - g r e e n  

c r y s t a l s .  These c r y s t a l s  were c o l l e c t e d ,  washed w i th  

p e n ta n e  and d r i e d  u n d e r  vacuum f o r  14  h o u r s .

2 : RQCSgCg^CH^)^ was p r e p a r e d  by a d d i t i o n  o f  ReCl^

in  CCl^ t o  a s o l u t i o n  o f  t o l u e n e - 3 , 4 - d i t h i o l  i n  th e  

same s o l v e n t .  The g re e n  m ix tu re  was t h e n  r e f l u x e d  f o r  

3 h o u rs  and the  s o l u t i o n  was c o o le d ,  f i l t e r e d  and



re d u c e d  t o  s m a l l  volume. A f t e r  a d d i t i o n  o f  hexane 

s o l u t i o n  th e  m ix tu re  was a l lo w e d  to  s ta n d  o v e rn ig h t  and 

th e  r e s u l t i n g  p r e c i p i t a t e  was f i l t e r e d  and r e d i s s o l v e d  

i n  C ^ C l g .  The C ^ C l^  s o l u t i o n  was f i l t e r e d ,  and th e  

complex was p r e c i p i t a t e d  by a d d i t i o n  of p e n ta n e .  The 

r e s u l t a n t  g re e n  p r e c i p i t a t e  was washed w i th  p e n ta n e  

and d r i e d  u n d e r  vacuum f o r  k  h o u r s .

These two com plexes a re  s o lu b l e  and s t a b l e  i n  n o n p o la r  

o rg a n ic  s o l v e n t s  such  as  CCl^, CHCl^, CH2CI2 and. 

b e n z e n e ,  g iv in g  i n t e n s e l y  g r e e n  s o l u t i o n s .  The 

p u r i t y  o f t h e s e  com plexes was checked by i n f r a  r e d  

m easu rem en ts  i n  N u jo l  m u l l  and i n  s o l u t i o n s  and th e  

o b se rv e d  IR f r e q u e n c i e s  a re  i n  good agreem ent w i th  

p u b l i s h e d  d a ta

The e . p . r .  s p e c t r a  were r e c o r d e d  u s in g  10 s o l u t i o n s  

f o r  th e  m easurem ents  a t  room te m p e ra tu re  and 10” ^M 

f o r  th e  m easurem ents a t  77

The e l e c t r o n i c  s p e c t r a  o f  th e s e  complexes were r e c o rd e d  

on U n ican  SP700 and 800 s p e c t r o p h o to m e te r s .

4*3 A n a ly s i s  o f  th e  e . p . r .  s p e c t r a

The e . p . r .  s p e c t r a  o f  the  complexes ReCSgCy?1̂ ^  

and  Re ( e a c h show a  s i n g l e  l i n e  i n  c h lo ro fo n n  

s o l u t i o n  a t  room te m p e ra tu re  and i n  m a g n e t i c a l ly  

c o n c e n t r a t e d  sa m p le s .  The e x t r a c t e d  g v a lu e s  o f  2.0151 

f o r  EeCSgCgPtig), and 2 .0133  f o r  R e(S g C g H j C H ^ a r e  

c lo s e  t o  th e  s p in - o n ly  v a lu e .  Very h a rd  d i l u t i o n  of



th e s e  com plexes i n  d i f f e r e n t  th o ro u g h ly  o u tg a s se d

s o l v e n t s  was t r i e d  i n  o r d e r  to  r e s o lv e  th e  h y p e r f in e

s p l i t t i n g  i f  th e r e  i s  any, b u t  a l l  th e  s p e c t r a  show

o n ly  one l i n e .  The l a c k  of h y p e r f in e  s p l i t t i n g  i n

th e  s p e c t r a  i n d i c a t e s  t h a t  the  e l e c t r o n  i s  i n  an

o r b i t a l  w hich  has  no rhenium  m e ta l  o r b i t a l  c h a r a c t e r

a s  w i l l  be e x p la in e d  f u l l y  l a t e r .  The o b se rv ed

s p e c t r a  of th e s e  complexes i n  ch lo ro fo rm  a t  room

te m p e ra tu re  a re  shown in  F ig u re  4.1* The e . p . r .

s p e c t r a  o b ta in e d  from  m a g n e t i c a l ly  d i l u t e  g l a s s e s

a t  77 & o f  th e s e  complexes i n  d i f f e r e n t  s o l v e n t s

a r e  c h a r a c t e r i s t i c  of one u n p a i r e d  e l e c t r o n  moving

i n  an  o r b i t a l  which h a s  rhom bic symmetry, so  t h a t

th e  s p e c t r a  can  b e  i n t e r p r e t e d  i n  term s o f  a  s p i n -
1 5H a m il to n ia n  o f  the  form

K =  £ e H .g .S  + S. A. I

W here, once a g a in ,  g and A a re  the  a n i s o t r o p i c  g and 

h y p e r f i n e  t e n s o r s ,  and i t  i s  assumed t h a t  th e  two 

t e n s o r s  can  be s im u lta n e o u s ly  d i a g o n a l i s e d .  The g l a s s y  

s p e c t r a  o f  th e  complexes were a n a ly s e d  i n  te rm s  o f  a  

s u p e r p o s i t i o n  of s i x  Kneubuhl c u rv e s  o f th e  type  

d e s c r i b e d  i n  d e t a i l  i n  Appendix C and the  p r i n c i p a l  

com ponents o f  th e  g t e n s o r  and the  h y p e r f in e  t e n s o r ,

A, c an  be o b ta in e d  from  i t  w i th  th e  h e lp  of com puter 

programme, whereby i t  was p o s s i b l e  to  s im u la te  th e  

sp ec tru m  by th e  m ethods d e s c r ib e d  f o r  ReOCl^ and i t s  

a d d u c ts .  The ob se rv ed  and c a l c u l a t e d  s p e c t r a  o f
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R e(S2C2p ^ 2 )^ and Re ( S g C ^ H ^ G H ^ in  c h lo ro fo rm  t o g e t h e r  

w i th  ReOCl^ a t  77 K a re  shown in  F ig u re  !+. 2 and t h e  

s p in - H a m il to n ia n  p a ra m e te r s  o b ta in e d  from  th e s e  s p e c t r a  

a t  ro a n  te m p e ra tu re  and a t  77 K are  l i s t e d  i n  T ab le  i+*1. 

The s p e c t r a  of th e  t r i s ( d i t h i o l a t o ) - r h e n i u m  com plexes 

i n  s o l u t i o n s  a t  room te m p e ra tu re  and a t  77 K a r e  g u i t e  

d i f f e r e n t  from  th e  s p e c t r a  of ReOCl^. The p r i n c i p a l  

com ponents of the  g - t e n s o r  i n  ReOCl^ d i f f e r  v e ry  

m ark ed ly  from  the  s p in - o n ly  v a lu e  o f  2.G0232 w h ile  i n  

th e  t r i s ( d i t h i o l a t o ) r h e n i u m  complexes th e  g - t e n s o r  

c o n p o n en ts  a re  c lo s e  to  t h i s  v a lu e .  I n  a d d i t i o n ,  the  

h y p e r f i n e  i n t e r a c t i o n s  in  ReOCl^ a re  ve ry  l a r g e  w h i le  

i n  t r i s ( d i t h i o l a t o )  complexes they  a re  v e ry  s m a l l .

A l l  th e s e  r e s u l t s  i n d i c a t e  t h a t  the  u n p a i r e d  e l e c t r o n  

i n  the  complex m ust be l o c a l i s e d  in  an  o r b i t a l  which 

h a s  no m e ta l  o r b i t a l  c h a r a c t e r  and i n  f a c t  a l l  th e  

o b se rv e d  s p e c t r a  of t r i s ( d i t h i o l a t o ) - r h e n i u m  c a n p le x e s  

a r e  v e ry  c h a r a c t e r i s t i c  of s u l p h u r - c o n t a in i n g  o rg a n ic  

r a d i c a l s

4 . 4  The e l e c t r o n i c  s p e c t r a  of Re(S2C?2^2^3 an ~̂

9
The f r e q u e n c i e s  o f  th e  band maxima o b se rv ed  i n  

th e  s p e c t r a  of th e s e  complexes i n  CHGl^ a re  g iv e n  i n

T ab le  4«2. An example of th e  spec trum  f o r  Re( S2C2^h 2^3
—1i n  CHCl^ below 3 0 ,0 0 0  cm i s  shown i n  F ig u re  4«3.

The band s  ob served  in  th e  c a n p le x e s  s p e c t r a  i n  CHCl^ 

s o l u t i o n  below 30 ,000  cm  ̂ can  be sum m arised i n  th e



I < <£.*

I

«o

§
o
a

w

ooGt

oo

oo
CM

04
PQ

0 04
u
P
O CM
0 . G

P i 04
0 CM

O• CMIt CO•
P i 0• Pi
0

4-1
O

O
G 0
•H G

H o
•H

*d +3
0 d
p rH
+3 Oo 0
<G

3
•d g*
0 I
p o0 r-
rH
d 'd
o G
r-f 0
0 •
O •*

< £
T) r*-a 04
0 Gfr p

rH 0
o0 o

a JT'•H G
rH

H •H PJG
H Gt Q
iH rH
d o G

4-i o •H
N_̂ 0
•d

04 o
0 4*
► Ou
0 G

m ofit •rl wo P o
d ffi

H w

CM

©
S
bO

O VOIS o
CM 3  GQ

? o ©0}

t t o
•d

<H G  o 0



113*

©
rH
.a0

G
«rlP.GO

ta
o
w T“

VO 1
o a

CM o
GO
© O
« 0
»d P
G •H
0 G

d
fO

G
CM •H

A
04 ©

CM G
o 0

CM
GO 0>__ P
0 G
Pi ©

G
o

Gt &rH £o oo o©
PI 0

G
ft O
O 0U G©
0 Pft© ©
P G© •H
s <H
0 Gft ©
0 ft
f t
(2 .G

rH
•H rHG <
O

Mr*-
Is-
p
0

O
CM
O
O I 1

O f|
•o

+ 1

f o CM CM
CM O O

O O
J P O O o<4 1 • • 0o o o

1 1 1

n n
CM o o

CM I o o
CM 1 O o o

<  I • • 0o o o
1 + +

VO T* T“o o
T~ 1 VO o oV I o o o

<  1 • • 0o o o
1 1 I

00 rOvo CM
<T\o 00

Is- ON 0̂bO 1 • • •

T— T-

00 CM00 CM

CM 1 o T” T~

CM Is- o oto 1 • • •

T~ CM CM

-d*
VOr- 00Q

v  I r- -d*
bO 1 cr» o O• • •

CM CM

PG®
5oCO

Gdo
ft

O

J ' h T'
rH o o
o w wo o o

-d*
rH
ooo

n
CM

G
%
° c
GO
©

Wo
JPwvoo

CM00
®



f o l lo w in g  way:

—11. A weak a b s o r p t io n  band i s  observed  a t  8230 cm i n  

th e  s p e c t r a  of ReCS^c^Ph^)^, and as shown l a t e r  t h i s  

band  may be a s s i g n a b le  to  a  t r a n s i t i o n  in  which an 

e l e c t r o n  i s  t r a n s f e r r e d  from  a f i l l e d  bond ing  o r b i t a l  

t o  th e  o r b i t a l  c o n ta in in g  th e  u n p a i r e d  e l e c t r o n .  T h is  

band  i s  s h i f t e d  to  low er energy  in  th e  spec tru m  of

Ra( S2c 6H3 CH3 ^ 3 “
_-j

2 . A s t r o n g  a b s o r p t io n  band  i s  obse rved  a t  14200 cm , 

w hich  may be due to  the  t r a n s f e r  of th e  u n p a ire d  

e l e c t r o n  i n  the  complex i n t o  empty a n t ib o n d in g  m o le c u la r  

o r b i t a l s .  T h is  band i s  s h i f t e d  s l i g h t l y  to  a h ig h e r  

en e rg y  i n  th e  spec trum  of R6(S2G£Hj CHt )^ .

3« A n o th e r  s t r o n g  a b s o r p t io n  band i s  obse rved  a t  
—123400 cm which a g a in  may be due to  the  t r a n s f e r  o f  the  

u n p a i r e d  e l e c t r o n  i n t o  empty a n t ib o n d in g  m o le c u la r

o r b i t a l s .  The i n t e n s i t y  o f t h i s  band i s  l e s s  t h a n  th e  

se co n d  band o b se rv ed  a t  14200 cm ^ . I n  ReCSgCgH-^CH^ 

t h i s  band  i s  o b se rv e d  a t  s l i g h t l y  h ig h e r  en e rg y .

The s i m i l a r i t y  o f the  e l e c t r o n i c  s p e c t r a  of

Re(S2C2Ph2 )^ and R eC S^H ^O H ^)^  i n  s o l u t i o n s  i n d i c a t e s

t h a t  th e  e l e c t r o n i c  s t r u c t u r e s  a re  ve ry  s i m i l a r  f o r

th e s e  two com plexes. I n  a d d i t i o n ,  th e  s o l i d  s t a t e  
o

s p e c t r a  o f  th e s e  complexes do n o t  d i f f e r  s i g n i f ­

i c a n t l y  from  th e  s o l u t i o n  s p e c t r a .  T h is  i n d i c a t e s  t h a t  

th e  e l e c t r o n i c  s t r u c t u r e s  o f  th e s e  complexes a re  v e ry  

s i m i l a r  i n  th e  s o l i d  s t a t e  and in  s o l u t i o n .
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1 1 6 .

T ab le  4*2

Band maxima (cm“ ^ ) i n  the  e l e c t r o n i c  s p e c t r a  o f  

R e(S2C2Ph2 ) j  and Re(S2C6HjCH^)j i n  c h lo ro fo rm .

Complex Band maxima

Re(S2C2Ph2 )3 8 ,2 3 0

14 ,200

23 ,40 0

R0(S2c6E3 GH3^3 7 ' 920
1 4 ,3 8 0

^ , 24 ,9 3 0
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4*5 M o le cu la r  o r b i t a l s  in  t r l s ( d i t h i o l a t o ) - r h e n i u m  com plexes

2 3C r y s t a l l o g r a p h i c  a n a l y s i s  , shows t h a t  i n  t r i s  

( c i s - 1  , 2 - d i p h e n y l e t h e n e - 1 ,2 - d i t h i o l a t o ) - r h e n i u m ,

R e(S2C2Ph2 ) ^ ,  th e  c e n t r a l  rhenium  atom i s  su r ro u n d e d  by 

a n  a lm o s t  p e r f e c t  t r i g o n a l  p r ism  of s i x  s u lp h u r  atom s.

The av e rag e  Re-S d i s t a n c e  i s  2 .32 5  A0 , and the  average  

S-R e-S  a n g le  i s  8 1 -4 ° .  A p e r s p e c t iv e  draw ing  of the  

c o o r d i n a t i o n  geom etry i s  shown in  F ig u re  4«4» The 

c o o r d i n a t i o n  geom etry of the  complex i s  and th e  

o v e r - a l l  m o le c u la r  symmetry b e lo n g s  very  n e a r ly  to  

t h e  p o i n t  g rou p  c 3h- The pheny l r i n g s  a re  t w i s t e d  

o u t  of th e  p la n e s  of th e  c h e la t e  r i n g s  and do n o t  

a p p e a r  t o  c o n ju g a te  w i th  th e  r e s t  o f  th e  s t r u c t u r e .

M o le c u la r  o r b i t a l s  f o r  t h i s  complex can  be c o n s t r u c t e d  

from  a  b a s i s  o b ta in e d  from the  5<i> 6s and 6p rhen ium  

o r b i t a l s  and tw e n ty - f o u r  l ig a n d  o r b i t a l s .  These 

l i g a n d  o r b i t a l s  f a l l  i n to  the  f o l lo w in g  c a t e g o r i e s .

2
1 ) S ix  cf - o r b i t a l s  a re  d e r iv e d  from  th e  s u lp h u r  sp

h y b r id s  which p o in t  in  tow ards  th e  c e n t r a l  rhenium  

a tom s.
2

2 )  S ix  tT ii~o r b i t a l s  a re  d e r iv e d  from  th e  s u lp h u r  sp 

h y b r id s  o r i e n t e d  a t  120° to  the  <s* - o r b i t a l s .

3 )  Twelve o r b i t a l s  a re  d e r iv e d  from  th e  t h r e e  s e t s

o f  f o u r  l ig a n d  TT -  o r b i t a l s  which l i e  a t  r i g h t  a n g le s  

t o  th e  p la n e s  o f  each  of the  t h r e e  c h e l a t e  r i n g s .

These a re  d e l o c a l i s e d  over  th e  S-C-C-S fram ew orks and 

a re  d e s ig n a t e d  in  o r d e r  of i n c r e a s i n g  energy  a s

1 ? v , 21TV, 3 TTV and 4tTv , r e s p e c t i v e l y .  The 3 7TV 

o r b i t a l  d e r iv e d  from  the  d i t h i o l a t e  r e s id u e  in v o lv in g ,
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120,

f o r  exam ple , and S9 i s  d e s ig n a te d  3 TT „ (  1 , 2 ) ,  and i s* •- v

shown s c h e m a t i c a l ly  in  F ig u r e  k*5* The l ig a n d  3 TT 

and th e  o r b i t a l s  o f rhen ium  have com parab le  e n e r g i e s .

I n  th e  g roup  th e s e  t h i r t y - t h r e e  b a s i s  o r b i t a l s  f a l l  i n t o
9

th e  symmetry c l a s s e s  as shown below

R e p re s -  M e ta l - io n  L igand o r b i t a l s
e n t a t i o n  o r b i t a l s

5dz 2 ;  6 s  +«2 +s3 * s>Li. +c5

+Irh2 +*h3 +ICh4 +Ttti5 +1W

AJ* -  i[2 ffv (i,s)+ 2 irv(3,4)+2Jrv (5 , 6 )]
\/3

^[ii.rv (1,2)+4l^(3,l|)+45rv ( 5 , 6 )]

A2 "  A [ u r v ( l , 2 ) +lTrv 0 , ^ )  + 1 * ^ ( 5 , 6 ) ]

1  t>SV(1,2)+3»v (3,U)+ 3TTy ( 5 ,6 ) ]

A2 6pz g j  +03 +a5 - °2  -«6>

(^ h l  +^h3 +Wh5 ~^h2 ■ % )

E' 5axy;5dx2_y2J 1— (2ff!j -«3 -e'g + 20̂ 2 -c^  -  o'g)
2  v3

6P x ' 6Py |  <*3 _ ®5 **4 “ s6 )

( 2 lrh1 _7rh 3  - I r h 5  + 2 frh 2  -K h i T !W
2 &

| ^ M - Wh5 + * h 4  - * i 6 >
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I B  M 3 , 4 )  -  1TTv ( 5 , 6 ) ]
<2

2 [ i f f .  ( 1 , 2 )] -  1irv (3 ,4 )  -  1irv(5,6)j 

|  [3Ttv (3 ,W  -  35TV(5 ,6 ) ]  

i { 2  [3?TV (1 , 2 ) ]  -  3TTv (3 ,i;)-3 irv (5 ,6 )}

E» 5 ^ ;  5dyZ ( 2^  -«r3 -  2 ^  +.5^ +6^)

2 *̂3 -lS4 ”°5 * ^6 ^

2%  (27rW "% 3  -  25rh2 +\ 4  +1W

2 ~^h5 +%6^

1  [2TTV(3,1+) -  2Tv ( 5 , 6 ) ]

U 2  [2jrv 0 .2 )] - 2irv(3^)-2rv(5,6)] 

i[^ - j rv (3,U) -  i+irv ( 5 ,6 )]

M 2 t ^ y O . 2 ) ]  -  ^ v (3,J+)-Wy (5»6)]

S ta n d a rd  H uckel c a l c u l a t i o n s  l e a d  to  th e  energy  l e v e l s  

and m o le c u la r  o r b i t a l s  a v a i l a b l e  to  the  complex, and th e  

e l e c t r o n i c  c o n f i g u r a t i o n  f o r  i t s  ground  s t a t e  can  be 

o b ta in e d  by f e e d in g  f o r t y - t h r e e  e l e c t r o n s  in to  th e s e  

l e v e l s .  Two g ro u p s  of w orkers  h av e , s e p a r a t e l y ,  c a r r i e d  

ou t su ch  c a l c u l a t i o n s  and have reach ed  r a t h e r  d i f f e r e n t



c o n c lu s io n s  r e g a r d in g  the  l o c a t i o n  o f  th e  u n p a ire d  

e l e c t r o n  i n  th e  rhenium  t r i s ( d i t h i o l a t e s ) .

S c h ra u z e r  and Mayv^eg have d e r iv e d  th e  energy  

l e v e l  d iag ram  shown in  F ig u r e  U-6 and th ey  conc lude  

t h a t  th e  e l e c t r o n i c  c o n f i g u r a t i o n  f o r  the  ground s t a t e s  

o f  th e  n e u t r a l  complexes 1/1( 8 2 ^2^2 3̂ * ^  = ^r * or ^

(3a]1) 2'(h 0 * )^ .  I n  t h e s e ,  the  i+e* m o le c u la r  o r b i t a l  

i s  form ed from  a l i n e a r  co m b in a t io n  o f  th e  lo w es t

a n t ib o n d in g  ( S ' )  l ig a n d  T T -o r b i ta l  ( h i # ) ,  the  s u lp h u r
2 ( 

sp  (1 7 $ ) ,  and the  m e ta l  d and p o r b i t a l s  o f (E )

symmetry ( 2 3 % and r e s p e c t i v e l y ) .  The n e x t  lo w e s t  

u n o c cu p ied  m o le c u la r  o r b i t a l s  a re  th e  5 0 * and 2a^ 

o r b i t a l s .  The 5 0 * o r b i t a l s  a r e ,  "composed s i m i l a r l y  

a s  J+e*, b u t  o v e r  a r e l a t i v e l y  b ro ad  ran g e  o f  m e ta l

i n p u t  Coulomb term s always have somewhat g r e a t e r  m e ta l
4 fc h a r a c t e r  th a n  ka~n% 2a^ I s  a  p u re  l ig a n d  TT -m o le c u la r

I t
o r b i t a l ,  and the  r e l a t i v e  e n e r g ie s  of th e  5e a nd 2a2 

o r b i t a l s  depend c r i t i c a l l y  on th e  in p u t  p a ra m e te r s  

employed in  the  H uckel c a l c u l a t i o n .  P a ram a g n e tic  

re so n a n c e  m easurem ents on the  monoanions MCSgC^R^)^ ,

M = C r ,  Mo o r  W i n d i c a t e  s i g n i f i c a n t  m e ta l  c h a r a c t e r

and a r e  c o n s i s t e n t  w i th  the  g round  s t a t e  c o n f i g u r a t i o n
1*2 * 1 1

.................  (3 a . j ) (i+0 ) (5e  ) , and , f u r th e r m o r e ,

th e y  d e f i n i t e l y  r u l e  out the  c o n f i g u r a t i o n   .................

( 3 a |  ) 2 (i+e*)^ (2 a 2 ) 1 i n  th e s e  io n s .

8 9S t i e f e l ,  E is e n b e rg ,  R osenberg  and Gray 9 , 

in d e p e n d e n t ly  and a lm o st s im u l ta n e o u s ly ,  c a r r i e d  o u t  

s i m i l a r  c a l c u l a t i o n s  on ReCS^C^Ph^)^. T h e i r  o r d e r i n g



L ig an d  o r b i t a l s
\___ 1*l

M e ta l  o r b i t a l s

F ig u r e  S c h ra u z e r  and Mayweg m o le c u la r  o r b i t a l
c o r r e l a t i o n  d iagram  f o r  a p r i s m a t i c  complex o f  th e  

ty p e  M(S2^2^3^3*



1 2ij.

of th e  m o le c u la r  o r b i t a l s  d i f f e r s  from  t h a t  o f S c h ra u z e r  

and Mayweg and they  conclude  t h a t  the  ground  s t a t e

e l e c t r o n i c  c o n f i g u r a t i o n  i s   ( i i e 1)^  (2 a ^ )^  ( 3 a 1 )** i

p a r t  o f  t h e i r  energy l e v e l  d iagram  i s  shown i n  F ig u r e  1+.7-

T h e i r  (3a.J) o r b i t a l  i s  l a r g e ly  m e ta l  i o n  5&z 2 

c h a r a c t e r .  T h e i r  ( h e 1 ) o r b i t a l  c o n ta in s  c o n s id e r a b le  

5d  and 3 TTV c h a r a c t e r ,  and i t  i s  th o ro u g h ly  d e l o c a l i s e d  

ov e r  5&Xyj 3d 2_ 2 .and 3 TTv b a s i s  o r b i t a l s .  ( 2 a ^  i s  

a  non-bond ing  l i n e a r  c c m b in a t io n  of th e  l ig a n d  3TT 

o r b i t a l s .

The e l e c t r o n  p a ra m a g n e tic  re so n an ce  s p e c t r a  of

R e(S 2 C 2 ^2 ^3  an<  ̂ ^ a ( ^ 2 ^ 6 ^ 3 ^ 3 ^3 a3?e n o t  c o n s i s t e n t  
w i th  e i t h e r  of the  g round s t a t e  c o n f i g u r a t i o n s

........................( 3 a j ) 2 ( h e 1)^  o r  .............................

(1+e*)^ (2 a 2 ) 2 (3a* )** p ro p o sed  by th e s e  two g ro u p s

o f  w o rk e rs ,  b u t  a re  c o n s i s t e n t  w ith  c o n f ig u r a t io n ^
1 2 i 1+ 1 1........................  ( 3 a ^ ) (1+e ) (2 a 2 ) r e j e c t e d  by th e

f i r s t  g roup .

I+.6 R e s u l t s  and d i s c u s s i o n

The g round  s t a t e s  of the  t r i s ( d i t h i o l a t o ) - r h e n i u m  

com plexes as p r e d i c t e d  by S c h ra u z e r  and Mayweg and by 

G ray , e t  a l . , a re  n o t  c o n s i s t e n t  w i th  the  e l e c t r o n  

p a ra m a g n e tic  re so n an c e  s p e c t r a  or w i th  the  se m ic o n d u c to r  

p r o p e r t i e s  of th e s e  com plexes. The ground s t a t e

c o n f i g u r a t i o n s  m ust b e ..............  (3a.j )2 (1+e1) ^  (2 a 2 )^ .

The r e s u l t s  o b ta in e d  from  e . p . r .  s p e c t r a  and th e
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7 9se m ic o n d u c to r  and V oltarnm etric  P r o p e r t i e s  which

c o n f i rm  t h i s  c o n f i g u r a t i o n  can be summarized as

f o l l o w s ;

1, The a n a l y s i s  of the  e l e c t r o n  p a ra m ag n e tic  re so n a n c e

s p e c t r a  o f  ReOCl^ shows t h a t  the  u n p a ire d  e l e c t r o n  i s

i n  a m o le c u la r  o r b i t a l  which i s  a l i n e a r  co m b in a t io n

of th e  5*3^ o r b i t a l  of rhenium  (67$) and a g roup

o r b i t a l  { 3 3 %) d e r iv e d  from  c h lo r id e  i o n  3p and 3p„x  y
o r b i t a l s -  S t ro n g  s p i n - o r b i t  c o u p lin g  i n  ReQCl^ c a u se s  

t h e  p r i n c i p a l  components of th e  g - t e n s o r  to  d i f f e r  

v e ry  m arkedly  from  2-00232 and h y p e r f in e  i n t e r a c t i o n s  

i n  t h i s  compound a re  ve ry  l a r g e .  I f  th e  u n p a i r e d  

e l e c t r o n  i n  the  t r i s ( d i t h i o l a t o ) - r h e n i u m  complexes 

i s  l o c a t e d  in  th e  m o le c u la r  o r b i t a l s  p r e d i c t e d  by e i t h e r  

o f  th e  above m en tion ed  two groups of w o rk e rs ,  th e n  

th e  e . p . r -  s p e c t r a  of th e s e  c an p lex e s  would show ve ry  

l a r g e  h y p e r f in e  c o u p l in g  and c o n s id e r a b le  a n i s o t r o p y  

i n  the  g - t e n s o r  as  was found  i n  ReOCl^ and i t s  a d d u c ts .

The e l e c t r o n  p a ra m a g n e tic  re so n an c e  s p e c t r a  o f th e

t r i s ( d i t h i o l a t o ) - r h e n i u m  complexes a re  q u i te  d i f f e r e n t

from  th e  s p e c t r a  of ReOCl^- The s m a l l  g - t e n s o r

a n is o t r o p y  i s  v e ry  c h a r a c t e r i s t i c  of s u lp h u r - c o n ta in in g
1 ft 1 7o rg a n ic  r a d i c a l s  * . The v a n is h in g ly  sm a ll  rhenium

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

c o u p l in g ,  s e t s  an  upper  l i m i t  of th e  o rd e r  o f  0 .1 $  to  

th e  rhenium  c o n t r i b u t i o n  to  the  m o le c u la r  o r b i t a l  

c o n ta in i n g  th e  u n p a i r e d  e l e c t r o n  in  th e s e  d i t h i o l a t e s .  

Thus th e  e -p .  r .  s p e c t r a  show t h a t  th e  u n p a i r e d  e l e c t r o n  

i n  th e  t r i s ( d i t h i c l a t o ) - r h e n i u m  complexes i s  i n  th e  

non-bond ing  ( 2 a^)  m o le c u la r  o r b i t a l  d e r iv e d  from  th e



l i g a n d  3 TTy o r b i t a l s .

72 . C o n d u c t iv i ty  m easurem ents of t r i s ( d i t h i o l a t o )  

com plexes of V, Mo, W and Re show t h a t  th e  rhenium  

com plexes a re  much b e t t e r  c o n d u c to rs  th a n  t h e ,  

e s s e n t i a l l y  i s o - s t r u c t u r a l ,  vandium, molbydenum and 

t u n g s t e n  compounds. The s p e c i f i c  r e s i s t a n c e s  of th e  

s o l i d  c a n p le x e s  Re(S2C2R2 )^ f a l l  in  th e  ran g e  10*5< f < 1 0 8 

ohm c m ., w hereas the  c o r re sp o n d in g  p r o p e r t i e s  o f  th e  

molbydenum and tu n g s te n  an a lo g u es  f a l l  i n  the  rang e
■j 2  ̂c

10 <  f  <  10 ohm cm. The low er  s p e c i f i c  r e s i s t a n c e

o f  rhen ium  complexes d e f i n i t e l y  r u l e  out th e  g rou nd  

s t a t e  c o n f i g u r a t i o n s  of S c h ra u z e r  and Mayweg and of 

G ray , e t  a l .  f o r  th e s e  com plexes, and become n a t u r a l  

c o n seq u en ces  o f th e  p ro p o se d  ground s t a t e  in  which 

th e  u n p a i r e d  e l e c t r o n  i s  in  th e  non-bonding  (2 a ^ )  

m o le c u la r  o r b i t a l .

The V o ltam m etr ie  p r o p e r t i e s  o f  th e  rhenium  t r i s ( d i t h i o l a t e s )  

a r e  no t  i n c o n s i s t e n t  w i th  th e  p ro p o sed  g ro und  s t a t e

c o n f i g u r a t i o n    (3a^ ) 2 (1*.©1 (2 a^  ) 1 . I n

t h i s  c o n f i g u r a t i o n  th e  most lo o s e ly  bound e l e c t r o n  i s  

p l a c e d  r i g h t  ou t on th e  o u ts id e  of th e se  com plexes,

i . e .  i n  t h a t  r e g i o n  where i t  can  most r e a d i l y  exchange 

and ta k e  p a r t  i n  redox  r e a c t i o n s  w i th  n e ig h b o u r in g  

m o le c u le s .

The s p e c i f i c  r e s i s t a n c e s  o f  th e  s o l i d  complexes of V, Mo,

W and Re t o g e t h e r  w i th  the  pcflarographic d a ta  a re  l i s t e d  i n

T a b le s  4*3 and ij.. i+ r e s p e c t i v e l y .



128 .

T ab le  k * 3

R e s i s t i v i t i e s  o f  t r i s ( d i t h i o l a t o )  complexes of 

tu n g s t e n ,  molybdenum and rhenium .

Coup l e x  R f  ohms cm

WS6c6R6 ph  4  x  1013
PhOH3 3 x  i o 14

MoS CgEg H 1 .4  x 1012

CH, 3 x  1011*3
ReSgCgEg H 103

CH 4  X  105

Ph 6 x  107

T ab le

P o la r o g r a p h ic  d a ta  f o r  t r i s ( d i t h i o l a t o )  complexes o f  

t u n g s t e n ,  molybdenum and rhenium .

Complex n=1 -»n=o n=o -»n=-1- n=-1 —>n=-2 GtCMIItG

R e ^ C g P h g ) ® +0.163 -0 .3 4 0 - 1 .8 1 2 -2 .591

R e(S2C6H3 CH3 ) ° +0.387 -0 .0 6 5 - 1 .5 7 7 -2 .3 7 5

- 0 .5 4 2 -1 .1 3 5

w( s 2c6h3 ch3 ) “ - 0 .2 4 7 -1 .0 7 5

Mo(S2C2Ph2 ) 3 - 0 .4 8 9 - 1 .0 9 5 - 2 .9 2

mo( s 2c6h3 ch3 ) 3 - 0 .2 1 9 -0 .8 9 5 - 2 .6 2



The two s e t s  o f m o le c u la r  o r b i t a l  c a l c u l a t i o n s  

and th e s e  d e d u c t io n s  from  e .p .  r .  sp e c t ro sc o p y  can  be 

made s e l f - c o n s i s t e n t  ( i )  by s l i g h t l y  a l t e r i n g  

S c h ra u z e r  and Msywegfs in p u t  p a ra m e te r s ,  and th e re b y  

lo w e r in g  the  energy  of t h e i r  (2 a ^ )  o r b i t a l  below t h e i r  

(5©*) l e v e l s ,  and ( i i )  by r a i s i n g  th e  energy  o f  Gray 

and co w crk e rs  3TTy o r b i t a l s .  T h is  p ro d u ces  th e  

en e rg y  l e v e l  d iag ram  shown in  F ig u re  and le a d s

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

(3a^ ) 2 ( ^ e * ) ^  (2a^ )^  f o r  Re(S2G2R2^3 ccmPle x 0 s«

The band maxima o f  th e  e l e c t r o n i c  s p e c t r a  l i s t e d  i n  

T ab le  !+. 2 can  now be a s s ig n e d  by u s in g  the  r e s u l t i n g  

m o le c u la r  o r b i t a l  l e v e l s  as f o l lo w s .

Band maxima (cm” 1 ) T r a n s i t i o n

8 ,2 3 0 4 0 1 — » 2a o

1 4 ,2 0 0 2a g - — > 50 T

23 ,40 0 2a 2 - — * 4 0 '*

The l a r g e  i n t e n s i t i e s  of th e  obse rved  bands a re  

c o n s i s t e n t  w i th  t r a n s i t i o n s  be tw een  l e v e l s  w hich  have 

s u lp h u r  o r b i t a l  components and a re  e x p e c te d  t o  be 

s t r o n g l y  a l lo w e d  f o r  e l e c t r i c - d i p o l e  r a d i a t i o n .
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Aj. 7 Summary o f  P a r t  IV

I n  t h i s  s tu d y  the  e l e c t r o n  p a ra m a g n e tic  re so n a n c e  

s p e c t r a  of th e  s i x —c o o rd in a te d  p r i s m a t i c  com plexes,

R e(S2 ^ 2 ^ 2 ^ 3  anc  ̂ S e (S 2^ ^ 3 ^ 3 )3 5 l̂ave b e en  r e c o rd e d  

i n  s o l u t i o n  a t  298 K and i n  m a g n e t i c a l ly  d i l u t e  g l a s s e s  

a t  77 K. These e .p .  r .  s p e c t r a  a re  g u i te  d i f f e r e n t  

f rom  th o se  t h a t  have been o b ta in e d  from  th e  o th e r  

rhen ium  com plexes t h a t  have been  s tu d ie d  i n  P a r t  I I .

E ach  t r i g o n a l  p y ra m id a l  rhen ium  complex shows a s i n g l e  

e l e c t r o n  re so n a n c e  s i g n a l  i n  b o th  m a g n e t i c a l ly  

c o n c e n t r a t e d  s o l i d  and i n  s o l u t i o n  a t  room te m p e ra tu re .  

The s p e c t r a  of m a g n e t i c a l ly  d i l u t e  g l a s s e s  a t  77 & o f  

t h e  t r i s ( d i t h i o l a t o ) - r h e n i u m  complexes show s m a l l  

g - t e n s o r  a n i s o t r o p y  and v a n i s h in g ly  sm a ll  rhen ium  

n u c l e a r  h y p e r f in e  c o u p l in g .  The s m a l l  g - t e n s o r  a n i s o ­

t ro p y  i s  v e ry  c h a r a c t e r i s t i c  of s u lp h u r - c o n ta in in g  

o rg a n ic  r a d i c a l s  and the  v a n is h in g  sm a l l  rhenium  n u c le a r  

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

c o u p l in g ,  s e t s  an upper  l i m i t  of th e  o r d e r  o f  0 . 1$  t o  th e  

rhen ium  c o n t r i b u t i o n  to  the  m o le c u la r  o r b i t a l  c o n ta in in g  

t h e  u n p a i r e d  e l e c t r o n  i n  th e s e  com plexes. The e . p . r .  

s p e c t r a  show t h a t  the  u n p a i r e d  e l e c t r o n  i n  th e s e  

com plexes i s  i n  a  non-bond ing  m o le c u la r  o r b i t a l  d e r iv e d  

f ro m  th e  l i g a n d  IT - o r b i t a l s .

E .P .R . p r o p e r t i e s ,  e l e c t r o n i c  a b s o r p t io n  s p e c t r a ,  

V o l ta m m e tr ic  p r o p e r t i e s ,  the  m agne tic  p r o p e r t i e s  o f

io n s  d e r iv e d  from  Re(S2^2^2)3* an<̂  ^ le u n u su a ^̂ *y h ig h  

e l e c t r i c a l  c o n d u c t i v i t i e s  e x h ib i t e d  by th e  s o l i d s ,  a re



a l l  c o n s i s t e n t  w i th  an e l e c t r o n i c  ground s t a t e

f o r  th e s e  com plexes.

The e l e c t r o n  p a ra m a g n e tic  re so n an ce  s p e c t r a  

and th e  o p t i c a l  s p e c t r a  of rhenium  (VI) i n  th e  

sg u a re  a n t i p r i s m  and in  th e  dodecahedron  w i l l  be 

i l l u s t r a t e d  w i th  r e f e r e n c e  t o  th e  octBcyano-rhenium 

com plexes i n  th e  f o l lo w in g  s e c t i o n  of t h i s  t h e s i s .

c o n f i g u r a t i o n
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PART Y

ELECTRON PARAMAGNETIC RESONANCE AND OPTICAL SPECTRA 

OF THE OCTACYANGRHENIUM COMPLEXES

5*1 I n t r o d u c t i o n

A lth o u g h  th e  s t r u c t u r e  of the  o c tacy an o  complexes

o f  molybdenum, tu n g s te n  and rhenium  i s  a t o p ic  which
1 ph a s  r e c e i v e d  a g r e a t  d e a l  o f  a t t e n t i o n  ’ , i t  i s  s t i l l

n o t  c e r t a i n  w h e ther  th e se  compounds a re  dod ecah ed ra  o r

a re  sq u a re  a n t i p r i s m s .  E n e r g e t i c a l l y ,  t h e r e  a p p e a rs

t o  be l i t t l e  d i f f e r e n c e  betw een th e se  two s t r u c t u r e s

The f a c t o r s  which sh o u ld  c o n t r o l  the  geometry o f  a

com plex , of which th e  most im p o r ta n t  a re  th e  m e t a l - l i g a n d

bond e n e r g i e s  and th e  m utual r e p u l s io n s  of th e  l i g a n d s ,

d i f f e r  v e ry  l i t t l e  f o r  the sq u a re  a n t ip r i s m  and th e  
1 P 3dodecahed ron  c l o s e d - s h e l l  l i g a n d - l i g a n d

r e p u l s i o n s  a re  g e n e r a l l y  s m a l l e r  f o r  the  a n t ip r i s m  by

a b o u t  1 K c a l /m o le ,  b u t  t h i s  e f f e c t  co u ld  be o f f s e t  i n

h i g h ly  p o l a r  complexes by the  coulom bic r e p u l s io n s

w hich , i f  a cc o u n t  i s  ta k e n  of th e  s h i e ld i n g  e f f e c t  o f
L

th e  m e ta l  atom, may f a v o u r  the  dodecahedron  .

On the  b a s i s  of X -ray  d i f f r a c t i o n  a n a l y s i s  o f
L— 5oc tacyano m olyb da te  MoCCN)^”, Hoard and N o rds ieck

fo u n d  th e  s t r u c t u r e  of K^Mo(CN)g-2 ^ 0  to  be d o d e c a h e d ra l .
£

Weissmand and Gohn fo u n d , however, t h a t  i n
1 3s o l u t i o n  th e  i s o t r o p i c  c o u p lin g  i n t e r a c t i o n  w i th  C 

i n  K^Mo(CN)q was n e a r ly  th e  same f o r  a l l  e i g h t  GN l ig a n d s ,



th u s  s u p p o r t in g  th e  sg u a re  a n t ip r i s m  s t r u c t u r e  where 

a l l  th e  CN g roups a re  e q u iv a le n t .

7
Staram reich and S a la  found  t h a t  th e  Raman sp ec tru m  

o f  an  aqueous s o l u t i o n  o f  th e  p o ta s s iu m  s a l t  o f  th e  

octacyanomolybdenum complex c o n ta in s  th r e e  l i n e s  i n  th e  

C =  N s t r e t c h i n g  r e g io n .  T h is  o b s e r v a t io n ,  cou p led  w i th  

H i ld a g o  and M a tth ieu * s  r e p o r t  of two bands i n  th e  

i n f r a - r e d  sp ec tru m  of the  s o l i d ,  l e d  them t o  p ro p o se  

t h a t  th e  a n io n  had  a sq ua re  a n t i p r i s m a t i c  s t r u c t u r e  i n  

b o th  s o l i d  and s o l u t i o n .

9
McGarvey c a r r i e d  out e l e c t r o n  p a ra m a g n e tic  

r e s o n a n c e  s t u d i e s  on K^Mo(CN)g and on K^V/(CN)g i n  

m a g n e t i c a l ly  d i l u t e  g l a s s e s  and i n  p o l y c r y s t a l l i n e  

sa m p le s .  He found  t h a t  th e  e . p . r .  s p e c t r a  o f th e se  

io n s  i n  s o l u t i o n  a re  c o n s i s t e n t  w i th  the  sq u a re  

a n t i p r i s m  s t r u c t u r e ,  b u t  i n  the  c r y s t a l l i n e  s t a t e ,  

th e  e . p . r .  s p e c t r a  how ever, a re  c o n s i s t e n t  w i th  th e  

do decah ed ro n  s t r u c t u r e .  Thus dodecahedron  symmetry 

h a s  b e e n  f o r c e d  upon th e  io n  i n  th e  h o s t  l a t t i c e ,  b u t  

th e  c r y s t a l  f i e l d  i s  r e l a x e d  i n  s o l u t i o n  and th e  

s q u a re  a n t ip r i s m  s t r u c t u r e  becomes more s t a b l e .

S u p p o r t  f o r  the  a ss ig n m en t  o f  s o l i d  Mo(CN)g b e in g  

d o d e c a h e d ra l  (^ 2d^ and a(2ueous s o l u t i o n  b e in g  

sq u a re  a n t ip r i s m a  t i c  (D^ ) have s in c e  come from th e  

i n f r a - r e d  and Raman s t u d i e s  o f  t h i s  compound which
10 11have been  c a r r i e d  ou t by P a r i s h  and h i s  cow orkers 9 .
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Tlie same a u th o r s  conclude  t h a t  the c o r re s p o n d in g  tu n g s t e n  

compound h as  s i m i l a r  s t r u c tu r e *

12
Hayes c a r r i e d  ou t s i m i l a r  e * p . r .  s t u d i e s  on th e  

same com plexes i n  m a g n e t i c a l ly  d i l u t e  g l a s s e s  and he 

c o n c lu d e s ,  t h a t  the  e l e c t r o n  p a ra m ag n e tic  reso n an ce  

d a t a  f a v o u r  a  sq u a re  a n t ip r i s m  s t r u c t u r e  f o r  the  f r e e  

Mo(CN)g~ and W(CN)g~ ions*

The b on d in g  i n  th e  oc tacyano  com plexes i s  d e s ­

c r i b e d  from  a v a le n e e -b o n d  approach  i n  te rm  o f  d^sp^ 

h y b r i d s .  The c r y s t a l - f i e l d  and l i g a n d - f i e l d  d e s c r i p t i o n s  

show t h a t  one of the  d - o r b i t a l s  i s  s t r o n g l y  s t a b i l i s e d ,
13-20

d^2  ^2 ^ or a  dodecahedron  and d £ f o r  a  sq u a re  a n t i p r i s m  

N e i th e r  o f  th e s e  o r b i t a l s  has  th e  c o r r e c t  symmetry f o r

s '  -b o n d in g .

No e * p . r .  s t u d i e s  a t  a l l  have b e e n  c a r r i e d  out on

th e  oc tacyano rhen ium  complexes and on ly  meagre I .R .  d a ta  
21i s  a v a i l a b l e  . I t  was t h e r e f o r e  d e c id e d  to  s tu d y  i n  

d e t a i l  th e  e . p . r . , I .R .  and u. v . s p e c t r a  o f  th e s e  

com plexes and to  see  w h e ther  th e se  s p e c i e s  f a v o u r  th e  

d o d ecah ed ro n  or sq u a re  a n t ip r i s m  s t r u c t u r e  i n  th e  s o l i d  

s t a t e .

5 .2  Bxperime n t a l

The p e n t a v a l e n t  oc tacy an o  rhenium  complex,

K^Rq(CN)q, and th e  h e x a v a le n t ,  [Ph^As]2 [Re(^ N)g] » were
21 22p r e p a r e d  by th e  f o l lo w in g  m ethods * •
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I )  P o ta s s iu m  o c ta c y a n o rh e n a te  (V ), K^RetCN)^, was 

p r e p a r e d  by d i s s o l v i n g  p o ta s s iu m  h e x a io d o rh e n a te  ( IV ) ,  

K ^Rel^ , i n  dry  m e th an o l  and th e  m ix tu re  was ru n  i n t o

a r e f l u x i n g  s o l u t i o n  of KCR i n  d ry  m eth an o l.  The 

c o lo u r  changed im m ed ia te ly  from deep re d  to  l i g h t  

y e llo w -b ro w n . The s o l u t i o n  was r e f l u x e d  f o r  10 m inu tes  

m ore , and th e  brown s o l i d  which s e p a r a t e d  was th e n  

f i l t e r e d  o f f ,  su spended  i n  more dry m e th an o l  and 

r e f l u x e d  f o r  10 m in u te s .  The brown p ro d u c t  was 

f i l t e r e d  o f f ,  washed s e v e r a l  t im es  w i th  h o t  m e th a n o l ,  

and d r i e d .  The complex i s  in s o lu b le  i n  a l l  o rg a n ic  

s o l v e n t s  b u t  i t  i s  v e ry  s o lu b le  i n  w a te r  to  g iv e  a 

brown s o l u t i o n .

I I )  T e t ra p h e n y la rso n iu m  o c ta c y a n o rh e n a te  (V I ) ,

[Ph^AsJ 2 [Re(CN)6]  , was made by o x id a t io n  of th e

o c ta c y a n o r h e n a te ,  K^Re(ClT)g, i n  s o l u t i o n .  K-^Re(CK)g

was d i s s o l v e d  i n  oxygenated  c o ld  w a te r ,  and th e

s o l u t i o n  a c i d i f i e d  w i th  c o n c e n t r a te d  HC1. Im m ediate

a d d i t i o n  of s a t u r a t e d  te t r a p h e n y la r s o n iu m  c h lo r id e

s o l u t i o n  gave a p u rp le  p r e c i p i t a t e  o f  [ph^AsJ2 >

w hich  was c e n t r i f u g e d ,  washed th o ro u g h ly  w i th  w a te r

and a c e to n e  and d r i e d .  The b e h a v io u r  o f  th e  o c ta cy a n o -
21r h e n a t e  (V I) io n  in  s o l u t i o n  i s  m ost u n u su a l  . When 

aqueous K^Rq(GR)q i n  a i r  i s  a c i d i f i e d ,  th e  p u rp le  

s o l u t i o n  form ed i s  a t  f i r s t  p a ra m ag n e tic  as e x p e c te d ,  

b u t  i t  becomes d iam ag n e t ic  w ith o u t f u r t h e r  c o lo u r  ehange and 

th e  change i n  s u s c e p t i b i l i t y  i s  e x p o n e n t i a l  w i th  a 

h a l f  l i f e  o f  5 - ^ se c o n d s .  The p a ra m a g n e tic  complex



[PhitA s ]2 [R6(CK)8]  i s  i n s o l u b le  i n  a l l  o rg a n ic  s o l v e n t s

b u t  i t  i s  v e ry  s l i g h t l y  s o lu b le  in  w a te r  to  g iv e  a 

p u r p l e  s o l u t i o n .

I n f r a - r e d  s p e c t r a  of th e s e  complexes were o b ta in e d  

on KBr d i s c s  w i th  a P e rk in -E lm e r  257 sp e c t ro p h o to m e te r .  

V i s i b l e - u . v .  a b s o r p t io n  s p e c t r a  of aqueous s o l u t i o n s  

o f  e a c h  compound were r e c o rd e d  on Unicam SP700C and 

800 s p e c t r o p h o to m e te r s ,  u s in g  m atched 1-cm q u a r t z  c e l l s .  

The e . p . r .  s p e c t r a  o f the  p a ra m a g n e tic  s p e c i e s

w e l l  r e s o l v e d  i n  u n d i lu t e d  p o l y c r y s t a l l i n e  sam p le s .

T h is  u n u su a l  o b s e r v a t io n  seems to  be  due t o  th e  

r e d u c t i o n  of th e  d i p o l e - d i p o l e  i n t e r a c t i o n  o f  n e ig h b o u r ­

in g  u n p a i r e d  e l e c t r o n s .  The e l e c t r o n i c  d i p o l e - d i p o l e  

i n t e r a c t i o n  be tw een  n e ig h b o u r in g  rhenium  atoms i n  t h i s  

l a r g e  m o le cu le  i s  so  r e d u c e d ,  even i n  t h e  c o n c e n t r a te d  

c r y s t a l s ,  t h a t  th e  s e p a r a te  h y p e r f in e  components of 

th e  s p e c t r a  can  be c l e a r l y  r e s o lv e d  w ith o u t  r e s o r t i n g  

t o  d i l u t i o n  w i th  an  isom orphous d ia m a g n e t ic  compound.

Due t o  s o l u b i l i t y  d i f f i c u l t i e s  e n c o u n te re d  w i th  t h i s  

complex th e  s p e c t r a  were o n ly  re c o rd e d  in  u n d i lu t e d  

p o l y c r y s t a l l i n e  sam ples and the  obse rved  s p e c t r a

5 . 3  A n a ly s i s  of th e  e . p . r .  s p e c t r a  o f  [Ph^As] 2 [Pe(0N)g]

The h y p e r f in e  s t r u c t u r e  i n  th e  e l e c t r o n  p a r a ­

m a g n e tic  re so n an c e  s p e c t r a  o f  [Ph^As] 2 [^e(CN)^] was



o b ta in e d  a t  room te m p e ra tu re  i s  shown in  F ig u re  5*1.

The s p e c t r a  a t  room te m p e ra tu re  and a t  77 K a re  

s i m i l a r  and a re  c h a r a c t e r i s t i c  of one u n p a ire d  e l e c t r o n  

m oving i n  an a x i a l l y  sym m etric  o r b i t a l .  Thus a s  shown 

i n  th e  A ppendix A, th e  s p i n  H a m il to n ia n  f o r  t h i s  sys tem  

h a s  th e  form

** = g l l M 2SZ+g l^ ( H x Sx+HySy ) +ASz I 2+B(Sx Ix+Sy I y ) +Q' [ l z- i l ( I + 1

  5 .1

The q u ad ru p o le  i n t e r a c t i o n  i n  t h i s  complex i s  ve ry  sm a l l  

so  i t  can  be ig n o re d .  The sp in -H a m il to n ia n  p a ra m e te r s  

d e r iv e d  from  th e  s p e c t r a  a re  g iv en  i n  T ab le  5 .1 .  A l l  

th e  s p e c t r a  a re  c h a r a c t e r i s t i c  i n  which A > B, w i th  

l i t t l e  a n i s o t r o p y  i n  th e  g t e n s o r  components. The v a lu e  

o f  A was o b ta in e d  by m easu rin g  the  s e p a r a t i o n  o f  the  

two s h a rp  l i n e s  o f  th e  low and h ig h  f i e l d  s id e  of th e  

sp e c tru m .

5.i+ V i s i b l e - u . v .  s p e c t r a  o f  [Ph^As] 2 [Re(CU)g] and 

K3Se(CN)8

The band-maxima observed  i n  th e  s p e c t r a  o f  

[Ph^As] 2 (Re(GN)g] and K^Re(CN)g i n  aqueous s o l u t i o n  can  

be summarized as f o l lo w s :

a )  [Ph^As] 2 [R0( c t ) q] shows a weak a b s o r p t io n  band a t  

1 8 ,8 7 0  cm"*1 w hich , from i t s  p o s i t i o n  and i n t e n s i t y ,  i s  

a lm o s t  c e r t a i n l y  a  d -d  t r a n s i t i o n ,  in v o lv in g  th e  t r a n s f e r





of th e  u n p a ire d  e l e c t r o n  to  an empty a n t ib o n d in g  o r b i t a l*  

T h is  band i s  s h i f t e d  to  h ig h e r  energy  i n  th e  case  of 

th e  d ia m a g n e t ic  complex, K^Re(CN)8, which in v o lv e s  a  

t r a n s f e r  o f  one of the  p a i r e d  e l e c t r o n s  t o  an empty 

a n t ib o n d in g  o r b i t a l .

b )  [ph^As] 2 [^e(CN)g] shows a s t r o n g  a b s o r p t io n  band 
-1a t  33*330 cm . T h is  i s  a s s ig n a b le  t o  a t r a n s i t i o n  

i n  which an e l e c t r o n  i s  t r a n s f e r r e d  from  a f i l l e d  

bo n d in g  o r b i t a l  to  th e  o r b i t a l  c o n ta in in g  th e  u n p a ire d  

e l e c t r o n .  T h is  band i s  s h i f t e d  to  low er energy  i n  

K3 Re(CN)s .

_-j
c-} O th e r  s t r o n g  a b s o r p t io n  bands a t  39*200 and 3 6 ,3 6 0  cm 

have b e e n  o b se rv ed  f o r  [P h ^ A s^  [Se(CN)g] and K^Re(CN)Q 

r e s p e c t i v e l y ,  which may be a s s ig n e d  to  charge  t r a n s f e r  

b an d s .

The u .v .  - v i s i b l e  s p e c t r a  o f  [p h ^ A s ^  [RQ(CN)g] and 

K^Re(CR)g i n  aqueous s o l u t i o n  a re  shown in  F ig u r e s  5*2 

and 5 .3  r e s p e c t i v e l y  and th e  f r e q u e n c ie s  o f  th e  band 

maxima o f  th e  two complexes a re  l i s t e d  i n  T ab le  5*2.

5 .5  I n f r a - r e d  s p e c t r a  of K^Re(CN)g and [ph^As]2[Re(CN)^]

The i n f r a - r e d  s p e c t r a  of KjRe(CN)g and [ph^As] 2 (pq(CN)q]

i n  th e  s o l i d  phase  (KBr d i s c )  have b een  m easured  i n  th e
-1

ran g e  1900-2200 cm , s in c e  t h i s  r e g io n  o f  th e  spec tru m  

c o v e rs  th e  C = N  s t r e t c h i n g  f r e q u e n c ie s  and i s  ve ry  

im p o r ta n t  f o r  s t r u c t u r a l  d e te r m in a t io n  of th e  com plexes.





I

Ooo
ITv

o
8
Ch

Ooo
CM

OOO
CM

oooT"rn

O
8in

oooo\m

ticn
CM
■p
0
00

S 'o
©
«rnM
uo
>3O
•H

”§HO
0
03O
§□*
0

9

to

P4»0 © 
P i  
0

0
H&•H
0
■H
>1
>

»n
0

a
&0

•HPe«



±he i n f r a - r e d  s p e c t r a  of K3Re(CN)g i n  N u jo lm u lls  have 

b e en  r e p o r t e d  by W ilk in son  and h i s  cow orkers They

o b se rv ed  t h r e e  bands f o r  th e  cyan ide  s t r e t c h i n g  f r e -
- 1q u e n c ie s  a t  211+0 , 2100  and 2050  cm , b u t  no d e f i n i t e

c o n c lu s io n s  emerge from  t h e i r  work. We h av e ,  t h e r e f o r e

re -e x a m in e d  the  i n f r a - r e d  s p e c t r a  of K^Re(ON)g in

KBr d i s c s  i n  th e  range  1900-2200 cm . These s p e c t r a

show two s t r o n g  sh a rp  bands a t  2130 and 2050  cm

t o g e t h e r  v / i th  two o th e r  weak bands a t  2095 and 2080  cm-

As w i l l  be d i s c u s s e d  l a t e r  the  i n f r a - r e d  s p e c t r a  o f

K3 Re(CN) 6 a r e  c o n s i s t e n t  w i th  th.6 dodecahedron

s t r u c t u r e .  The i n f r a - r e d  spec trum  f o r  th e  C = R

s t r e t c h i n g  r e g io n  i s  shown in  F ig u re  5«4» The C = R

s t r e t c h i n g  bands o f  [Ph^As] 2 [Re(CN)g] i n  a KBr d i s c

a r e  n o t  w e l l  r e s o lv e d  and the  spec trum  shows a s u p e r -
-1p o s i t i o n  of s e v e r a l  peaks c e n t r e d  a t  2070 cm „

Many a t t e m p ts  were made to  r e s o lv e  t h i s  sp ec tru m , 

i n c l u d i n g  v a ry in g  th e  c o n c e n t r a t io n  of the  sam ple i n  

th e  d i s c ,  a l l  w i th o u t  su c c e s s .  T h is  spec trum  i s  

shown i n  F ig u r e  5 . 5 . C =N  s t r e t c h i n g  f r e q u e n c ie s  

i n  t h e s e  two complexes a re  shown in  T ab le  5«3*



1------------------------------   1 ------- 1 - 1 r  ^

2300 2200 2100 2000 1900 Cm”

Figure 5*U» Infra-red spectrum of KjEeCdOg 

in  the C=N stretch in g  frequencies region at 

290K.



2150 2100 2050 2000 Cm”1

F igu re 5 . 5  In fr a -r e d  spectrum  o f  [ph^As]^ [k©(CN)q] 

in  the C =N  s tr e tc h in g  fr e q u e n c ie s  r eg io n  a t  29QK.



Table  5*1

S p in  H a m il to n ia n  p a ra m e te rs  f o r  a p o l y c r y s t a l l i n e  

sam ple  of [Ph^As] 2 |P 0(ON8 )] a t  290 K* The h y p e r f i n e
A

c o u p l in g  t e n s o r  components a re  in  u n i t s  o f  cm .

L im i t s  o f e r r o r  a re  g l1 and ± 0 .0 0 0 3 , A and B 

* 0 .00 002  cm .

811 g j  A B

[ph^As] 2 [Re (GN)g] 1 .9925  2.000S 0 .00893  0 .00765

T ab le  5*2

*•1Band maxima (cm ) i n  the  v i s i b l e - u .  v .  a b s o r p t io n  

s p e c t r a  o f  agueous s o l u t i o n s  of [Ph^As] 2 [R0 (CH)g] 

and  K3Re(CN)8 a t  290 K.

Compound A b s o rp t io n  band

1 8 ,8 7 0 ;  3 3 ,3 3 0 ;  39 ,2 0 0

KjRe(CN)g 2 3 ,8 0 0 ;  3 2 ,7 8 0 ;  36 ,3 6 0

T ab le  5 .3

*■1I n f r a - r e d  a b s o r p t io n  f r e q u e n c ie s  (cm ) i n  th e  C=-N 

s t r e t c h i n g  r e g io n  of s o l i d  sam ples o f  [Ph^As]^  [R0 (OH)q] 

and K3Re (C l0 8 a t  290 K.

Compound Cyanide s t r e t c h i n g  f re q u e n c y

[Rh^As] 2 [Re(CN)g J 2070

K3 Re(CN)g 2130; 2095,* 2080; 2050
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5 .6  The ory

The e i g h t  cy an ide  l ig a n d s  around  th e  c e n t r a l  rhenium  

a to n  c o u ld  p o s s ib l y  be a r ra n g e d  ^ i n  one o r  o th e r  of 

f i v e  d i f f e r e n t  ways as f o l lo w s :

1 . A cube which b e lo n g s  to  0^ symmetry w i th  d e g e n e ra te

^ z 2 an& ^x 2_ 2 s s  th e  h i g h e s t  occup ied

o r b i t a l s .

2 .  A sq u a re  a n t ip r i s m  which b e lo n g s  t o  symmetry

w i th  d 2 sis th e  h i g h e s t  occu p ied  o r b i t a l ,  z

3* A dod ecahed ron  o f  symmetry i n  w hich  th e  d^ xy
o r b i t a l  i s  th e  h ig h e s t  occup ied  o r b i t a l .

4* A t r i g o n a l  p r ism  w i th  l ig a n d s  i n  the  c e n t r e s  o f  

th e  two end f a c e s ,  b e lo n g in g  to  D w ith

d e g e n e ra te  d and d p  0 o r b i t a l s  as the  h i g h e s t  xy x - y ^
o c c u p ie d  o r b i t a l s .

5* A t r i g o n a l  p r ism  w ith  l ig a n d s  c e n t r e d  on two s id e

f a c e s ,  b e lo n g in g  t o  C symmetry, w i th  d p  0
2v X —ŷ -

o r b i t a l  a s  th e  h i g h e s t  o ccup ied  o r b i t a l .

The en e rg y  l e v e l  sp a c in g s  f o r  each  above symmetry have
q

b e en  c a l c u l a t e d  from  c r y s t a l  f i e l d  th e o ry  and a re  

shown in  F ig u r e  5 .6 .

The do d ecah ed ro n  and sq u a re  a n t ip r i s m  s t r u c t u r e s  a re
2b o th  o b ta in e d  by d i s t o r t i o n  of a cube as shown i n  

F ig u r e  5.7* By r o t a t i n g  a p a i r  o f o p p o s i te  f a c e s  i n  

t h e  cube u n t i l  th e y  a re  m u tu a l ly  a t  4 3 ° ,  th e  sq u a re  

a n t i p r i s m  s t r u c t u r e  i s  o b ta in e d  and the  f i n a l  symmetry
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Il
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(b)

F ig u r e  5*7. D i s t o r t i o n  of th e  cube to  form  ( a )  
th e  dodecahedron  (b )  th e  sq u are  a n tip r ism *
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^ .d *  ^  r e s u l t a n t  s t r u c t u r e  a l l  l ig a n d s  a round

th e  c e n t r a l  m e ta l  io n  a re  i n  e q u iv a le n t  p o s i t io n s #

To o b t a i n  a dodecahedron  from  th e  cube, th e  l a t t e r  i s  

d i v id e d  i n t o  i t s  p o s i t i v e  and n e g a t iv e  t e t r a h e d r a ,  

one o f  which i s  e lo n g a te d  and the  o th e r  f l a t t e n e d  

a lo n g  th e  same a x i s .  Thus t h e  l ig a n d s  i n  t h i s  case  

fo rm  two n o n -e q u iv a le n t  s e t s  and the  f i n a l  symmetry 

i s  ^2d* When th e  a n t ip r i s m  i s  viewed a lo n g  one o f  

t h e  m ino r  tw o - fo ld  a x e s ,  th e  c o r re sp o n d in g  a n g le s  a re  

v e ry  c lo s e  t o  th e  a n g le s  of th e  dodecahedron , b u t  th e  

two p o ly h e d ra  d i f f e r  fu n d am e n ta l ly  in  th e  t w i s t i n g  

a b o u t . t h e  m a jo r  a x i s .  When the  p o ly h e d ra  a re  d i s t o r t e d  

th e  d i f f e r e n c e s  betw een them becomes l e s s  marked. 

E n e r g e t i c a l l y ,  t h e r e  i s  ve ry  l i t t l e  d i f f e r e n c e  betw een  

th e  d o d ecah ed ro n  and the  sq u a re  a n t ip r i s m  s t r u c t u r e s .

The v a le n c e  bond approach  was used to  o b ta in  q u a l i t a t i v e
1 3 -2 0r e s u l t s  ab ou t th e  bonding in  e ig h t - c o o r d i n a t e d  complexes

The o r b i t a l  no t  in v o lv e d  i n  o' -b o n d in g  in  b o th  th e  sq u a re

a n t i p r i s m  and i n  the  dodecahedron  i s  of th e  p ro p e r

symmetry to  form TT-bonds w i th  l ig a n d s .  I n  the  sq u a re

a n t i p r i s m  t h i s  o r b i t a l  i s  a d 2 o r b i t a l  d i r e c t e d  a long   ̂ z
t h e  8 - a x i s  and i s  t h e r e f o r e  e q u a l ly  s u i t a b l e  f o r  7T -

b o n d in g  to  any or a l l  of the  l ig a n d  atoms as shown i n

F ig u r e  5»8. I n  th e  dodecahedron s t r u c t u r e ,  however, i t

i s  t h e  d 2 0 o r b i t a l  which has  th e  p ro p e r  symmetry to
x ~y

form  TC-bonds w i th  th e  l ig a n d s  and s in c e  t h i s  o r b i t a l  

l i e s  i n  th e  XY p la n e ,  i t  can form a IT-bond on ly  to

l i g a n d s  atoms o f  type  B as shown in  F ig u re  5 . 9 .



1 5 2 .

F ig u r e  5 *

F ig u r e  5 .

2

z

»X

z

d p o r b i t a l

8 View o f  th e  sq u a re  a n t ip r i s m  and th e  d^2 

m e ta l  atom o r b i t a l  a v a i l a b l e  f o r  
If -b o n d in g  w i th  the  l ig a n d  atom s.

T
z
*

z

dx 2- y 2 o r b i t a l

View of th e  dodecahedron and th e  d o 9
X “ v

m e ta l  a t  can o r b i t a l  a v a i l a b l e  f o r  
TT-bonding w ith  the  l ig a n d  atoms*



I n  a x i a l  symmetry the  d and d o r b i t a l s  a rexz  yz
d e g e n e ra te  so  t h a t  the  e l e c t r o n  p a ra m a g n e tic  re s o n a n c e

sp e c tru m  o f  the  oc tacyano  complex shows t h a t  the

u n p a i r e d  e l e c t r o n  m ust be i n  th e  d o  0 , o r  i n  th e
X —y^

^xy o r  o r b i t a l s *  Assuming th e  e l e c t r o n  t o

be i n  a  p u re  d -a to m ic  o r b i t a l  and by u s in g  seco n d -  

o r d e r  p e r t u r b a t i o n  th e o ry  9 ,  we oan r e a d i l y  see  t h a t

i f  th e  <3- 2 2 o r b i t a l  i s  the  h ig h e s t  occu p ied  o r b i t a l ,.x. y
t h e n  th e  p a ra m e te r s  o f  the  s p in  H a m il to n ia n  a re  g iv en  

by th e  f o l lo w in g  e q u a t io n s

8 S&11 = 2 .0023 -

= 2 .0023  -

E(dx y )-E (dx 2_y 2 )

2 S_______

dxz  ’ dy dx 2- y 2 )

. .. 3*

— P K — ^  “ 2 .0023) + y (gj^ ~ 2. 0023

B = P [ -  K + |  + n  ( g l  -  2 .0 0 2 3 )]

w here  $  i s  th e  s p i n - o r b i t  c o u p lin g  c o n s t a n t ,  P =
—3

2 .0 0 2 3  y  a v > and K i s  th e  i s o t r o p i c

c o n t r i b u t i o n  to  th e  h y p e r f in e  c o n s ta n t  due to  p o l a r i ­

s a t i o n  of th e  i n n e r  e l e c t r o n  s p in  d e n s i ty  by the  

u n p a i r e d  d—e l e c t r o n .  The same e q u a t io n s  a re  a l s o  

o b ta in e d  when the  d^y o r b i t a l  i s  the  h ig h e s t  o c cu p ied  

o r b i t a l  e x c e p t  t h a t  x 2- y 2 and xy a re  in te rc h a n g e d .



On th e  o t h e r  h an d , i f  th e  o r b i t a l  d 2 i s  th e  h i g h e s t
z

o c c u p ie d  o r b i t a l ,  th e  upove p a ra m e te rs  a re  g iv e n  by 

th e  f o l lo w in g  e q u a t io n s

g11 = 2 .0023

g . = 2 .0023  -  -------------- __________
E(®xz’ ^yz^- B(dz 2)

 5 .3

A = P [ -  K + h  -  1 ( g^ _ 2 .0 0 2 3 ) ]

B = P [ -  K |  + ( g j _ 2 .0 0 2 3 )]

5»7 R e s u l t s  and d i s c u s s i o n

The i n f r a - r e d  spec trum  o f  th e  d ia m a g n e t ic  complex, 

K^Re(CIT)g, and th e  e l e c t r o n  p a ra m ag n e tic  re so n an ce  

sp e c tru m  of th e  p a ra m a g n e tic  complex, [Ph^ A s]2 fR©( CIT)^] 

a r e  c h a r a c t e r i s t i c  of d o d e ca h ed ra l  s t r u c t u r e s .  The 

r e s u l t s  o b ta in e d  can  be summarized as  f o l lo w s .

I .  I t  i s  p o s s i b l e  to  d i s t i n g u i s h  between the  a n t ip r i s m

and do d ecah ed ro n  s t r u c t u r e s  from the  number and i n t e n s i t y

o f  th e  peaks observed  i n  th e  I .R .  s p e c t r a  f o r  C s K

s t r e t c h i n g .  The a c t i v i t i e s  and sym m etries of th e  C = l f

s t r e t c h i n g  modes e x p e c te d  f o r  v a r io u s  p o s s ib l e  
11c o n f i g u r a t i o n s  a re  shown i n  Table T h is  t a b l e

shows t h a t  th e  and D2d c o n f ig u r a t i o n s  have two and 

f o u r  i n f r a - r e d  a c t iv e  C =N  s t r e t c h i n g  modes r e s p e c t i v e l y .



Table  5 .h

C o r r e l a t i o n  o f  C — 1T s t r e t c h i n g  modes f o r  v a r io u s  sym m etr ies .

8

A ' i

2d

in a c t- -A, in a c t-  
i g

V

-Â  i n a c t

’2

A *i

E iit
A i

i1 u

b2 i

E1 i

Aa i n a c t
A*i'

A’ i-

i  as i n f r a - r e d  a c t i v e ,  i n a c t  = i n a c t i v e



156.

Thus th e  symmetry r e q u i r e s  two bands i n  th e  i n f r a ­

r e d  s p e c t r a  o f th e  s t r e t c h i n g  r e g io n  w h ile
2d

symmetry r e q u i r e s  f o u r  bands. F u r t h e r  d i s t o r t i o n  of 

th e  d o d ecah ed ro n  may occu r as  a r e s u l t  o f  c r y s t a l  

p a c k in g  and th e  symmetry in  t h i s  case  i s  low ered  to  Cs
su c h  t h a t  th e  two E modes i n  th e  D2d symmetry w i l l  s p l i t  

t o  g iv e  two bands of com parab le , b u t  p ro b a b ly  n o t  

i d e n t i c a l  i n t e n s i t y .

I t  h a s  a l r e a d y  been  n o ted  t h a t  th e  i n f r a - r e d  spec trum  

o f  K ^R e^ lO g  i n  th e  s o l i d  s t a t e  c o n ta in s  two s t r o n g  

s h a r p  bands and two w?eak bands i n  th e  C=.!T s t r e t c h i n g  

f r e q u e n c y  r e g io n .  T h is  o b s e r v a t io n  im m edia te ly  e x c lu d e s  

°h> V  and Cg sym m etries  and i t  i s  c o n s i s t e n t  w i th  

D2d symmetry. By r e g a r d in g  th e  dodecahedron  as a 

d i s t o r t e d  cub e , th e  T^u modes w i l l  always be s t r o n g ly  

i n f r a - r e d  a c t i v e ,  w hile  th e  i n t e n s i t y  of the  T group  

w i l l  be s t r o n g l y  dependen t on th e  d i s t o r t i o n .  Hence, 

th e  b an ds  observed  a t  2130 and 2050  cm may be a s s ig n e d  

t o  T^u modes and th e  weak bands observed  a t  2095 and 

2080 cm a s s ig n e d  to  T? modes. Thus th e  I .R .  sp ec trum  

o f  K^Re(CN)g i n  the  s o l i d  s t a t e  i s  c o n s i s t e n t  w i th  t h e  

d o d ecah ed ro n  s t r u c t u r e .

The I .R .  sp ec tru m  of th e  p a ra m ag n e tic  complex 

[Ph^As] 2 [Re(CN)s ] i n  th e  s o l i d  s t a t e  i s  n o t ‘w e l l  r e s o lv e d  

and shows a s u p e r p o s i t i o n  of s e v e r a l  bands so  t h a t  i t  i s  

im p o s s ib le  t o  u se  th e s e  s p e c t r a  to  d e te rm in e  th e  s t r u c t u r e  

o f  t h i s  complex.



• u i 2 m  poxy-

c r y s t a l l i n e  sam ples a re  c h a r a c t e r i s t i c  o f an a x i a l l y  

sym m etric  system  i n  which A i s  g r e a t e r  th a n  B and 

w i th  l i t t l e  d i f f e r e n c e  in  g - t e n s o r  components.

As can  be s e e n  from  e q u a t io n s  5 .2  and 5 . 3 ,  i f  th e  

u n p a i r e d  e l e c t r o n  a v a i l a b l e  f o r  the  complex i s  l o c a te d

i n  th e  d 2 o r b i t a l ,  b e lo n g in g  to  th e  h ig h e s t  occu p ied  z
o r b i t a l  of t h e  sq u a re  a n t ip r i s m  s t r u c t u r e ,  th e n  th e

h y p e r f in e  c o u p l in g  A must be l e s s  th an  B and g^ m ust

be l e s s  th a n  g^-j. On the o th e r  hand, i f  th e  u n p a ir e d

e l e c t r o n  i s  l o c a t e d  i n  th e  d 2_ 2 o r b i t a l  b e lo n g in gx y
t o  th e  d odecah ed ro n  s t r u c t u r e ,  th e n  the  h y p e r f in e  

c o u p l in g  A m ust be g r e a t e r  th a n  B and g^ m ust be 

g r e a t e r  th a n  g ^ .  Thus th e  e .p .  r .  spectrum  of 

[Ph^As]2 [Re(CN)g] can only be e x p la in e d  by assum ing 

t h a t  i n  th e  p o l y c r y s t a l l i n e  s o l i d ,  the  s t r u c t u r e  of 

t h i s  complex i s  a dodecahedron .

The s m a l l  s i z e  o f rhenium h y p e r f in e  c o u p lin g  and th e  

s m a l l  a n i s o t r o p y  i n  th e  g and h y p e r f in e  t e n s o r  

components o f  t h i s  complex i n d i c a t e s  t h a t  th e  rhenium  

d - o r b i t a l s  m ust be very  m ixed w i th  th e  cyan ide  o r b i t a l s  

i n  t h e  f o r m a t io n  o f  th e  complex.
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5«8 Summary o f  P a r t  V

The e l e c t r o n  p a ra m a g n e tic  re so n an c e  s p e c t r a  of 

m a g n e t i c a l ly  u n d i lu t e d  p o l y c r y s t a l l i n e  [Ph^As] 2 [Re(CN)g ] 

h a s  b e e n  r e c o r d e d  a t  room te m p e ra tu re  and a t  77 K.

The s p e c t r a  a re  c h a r a c t e r i s t i c  of an u n p a i r e d  e l e c t r o n  

moving i n  an a x i a l l y  sym m etric o r b i t a l  i n  which th e  

h y p e r f in e  c o u p l in g  A i s  g r e a t e r  th a n  B, and th e  g -  

t e n s o r  components a re  a lm o s t  i d e n t i c a l .  F iv e  

d i f f e r e n t  a r ra n g e m e n ts  of the  cyan ide  l ig a n d s  a rou nd  

th e  rhen ium  atom have b e en  c o n s id e re d .  They a r e :  

a  c u b e ,  a sq u a re  a n t i p r i s m ,  a dodecahedron , a  

t r i g o n a l  p r is m  w ith  l ig a n d s  i n  th e  c e n t r e s  of the  two 

end f a c e s  and a t r i g o n a l  p r is m  w ith  l ig a n d s  c e n t r e d  

on two s id e  f a c e s .  Only th e  dodecahedron  s t r u c t u r e  

i s  c o n s i s t e n t  w ith  th e  e . p . r .  r e s u l t s  f o r  the  

p a ra m a g n e t ic  complex [Ph^As] 2 [Re(CN)g] . The sm a ll  

s i z e  o f  th e  rhen ium  h y p e r f in e  c o u p lin g  and th e  sm a ll  

a n i s o t r o p y  i n  th e  g - t e n s o r  components o f t h i s  

complex i n d i c a t e  t h a t  th e  rhenium  d - o r b i t a i s  must be 

v e ry  m ixed w i th  th e  cyan ide  o r b i t a l s  i n  the  fo rm a t io n  

o f  th e  complex.

The i n f r a - r e d  s p e c t r a  of th e  com plexes, K^Re(CN)g, and 

[ P \ A s ] 2 [Re(CN)8] have been  re c o rd e d  i n  s o l i d  phase  a t  

ro a n  te m p e r a tu re .  The i n f r a - r e d  spectrum  of K^Re(CN)g

c o n ta in s  two s t r o n g  sh a rp  bands and two weak bands i n  

C =  N s t r e t c h i n g  r e g io n .  S in ce  th e  dodecahedron  w i th

^ 2 6  symmetry h a s  two s t ro n g  i n f r a - r e d  a c t iv e  C = N
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s t r e t c h i n g  modes and two weak modes, t h e r e f o r e ,  the  

i n f r a - r e d  sp ec tru m  of K^Re(CN)g i s  c o n s i s t e n t  w i th  

t h i s  s t r u c t u r e .  The i n f r a - r e d  spec trum  o f

[Ph4A s]2 [He(CN)8] i s  no t w e l l  r e s o lv e d  and shows 

s u p e r p o s i t i o n  of s e v e r a l  b a n d s ,  so t h a t  i t  i s  

no t  p o s s i b l e  to  g e t  in fo rm a t io n  from  t h i s  sp ec trum  

a b o u t  th e  a c t u a l  s t r u c t u r e  of t h i s  complex.

So f a r  we have d i s c u s s e d  th e  e . p . r .  s p e c t r a  

and th e  e l e c t r o n i c  s t r u c t u r e s  of the  rhenium  io n  

i n  d i f f e r e n t  e n v iro n m e n ts ;  i n  th e  sq u a re  pyram id , 

i n  th e  a x i a l l y  d i s t o r t e d  o c ta h e d ro n ;  i n  th e  

t r i g o n a l - p r i s m  and in  th e  dodecahedron .

Manganese (V I) i n  a  d i s t o r t e d  t e t r a h e d r o n  w i l l  now 

be d i s c u s s e d  i n  th e  l a s t  p a r t  o f  t h i s  th e s is *
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PART V I

AN ELECTRON PARAMAGNETIC RESONANCE STUDY OF DICHLO- 

RODIOXOMANGANESE (V I ) ,  MnOgOlg

6*1 I n t r o d u c t i o n

E l e c t r o n  p a ra m a g n e tic  reso n an ce  sp e c tro sc o p y  has  

b e e n  u sed  t o  s tu d y  some complexes c o n ta in in g  vanadium  

(IV )  ̂ n iobium  (IV) 9-10^ chromium (V) 

molybdenum (V) 1 ^ and tu n g s te n  (V) ^  i n  t e t r a h e d r a l  

o r  p s e u d o t e t r a h e d r a l  en v iro n m en ts .  The only 

p r e v i o u s ly  r e p o r t e d  s tudy  of Mn (V I) i n  a  t e t r a h e d r a l  

sy s te m  c o n ce rn s  MnO^~ i n  K^CrO^ ^ and i n  BaSO^ 15 .

P ro v id e d  weak i n t e r a c t i o n s  a re  ig n o re d ,  the  g round  
1

s t a t e  of a  d io n  in  a p u re  t e t r a h e d r a l  l i g a n d  f i e l d  

h a s  tw o - f o ld  o r b i t a l  d eg en eracy . Sm all d e v ia t i o n s  from 

p u re  t e t r a h e d r a l  symmetry remove t h i s  degeneracy  and 

r e s u l t  i n  e x c i t e d  s t a t e s  which a re  ve ry  c lo s e  to  t h e  

g round  s t a t e .  L ow -ly ing  e x c i te d  s t a t e s  i n  t h e i r  t u r n  

c au se  s p i n - l a t t i c e  r e l a x a t i o n  tim es i n  n e a r ly  t e t r a h e d r a l

d com plexes to  be ve ry  s h o r t ,  so t h a t  o f t e n  e l e c t r o n  

p a ra m a g n e t ic  re so n an ce  phenomena can only  be d e t e c t e d  

i n  th e s e  s p e c i e s  a t  low te m p e ra tu re s ,  e .g * ,  a t  U K.

At th e s e  low te m p e ra tu re s  r e l a t i v e l y  sm a ll  d e v i a t i o n s  

from  t e t r a h e d r a l  symmetry can  b r in g  ab o u t l a r g e  changes 

i n  th e  way i n  which th e  u n p a ire d  e l e c t r o n  i s  d i s t r i b u t e d  

i n  th e s e  m o le c u le s ,  and can v e ry  m arkedly  e f f e c t  t h e i r

e l e c t r o n  p a ra m a g n e tic  reson an ce  p r o p e r t i e s .  At K f o r
2 -exam ple , i n  th e  t e t r a h e d r a l  MnO ^  io n  doped i n t o  KgCrO^,



th e  u n p a i r e d  e l e c t r o n  l i e s  e s s e n t i a l l y  in  th e

^  2 -  2 M n ^  io n ,  w hereas i n  MnO^~ dopedx - y  *r
i n t o  BaSO^ th e  u n p a ire d  e l e c t r o n  l i e s  i n  an o r b i t a l  

d e r i v e d  from  th e  3d 0 o r b i t a l  o f the  c e n t r a l  m e ta l  io n .  

I n  b o t h  c a s e s  c o n s id e r a b le  d e l o c a l i s a t i o n  on to  the  

l i g a n d s  a l s o  t a k e s  p l a c e .

S e x i v a l e n t  manganese a p p ea rs  t o  be c o n f in e d  to  th e  

m anganate  i o n  and to  the  o x y c h lo r id e ,  MnOgClg. The 

m a g n e t ic  p r o p e r t i e s  o f  the  l a t t e r  compound have n o t  

b e en  r e p o r t e d  and  so  we have c a r r i e d  out a d e t a i l e d  

a n a l y s i s  o f  i t s  e . p . r .  s p e c t r a  i n  o rd e r  t o  o b t a i n  

i n f o r m a t io n  a b o u t  th e  e f f e c t s  o f  the  e x t r a  a x i a l  l ig a n d  

f i e l d  component on th e  e l e c t r o n  d i s t r i b u t i o n ,  and on 

th e  p a ra m a g n e t ic  p r o p e r t i e s  o f t h i s  m o lecu le .

6 . 2  E x p e r im e n ta l

D ic h lo ro d io x o m a n g a n e se (V l) , MnOgClg was p r e p a r e d

by r e d u c in g  perm anganyl c h l o r i d e ,  MnO^Cl, w i th  s u lp h u r
16d io x id e  by B r ig g ^ s  m ethod. The perm anganyl c h lo r i d e  

was p r e p a r e d  by s low ly  adding  powdered p o tass iu m  

pe rm angana te  to  a m ix tu re  o f  c h lo ro s u lp h o n ic  a c id  (2 0  m l) 

and 97$ s u l p h u r i c  a c id  (10 m l) k e p t  a t  - 6 0 °C. SO^ gas  

(3  mmol. ) was th e n  added to  t h i s  m ix tu re  a t  -6 0 °c  and 

r e d u c t i o n  was e f f e c t e d  by a l lo w in g  th e  te m p e ra tu re  o f  

th e  m ix tu re  t o  r i s e  to  0°C and th e n  q u ick ly  c o o l in g  i t  

t o  -60°C . The Mn02C l2 was p u r i f i e d  by d i s t i l l a t i o n  a t  

-30°C  on a vacuum l i n e  which in c o r p o r a te d  two t r a p s ,  

th e  f i r s t  h e ld  a t  -30°C and the  second , c o n ta in in g



p u r i f i e d  c a rb o n  t e t r a c h l o r i d e ,  h e ld  a t  -68°C . MxigO  ̂

and HSO^Cl c o l l e c t  in  th e  f i r s t  t r a p  and th e  MnC^C^ 

i s  d i s t i l l e d  i n t o  the  -68°C trap *  S o lu t io n s  o f  MnOgC^ 

i n  CCl^ o b ta in e d  i n  t h i s  way were th e n  th o ro u g h ly  

o u t - g a s s e d  and s e a l e d  o f f  on the  vacuum l i n e  and t h e i r  

s p e c t r a  r e c o rd e d  im m ediately*

The e . p .  r .  sp ec tru m  of MnC^Cl^ was r e c o rd e d  a t  77 K i n  

a b o u t  10 CGI, so lu t io n *  T h is  sp ec tru m  c o u ld  s t i l l  

be o b se rv e d  a t  298 K f o r  a s h o r t  pe rio d*  V i s i b l e  -u*v  

s p e c t r a  were r e c o r d e d ,  i n  CCl^ s o l u t i o n ,  on Unicam 

SP 700C and SP 800 s p e c t ro p h o to m e te r s .  The o b se rv ed  

a b s o r p t i o n  maxima, \ )  max* > and approxim ate  e s t im a t e s  

o f  e x t i n c t i o n  c o e f f i c i e n t s ,  ^  , a re

V  ( cm“ ^ ) ' £max ' S

1 6 ,2 0 0  ^ - 1 0 0

2 1 ,5 0 0  •'V-1100

3 2 ,0 0 0  -^-1200

The f i r s t  o f  th e s e  i s  a s s ig n e d  to  weak d -d  t r a n s i t i o n s  

and t o  more i n t e n s e  c h a r g e - t r a n s f e r  t r a n s i t i o n s *  The 

se co n d  and t h i r d  a re  a s s ig n e d  to  c h a r g e - t r a n s f e r  

t r a n s i t i o n s *

6*3 A n a ly s i s  o f  th e  e .p . r *  s p e c t r a

MnOgdg Save a ^ I‘°ad s i x - l i n e s  spec trum  i n  OClj^ a t  

298 K due to  the  i n t e r a c t i o n s  of one u n p a ire d  e l e c t r o n  

w i th  an  a p p l i e d  m ag ne tic  f i e l d  and w ith  one manganese
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n u c le u s ;  th e  n u c l e a r  sp in -gu an tum  number, I ,  f o r  55mh 

( n a t u r a l  abundance = 10 0 %) i s  5 / 2. T h is  sp e c tru m  

c o u ld  be i n t e r p r e t e d  u s in g  th e  u s u a l  i s o t r o p i c  s p i n  

H a m il to n ia n

~~ So —*— • • •» •  6.1

The v a lu e s  o f  g 0 and AQ o b ta in e d  frcm  the  CCl^ s o l u t i o n  

sp e c t ru m  o f Mn02Cl2 a re  l i s t e d  i n  T able  6 .1 .

The e . p . r .  sp e c tru m  o b ta in e d  from  m a g n e t i c a l ly  d i l u t e  

g l a s s e s  o f MnOgC^ i n  CCl^ a t  77 K i s  shown i n  F ig u r e  6 .1 .

As shown i n  A ppendix  A, e x p r e s s io n s  f o r  th e  ob se rv ed  

r e s o n a n t  f i e l d s  can  be o b ta in e d  u s in g  a  H a m il to n ia n  

o f  th e  fo rm  ^

i l  = £ a H. g .S  + S .A .I  + Q1 [ l ^ - i K l + 1 ) ]

 6 . 2

I t  i s  assumed t h a t  MnC^Clg 1158 C2v sy^ametry, and t h a t
55

th e  p r i n c i p a l  axes o f the  g - t e n s o r ,  the  Mn h y p e r f in e
55i n t e r a c t i o n  t e n s o r ,  A, and th e  ^ Mn n u c le a r  q u ad rupo le

c o u p l in g  t e n s o r ,  Q1, a l l  c o in c id e .  S ince  the  a n a l y s i s

showed t h a t  on ly  the  component Q1 of t h i s  l a s tz z

i n t e r a c t i o n  i s  s i g n i f i c a n t ,  the  s p in —H a m il to n ia n  u se d
17was o f  th e  fo rm  1

£ e [ SxjcHxSx + g-jyF- jSy  + gzzBzs z ]  + A x x V x  + Ayi'SyIy +

AZZSZI Z + Q'z z  [ l z - i l  (1 + 1 ) ]

 6 .3

w here , x , y ,  and z a re  the  p r i n c i p a l  axes o f  th e  g ,  A and Q* 

t e n s o r s .
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The e . p . r .  spec tru m  was a n a ly s e d  by f i t t i n g  i t  to
1 A

c u rv e s  of th e  type  d e s c r ib e d  i n  Appendix C.

SCH’ M a T r r i  Y ^ /2 3 " 1Sm (H) exp [ - ( H '- H ) 2 ^ ) " 1 J  dh
mi =-5/2 H= - oo 1

 S . k

where S ^ C h )  i s  a Kneubuhl f u n c t i o n  and ^  i s  an  

a p p r o p r i a t e  G a u ss ia n  b ro a d e n in g  f a c t o r .  R easonab le  

s e t s  o f  v a lu e s  of ^x ,Hy and Hz f o r  each  v a lu e  of “ x 

c a n  be ta k e n  d i r e c t l y  from  the  e x p e r im e n ta l  spec trum  

and i t e r a t i v e  c o m p u ta t io n a l  p ro c e d u re s  th e n  u se d  to  

o b t a i n  the  b e s t  m atch  of the  d e r i v a t i v e  o f  the  c a lc u ­

l a t e d  f u n c t i o n  S(H*) to  the  o bserved  spectrum . When 

th e  r e s o n a n t  f i e l d  v a lu e s  E^, Hy and Hz o b ta in e d  when 

th e  m a g n e t ic  f i e l d  l i e s  a lo n g  the p r i n c i p a l  x ,y  and 

z d i r e c t i o n s  a re  known, th e n  the  p r i n c i p a l  g -  and A- 

t e n s o r  com ponents , and the  -^Mn n u c le a r  quad rup o le

c o u p l in g  p a ra m e te r ,  Q*, can  be o b ta in e d  from  th e
17 19f o l lo w in g  r e l a t i o n s h i p s  9 which a re  d e r iv e d  from  

g e n e r a l  e q u a t io n  B29 of Appendix B.

Ez  = h v0(g zz  /5e r 1 -  n c (g zz £ e r 1 V i  -

2  o
ho (4 g z z e e ^ or 1 [ 4  + Ay2y ] [ l ( l +1) -  m x ]  ............. 6 .5

Hx  = h  V£)(g xx Ae r 1 - ^ ( g ^ e )  1AxxniI - h c 2 (itgx x Ae i>0 )“ 1 (A2y +

A2zz ) [1 (1 + 1 ) -  

-  ho(2gx x AeAx x ) - 1 a | 2 [2 l(I+ 1  )-2m2 -1 ]  nJj

 6 .6
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where V 0 i s  th e  f req u e n cy  of th e  microwave r a d i a t i o n  

u se d  i n  r e c o r d in g  the  e . p . r .  sp ec tru m , and A - te n s o r  

com ponents a re  i n  u n i t s  o f cm . i s  o b ta in e d  from

6 .6  by in te r c h a n g in g  s u b s c r i p t s  x  and y. The s p i n -  

H a m il to n ia n  p a ra m e te rs  o b ta in e d  i n  t h i s  way a re  l i s t e d  

i n  T ab le  6.1 : a n a l y s i s  shows t h a t  the  s ig n s  of A ^ ,

Ay y and Azz m ust a l l  be i d e n t i c a l .  A spec tru m  computed 

from  6.1+ u s in g  th e se  sp in -H a m il to n ia n  p a ra m e te r s  i s  

shown in  F ig u r e  6 .1 .  A lthough  we have no t in c lu d e d  them 

i n  th e  computed spec trum , weak fo rm a l ly  f o r b id d e n  

t r a n s i t i o n s ,  Amg = -  1 , Am^ = -  1 and &ms = -  1 ,

Am^ = t  2 , can  be se e n  on th e  observed  spec trum  on 

F ig u r e  6 .1 .  T h e i r  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  

a r e  c o n s i s t e n t  w i th  the  p a ra m e te r s  l i s t e d  i n  T ab le  6 .1 .  

The l a r g e  b ro a d e n in g  p a ra m e te r  £  , and the  b ro ad  30 

g a u s s  p e a k -p e a k  l i n e s  observed  i n  d e r i v a t i v e  s p e c t r a  

o b ta in e d  from  t h i s  compound a t  295 K, b o th  i n d i c a t e  

t h a t  th e  u n p a i r e d  e l e c t r o n  i n t e r a c t s  m arkedly  w i th  

t h e  c h lo r i n e  n u c l e i ,  b u t  we have no t been a b le  to  

r e s o l v e  th e s e  s p e c t r a  f u r t h e r .

One o f  the  p r i n c i p a l  components o f the  g - t e n s o r  i s  

l a r g e r  th a n  the  s p in - o n ly  v a lu e ,  a  s i t u a t i o n  u n u su a l
A

i n  d com plexes. T h is ,  as w i l l  be e x p la in e d  l a t e r ,  

i s  shown t o  be due to  r e l a t i v e l y  l a r g e  s p i n - o r b i t  

c o u p l in g  a t  th e  c h lo r in e  a tom s.
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1 6 9 .

6 . 4  E x tend ed  Huckel m o le c u la r  o r b i t a l  c a l c u l a t i o n  

o f  Mn02C l2

As was d e s c r ib e d  in  P a r t  I I ,  i n  o rd e r  t o  u se  th e  

s p in -H a m il to n ia n  p a ra m e te rs  t o  o b t a in  d e t a i l e d  in fo rm a­

t i o n  a b o u t  th e  e l e c t r o n i c  d i s t r i b u t i o n  i n  the  compound, 

e s t i m a t e s  o f  the  v a lu e s  o f  the  s p i n - o r b i t  c o u p l in g  

c o n s t a n t ,  % , and th e  p a ra m e te r  P = 2 .0023

f o r  th e  manganese io n  w ith  th e  a p p ro p r ia te  ch a rg e  and 

c o n f i g u r a t i o n  were needed. S in ce  no e s t im a te s  of th e  

c h a rg e  and c o n f i g u r a t i o n  o f  the  manganese i o n  was 

a v a i l a b l e ,  f o r  compound of t h i s  ty p e ,  an e x te n d e d  

H uckel m o le c u la r  o r b i t a l  c a l c u l a t i o n  was t h e r e f o r e  

c a r r i e d  ou t on th e  Mn02C l2«

The g e n e r a l  p ro ce d u re  u sed  i n  t h i s  c a l c u l a t i o n  i s  

s i m i l a r  to  t h a t  f o r  ReOCl^ d e s c r ib e d  i n  d e t a i l  i n  

P a r t  I I .

20
The m o le c u la r  geometry was assumed to  be a s  m  Cr02'-'l2 •

The Mn-0 d i s t a n c e s  was ta k e n  t o  be 1.57A0 and the  Mn-Cl 

d i s t a n c e s  to  be 2.12A0. The a n g le s  O-Mn-O, O-Mn-Gl and

Cl-M n-Cl were t a k e n  to  be 105° , 109° and 113° r e s p e c t i v e l y .
/

U sing  th e  c o o rd in a te  system  i n  F ig u re  6 .2 ,  m o le c u la r  

o r b i t a l s  i n  t h i s  compound can be d e s c r ib e d  i n  te rm s  

o f  b a s i s  o r b i t a l s  d e r iv e d  from



170 .

.A

X

r-T*

a

a
a©+>
CQ
P>
CO

©
•P

a
•d(4oo
o

CM

VO

©
3to*rl
Pei



171.

i )  th e  3 d , i*s and l+p o r b i t a l s  of th e  manganese io n ,

i i )  c h lo r i d e  i o n  3 s and 3p o r b i t a l s ,

i i i )  ox ide  io n  2s and 2p o r b i t a l s .

I n  the  C2V group  th e se  25 b a s i s  o r b i t a l s  can  th em se lv e s  

be g roup ed  as f o l lo w s :

C la s  s Â  Ap

Manganese io n  Us;2+pz ;3d  2 ;3d  P p 3*
o r b i t a l s  *  -JT

C h lo r id e  i o n  3px (A1 ) ^ ( 3 p x  - 3 ? )  3 p , ( A « ^ ( 3 p y -3p  )
o r b i t a l s  A a  v A B

3Pz (A1 ) 4 (3p z 4+3pzB)A B
3 s ( A i ) ^ ( 3 s a+3 Sb)

Oxide i o n  2px (A l ) ^ . ( 2 p  -2 p  ) 2py (A2 ) ~ ( 2 P y - 2Py )
o r b i t a l s  A B A a

2p z (Al ) = ^ ( 2 p Za +2PZb)

2s (Â  ) ( 2sa+2sb )

®2

Manganese io n  3d2 Z>^PX - ^ y z ’^ y
o r b i t a l s

1 1 
C h lo r id e  i o n  3px (B1 )=^(3px  +3p„ ) 3py ( B2 ) ^ i ( 3 p  +3Py )

o r b i t a l s  A A . n

3p z (bi ) ^ ( 3 p Za - 3 p Zb )

3 S( B1 )=^g(3sA -  3 s b )

Oxide i  on 2px  (B.,) = 1  (2px  +2p ) 2py (Bg) = i  (2p +2p )
o r b i t a l s  . A h  a  .d

2PZ(B1> = ^ f 2Pz - 2 PZ )A Jd 

2 s (B-j) =>/§’(2 sa “ 2sb  )
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S l a t e r - t y p e  a tom ic  o r b i t a l s  o f  the  k i n d  d e s c r ib e d  by 
21 22C usachs e t  a l .  9 were u sed  to  e s t im a te  o v e r la p  

i n t e g r a l s  be tw een b a s i s  o r b i t a l s  i  and j .  These 

a re  s i n g l e  ex p o n en ts  o f  the  form  N r n“ 1 e ” where

n i s  th e  p r i n c i p a l  quantum number and 4  i s  th e  

o r b i t a l  e x p o n e n t .  The chosen  v a lu e  2 1 >23,24 ^

f o r  v a r i o u s  atoms a re  g iv e n  below

Mangane se 4s n = 4 4  = 1 .3 6

4p n = 4 4  = 0 . 8 0

3d n = 3

CMCM•CMII

C h lo r in e 3 s n = 3 4  =  2 . 2 0

3p n = 3 4  = 1 • 8 2

Oxygen 2s n = 2 t>  =  2 . 2 0

2p n = 2 4  = 1 . 9 5

The g roup  o v e r la p  i n t e g r a l s  o b ta in e d  u s in g  th e s e  v a lu e s

a r e  l i s t e d  i n  Table  6 .2 .  The coulomb i n t e g r a l s ,

were s e t  e q u a l  to  the  v a le n c e  s t a t e  i o n i s a t i o n  p o t e n t i a l s

o f  th e  a p p r o p r i a t e  b a s i c  a to n i c  o r b i t a l s ,  i o n i s a t i o n
- 2 -p o t e n t i a l s  f o r  01 and O o r b i t a l s  b e in g  d e r iv e d  from

d a t a  g iv e n  i n  r e f e r e n c e  2 5 , and i o n i s a t i o n  p o t e n t i a l s

f o r  c e n t r a l  m e t a l - i o n  b a s i s  o r b i t a l s ,  c o r r e c t e d  to  ta k e
25c h a rg e  and c o n f i g u r a t i o n  e f f e c t s  i n t o  accoun t , b e in g  

o b ta in e d  by th e  m ethods d e s c r ib e d  i n  r e f e r e n c e  25*

The re s o n a n c e  i n t e g r a l s ,  were e v a lu a te d  u s in g  th e
26W o lfsb e rg -H e lm h o ltz  a p p ro x im a tio n

Hi j  = 0 , 8 5  (Hi i  +   6 , 7
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and  th e  s e c u l a r  e g u a t io n s  d i a g o n a l i s e d  u s in g  s t a n d a r d  

t e c h n iq u e s .  The computed atom c h a rg e s  and o r b i t a l  

p o p u la t i o n s  were th e n  us6d to  e s t im a te  new v a lu e s  

and  th e  c y c le  of c a l c u l a t i o n s  th e n  r e p e a t e d  u n t i l  th e  

i n p u t  and o u tp u t  charge  a s s o c i a t e d  w i th  each  atom 

c o in c id e d .

The m ost im p o r ta n t  r e s u l t s  of th e  m o le c u la r  o r b i t a l  

c a l c u l a t i o n s  of MnO^C^ a re  l i s t e d  below

1 . The f i n a l  e s t im a te d  e l e c t r o n i c  c o n f i g u r a t i o n  and 

c h a rg e  a t  the  manganese io n  tu rn e d  out to  be

Mn ( ................3d5 *821 4s0 *357 l+p°*336) and + 0.i*86

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

u n i t s  o f  th e  p r o to n  charge  i s
i

Atom Mn 0 Cl

Charge +0.486 -0*708 +0.465

The f i n a l  e ig e n v a lu e s  and e ig e n f u n c t io n s  a re  l i s t e d  

i n  T ab le  6 .3  and the  r e s u l t a n t  energy l e v e l  d iag ram  

i s  shown i n  F ig u re  6.3*

2 . The u n p a i r e d  e l e c t r o n  i s  in  th e  a n t ib o n d in g

m o le c u la r  o r b i t a l  , numbered 17> i n  F ig u re  6 .3  and

s t a r r e d  i n  T ab le  6 .3 .  T h is  o r b i t a l  i s  compounded ou t

o f  th e  d 2» d o o o r b i t a l s  o f  m anganese, 3pz o r b i t a l  
2 x ^ -y ^

o f  c h lo r i n e  and 2pz o r b i t a l  of oxygen, and i t  i s  ab o u t 

55$ d e l o c a l i s e d  on t o  the  c h lo r in e  atoms.
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F ig u r e  6 .3 .  M o lecu la r  o r b i t a l  e n e r g y - l e v e l  
d iag ram  f o r  MnOgOlg. A, m e t a l - i o n  o r b i t a l s ;
B, m o le c u la r  o r b i t a l s ;  and C, l ig a n d  o r b i t a l s *



3* Knowing th e  i o n i c  charge  and the  c o n f i g u r a t i o n  o f  

th e  manganese io n ,  the  v a lu e s  of P and th e  s p i n - o r b i t  

c o u p l in g  c o n s t a n t  S , f o r  manganese i n  MnC^CJ^ can

now be e s t im a te d *  The p l o t  o f  th e  f r e e  i o n  v a lu e s  o f
27th e  s p i n - o r b i t  c o u p lin g  c o n s t a n t s  , f o r  manganese 

i o n s ,  a g a i n s t  the  c h a rg es  on th e  i o n s ,  shown i n  F ig u re  

6 . 1+ shows t h a t  f o r  manganese io n  w i th  a charge  of 0 . 1+86 

and  a c o n f i g u r a t i o n  3 £  = 212 cm""^. F o r  

manganese ( 0 ) i n  a  3 d c o n f i g u r a t i o n  $ = 190  cm~^;
c 2

f o r  m anganese ( 0 ) i n  a 3 d Us c o n f i g u r a t i o n ,  $ =
—1293 cm , P rom oting  of an  e l e c t r o n  from  a 3d t o  a

Us o r b i t a l  t h e r e f o r e  i n c r e a s e s  % by 52 cm” and

hence  p ro m o tin g  0 *7  o f  an e l e c t r o n  from Mn+^ * ^ ^
(3 d 6 *5-<8) t o  Mn+0.i;86 ( 3 d5.821 ^ 0 . 3 5 7  ^ 0 . 3 3 6 )

4  —1 *1
i n c r e a s e s  5 by 36 cm to  21+S cm”  . F ig u re  6 .5

shows a  p l o t  of ^  a g a i n s t  P f o r  v a r io u s  io n s  ^7*28

of m anganese, from  which i t  can  be seen  t h a t  th e  v a lu e

of P c o r re s p o n d in g  to  $  = 21+8 cm”  ̂ i s  0 .01 72  cm” ^ .

Thus th e  v a lu e s  o f  5 p  f o r  manganese io n  i n

MnOgClg a re

S = 2U8 cm

P = 0 .01 72  cm"*1

6 .5  E q u a t io n s  r e l a t i n g  th e  sp in -H a m il to n ia n  p a ra m e te r s  

t o  th e  m o le c u la r  o r b i t a l  c o e f f i c i e n t s  i n  Mn02C l2

As can  be se en  from th e  m o le c u la r  o r b i t a l  energy  

l e v e l  d iag ram  the  u n p a ire d  e l e c t r o n  i s  in  the  a n t ib o n d in g  

A-j m o le c u la r  o r b i t a l .  The g e n e r a l  form of th e  Â  o r b i t a l
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18 2 .

c o n s i s t s  of a l i n e a r  co m b in a t io n  of th e  t e n  b a s i s  

o r b i t a l s  w hich b e long  to  t h i s  r e p r e s e n t a t i o n ,  b u t  

i n  f a c t  our m o le c u la r  o r b i t a l  c a l c u l a t i o n s  show t h a t  

i n  t h i s  p a r t i c u l a r  compound on ly  c o n t r i b u t i o n s  from  

th e  m e ta l  io n  d^ 2  2 an(  ̂ ^z2 o r b i t a l s  and from  th e
%r

c h l o r i d e  io n  3pz and the  oxide i o n  2pz o r b i t a l s  a re  

im p o r ta n t .  I f  the  s p i n - o r b i t  c o u p l in g  i s  ig n o re d  

t h e n  t h i s  m o le c u la r  o r b i t a l  h a s  the  form

Y ( V

I t  can  be shown t h a t  s p i n - o r b i t  c o u p lin g  a t  th e  c e n t r a l  

m e ta l  io n  and a t  th e  c h lo r id e  io n s  c au se s  c o n s id e r a b le  

m ix in g  o f  two k in d s  of e x c i t e d  s t a t e  i n t o  the  ground  

s t a t e  of t h i s  m o le cu le :  th ese  e x c i t e d  s t a t e s  a r e

p ro d u ce d  e i t h e r  by p rom oting  th e  u n p a i re d  e l e c t r o n

i n t o  th e  empty a n t ib o n d in g  o r b i t a l s  o f  B,j , B2 o r  A2
¥■

symmetry which l i e  im m ed ia te ly  above Y (A 1 ) i n

F ig u r e  6.3> or by prom oting  an e l e c t r o n  i n t o  t h i s

y u , ) o r b i t a l  from the  f i l l e d  bonding o r b i t a l s  o f
*

B.j , B2 or A2 symmetry ly in g  im m edia te ly  below Y  (A ^). 

F u r th e rm o re ,  only m ix ing  of the  m o le cu la r  o r b i t a l s  

l i s t e d  i n  T ab le  6 .3  as 11, 1 2 ,1 3 ,1 6 ,1 8 ,1 9  and 20 

need  be c o n s id e r e d  i n  t h i s  c o n te x t .  Wave f u n c t i o n s  

f o r  th e s e  o r b i t a l s  may be w r i t t e n  i n  th e  f o l lo w in g  

form

-  * 1  ( adx 2_y2 * bdz 2 ) + * /  ^3pz (A1 ) +

« V 1 1 ) 6 .8



1 8 3 .

Y ( a , )  = ^ d xz +/51( I V X +

I f  t h e  m a t r ix  e lem en ts  o f  th e  s p i n - o r b i t  c o u p l in g  a t  

th e  m anganese and c h lo r id e  i o n s ,  p lu s  the  t r u e  Zeeman 

and  h y p e r f in e  i n t e r a c t i o n s  a re  now e q u a te d  to  th e  

c o r r e s p o n d in g  m a t r ix  e lem en ts  o f the  s p in -H a m il to n ia n  

a s  d e s c r ib e d  i n  Appendix A th e n  th e  fo l lo w in g  r e l a t i o n ­

s h i p s  f o r  th e  p r i n c i p a l  components o f the  g -  and A-
29t e n s o r s  may be deduced from s t a n d a r d  p e r t u r b a t i o n  th e o ry  .

 . 6 .1 0

Where m o le c u la r  o r b i t a l s  12 and 19 c o n t r i b u t e  to  th e  sum 
and th e  p o s i t i v e  s ig n  r e f e r s  t o  o r b i t a l  12 , and th e

, o f
g ^ .  = 2 .0023 ±

|a e (b2 )|
[(a+ b  7 3 ) ° ^  +

n e g a t iv e  s i g n  to  o r b i t a l  19i

*( Doc,
( I )  ( I I I )  
1 $1

6.11
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Where m o le c u la r  o r b i t a l s  11 , 13 and 20 c o n t r i b u t e  to  

th e  sum, the  p o s i t i v e  s i g n  r e f e r r i n g  to  o r b i t a l s  11

and 1 3 , and th e  n e g a t iv e  s i g n  to  o r b i t a l  20,

■ « , ,  -  * .0 0 0  -

• • • • •  6*12

where th e  f i r s t  term  i n  th e  b r a c k e t  i s  c o n t r i b u t e d  by

o r b i t a l  18 , and the  second by o r b i t a l  16. Pmd(A2 ) i s

th e  m e t a l - i o n  d o r b i t a l  p o p u la t io n  i n  Y (A 2 ) ,  and 

^Mn , ^C1 a re  ^iie s p i n - o r b i t  c o u p lin g  c o n s t a n t s  o f

m anganese and c h lo r id e  io n s .  The h y p e r f in e  t e n s o r

com ponents a re  g iv e n  by

Axx  = P [ -  K + f  (a 2-b 2 ) ( <  ) 2 -  i i_ ^ (a b )(c (;  )2+(gxx-  .

2 .0 0 2 3 )

+ k  { S t ^ (2 - 0023 -  gy p  -  7  i  ^ 0 0 2 3 ~  gz z ) ]

 6 .1 3

A yy  = P [-K  + |  ( a 2- b 2 X « * ) 2+ ^ ( a b ) ( « ' 1' ) 2+ (g y y -2 .0 0 2 3 )

+ l - p 8-  blp ) ( 2 . 0 0 2 3 - g ^ )  + i  | ( 2 .0 O 2 3 - g  ) ]
1zK a + b /3 )  n  7 a  zz  j

 6 .1 4

r 2i / 2 ,_2W * ,2  1 (3a+ b\ f3) / 0 nnQ7 \
Azz = p K -  7 ( a  " b  )(0<' ) “  T4 (i T ^ b T ^ )  *  3 _ syy

-  i u  j i a + 1 9 ) ( 2 *0023 " Sxx) + ( gz z - 2 - 0023)]
 6 .1 5

< A >  = -  PK -  [2 .002 3  -  < g > ]  P   6 * 16
-J

Where < g >  = ^  (&xx + % y  + ^zz^ an^ = 3 (Ax x +Ayy+Az z '

 6 .1 7
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-  PK i s  th e  i s o t r o p i c  c o n t r i b u t i o n  to  the  h y p e r f in e  

c o u p l in g  a r i s i n g  from the  Ferm i c o n ta c t  i n t e r a c t i o n .

6 .6  M o le cu la r  o r b i t a l  c o e f f i c i e n t s  and bond ing  i n  MnC^Cl^

I t  fo l lo w s  im m edia te ly  from  e q u a t io n  6 .1 2  t h a t  th e  

v a lu e  of g22 f o r  d^ complexes o f t h i s  type  m ust alw ays 

be l e s s  th a n  2 .0023 and t h i s ,  combined w i th  the  u n e x p ec t­

e d ly  l a r g e  g - t e n s o r  component o f  2.031 o b ta in e d  i n  

a n a ly s in g  the  77 K sp ec trum , f o r c e s  us to  a s s i g n  th e  

m ag n i tu d es  of th e  p r i n c i p a l  t e n s o r  components t o  th e  

p r i n c i p a l  d i r e c t i o n s  shown in  Table  6 .1 .

The i s o t r o p i c  h y p e r f in e  c o u p lin g  c o n s ta n t  AQ o b se rv ed  

i n  th e  298 K e . p . r .  spec trum  of MnOgClp shows t h a t  th e  

manganese io n  o r b i t a l s  c o n t r i b u t e  a p p re c ia b ly  t o  th e  

m o le c u la r  o r b i t a l  Y*(A^ ) which c o n ta in s  the  u n p a ire d  

e l e c t r o n .  E q u a t io n s  6 .13  -  6 .1 5  show t h a t  th e  p r i n c i p a l  

v a lu e s  o f th e  manganese h y p e r f in e  i n t e r a c t i o n  t e n s o r  

i n  th e  r i g i d  m o lecu le  can n e v e r  be i d e n t i c a l ,  and 

t h e r e f o r e  the  v a lu e  of ^yy» an(  ̂ ^ z z  o b ta in e d  by

a n a ly s in g  th e  77 K e . p . r .  spec tru m , and l i s t e d  i n  

T a b le s  6 .1 ,  m ust be th o se  a p p ro p r ia te  to  the  m o lecu le  

u n d e rg o in g  r o t a t i o n  about i t s  X -a x is .  The m ag n itu d es  

of th e  ^ M n  i s o t r o p i c  h y p e r f in e  c o u p lin g  c o n s t a n t ,  AQ, 

and of the  h y p e r f in e  t e n s o r  components A ^  and (Ayy+Az z )

i n  MnOgClo a re  p r o p o r t i o n a l  to  the  h y p e r f in e  t e n s o r
9— 15'com ponents f o r  MnO^“ doped i n t o  BaSO^ • Hence th e

p r i n c i p a l  v a lu e s  o f  th e  manganese h y p e r f in e  i n t e r a c t i o n



t e n s o r  f o r  r i g i d  MnC^Cl^ a re  th o se  l i s t e d  in  th e  second

row of T ab le  6.1 and the  f re q u e n c y  of th e  m o tion  which

a v e ra g e s  th e  s p in -H a m il to n ia n  p a ra m e te r s  g and g ,yy zz
Ayy and Az z , a t  77 K must be g r e a t e r  th a n  250 x 10^ Hz.

V a lu e s  o f  K and o f  the  c o e f f i c i e n t s  o f  d 2 2* d o m e ta l
# x -y  z 2

o r b i t a l s  a  and b r e s p e c t i v e l y ,  and which i n d i c a t e

th e  d e g re e  o f  d e l o c a l i s a t i o n  o f  th e  u n p a ire d  e l e c t r o n  i n  

t h i s  compound, in v o lv e d  i n  th e  m o le c u la r  o r b i t a l  Y (A ^) 

e s t im a t e d  from  e q u a t io n  6 .1 3  -  6 .1 7  a re

K

0 .5 2 7

The r e l a t i v e  s ig n s  o f  the  c o e f f i c i e n t s  a and b canno t be 

d e te rm in e d  d i r e c t l y  from  the  p a ra m a g n e tic  re so n a n c e  d a ta  

b u t  H uckel c a l c u l a t i o n s  show t h a t  a and b a re  b o th  

n e g a t iv e .  I n  Mn02Cl2 th e  u n p a ire d  e l e c t r o n  l i e s

e s s e n t i a l l y  in  th e  m e t a l - i o n  3 d 2 2 o r b i t a l*  m ixed
x  -y

w i th  a sm a ll  amount (8$) of th e  3d o o r b i t a l ,  and i t2
i s  s t r o n g l y  (5 5 /0  d e lo c a l i s e d  on t o  the  l ig a n d s .  S in c e  

we have  n o t  b een  a b le  to  r e s o lv e  c h lo r i n e  h y p e r f in e  

s p l i t t i n g  i n  th e  e . p . r .  spectrum  we cannot e v a lu a t e  th e  

c o e f f i c i e n t s  and i n  6 .8  from  our m ag ne tic

re s o n a n c e  d a ta .  The m agne tic  re so n an ce  d a t a  show t h a t  

th e  m o le c u la r  o r b i t a l  model d e s c r ib e d  i n  6 . 4  o v e r­

e s t i m a t e s  th e  3d 2 c o n t r i b u t i o n  to  Y *(V ) and u n tte r -z 1
e s t i m a t e s  th e  3d q 2 c o n t r i b u t i o n .

x  -y

I a  | 

0.96

Ibl

0 .28

* !

0 .6 7
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C h a r g e - t r a n s f e r  t r a n s i t i o n s  make im p o r ta n t  c o n t r i b u t i o n s

t o  th e  g - t e n s o r  components i n  t h i s  compound and r e s u l t

i n  to o  many v a r i a b l e s  i n  e g u a t io n s  6 -10  -  6 .1 2  t o  e n a b le

them to  be u sed  to  o b ta in  un igu e  s o l u t i o n s  f o r  th e

c o e f f i c i e n t s  i n  th e  m o le c u la r  o r b i t a l s  6.9« However,

u se  of th e  m a g n e tic  re so n an ce  e s t im a t e s  of a , b ,  and

and th e  H u c k e 1 - c a lc u la t io n  e s t im a t e s  o f  th e  o th e r

c o e f f i c i e n t s  in v o lv e d  i n  6 .1 0  -  6 .1 2  r e s u l t s  i n  e s t im a te s

o f  th e  p r i n c i p a l  g - t e n s o r  components o f  gYY = 2 .0 1 ,  g = 2 .0 1 ,yy
and g2Z = 1 . 9 8  f o r  th e  r i g i d  m o le cu le .  The v a lu e s  of

1
gyy a re  u n u s u a l ly  l a r g e  f o r  a d complex as a r e s u l t  o f

c h a r g e - t r a n s f e r  m ix ing  caused  by the  r e l a t i v e l y  l a r g e

s p i n - o r b i t  i n t e r a c t i o n s  a t  th e  c h lo r in e  atom s. The

g - t e n s o r  components can on ly  be r a t i o n a l i s e d  by l a b e l l i n g

th e  p r i n c i p a l  axes  d i r e c t i o n s  as i n  T able  6 .1 and by

p l a c i n g  the  u n p a i re d  e l e c t r o n  i n  a m o le c u la r  o r b i t a l

d e r i v e d  from  the  manganese 3d^2 2 o r b i t a l .  The m o le c u la r

o r b i t a l  c a l c u l a t i o n s  show t h a t  i f  the  u n p a ire d  e l e c t r o n

i s  i n  a  m o le c u la r  o r b i t a l  d e r iv e d  from the manganese

3d  p o r b i t a l  th e n  the  p r i n c i p a l  v a lu e s  o f  the  g - t e n s o r  
z r

i n  t h i s  compound can n e v e r  be g r e a t e r  th an  the  s p in -o n ly  

v a lu e .  S i m i l a r  r e a s o n in g  may p ro v id e  a gu ick  m ethod o f  

i d e n t i f y i n g  the  m e t a l - i o n  o r b i t a l  in v o lv e d  i n  o th e r  

t e t r a h e d r a l  d complexes when th e r e  a re  r e l a t i v e l y  l a r g e  

s p i n - o r b i t  i n t e r a c t i o n s  a t  th e  l ig a n d s ,  and hence  may 

p ro v id e  a  method of d i s t i n g u i s h i n g  those  complexes where 

th e  t e t r a h e d r o n  i s  d i s t o r t e d  by e x te n s io n  a lo ng  th e  z - a x i s ,  

f rom  o t h e r s  i n  which i t  i s  compressed i n  t h i s  d i r e c t i o n .
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Thus th e  m o le c u la r  o r b i t a l  and m agne tic  re so n an c e  r e s u l t s

c o r re s p o n d  i n  t h a t  the  u n p a ire d  e l e c t r o n  l i e s  i n  an

o r b i t a l  of A-j symmetry and i s  s t r o n g ly  d e l o c a l i s e d  on

t o  th e  l i g a n d s .  They a l s o  e s s e n t i a l l y  ag ree  on th e

t o t a l  c o n t r i b u t i o n  of the  m e ta l  io n  to  t h i s  o r b i t a l

b u t  th e  m o le c u la r  o r b i t a l  c a l c u l a t i o n  o v e re s t im a te s

th e  c o n t r i b u t i o n  of the  3d 2 b a s i s  o r b i t a l  and u n d e r—
z

e s t i m a t e s  th e  c o n t r i b u t i o n  of th e  3 d p o b a s i sx  —y^
o r b i t a l .  I t  t h e r e f o r e  a p p e a rs  t h a t  t h e r e  a re  

s i g n i f i c a n t  d i f f e r e n c e s  i n  th e  s t r u c t u r e s  C rO gC ^ and 

MnOgCl^j th e  l ig a n d s  i n  th e  l a t t e r  b e in g  c l o s e r  to  

th e  m o le c u la r  z - a x i s .

: \

/



6 . 7  Summary of  P a r t  VI

X-Band e .p .  r .  s p e c t r a  of m a g n e t i c a l ly  d i l u t e  

s o l u t i o n s  of MnO^Clg i n  CCl^ have b e e n  r e c o rd e d  a t  

77 K and 298 K and a re  a n a ly se d  i n  d e t a i l .  The 

s p i n - o r b i t  c o u p l in g  c o n s t a n t ,  and the  p a ra m e te r  P

f o r  th e  manganese io n  in  t h i s  compound a re  e s t im a te d  

t o  be 248 and 0 .0172  cm-1 r e s p e c t i v e l y .  A t 77 K,

MnOgGlg r o t a t e s  about i t s  x - a x i s  i n  CCl^ s o l u t i o n .

S p in -H a m il to n ia n  p a ra m e te rs  a re  l i s t e d  f o r  298 K, 

f o r  77 K, and f o r  the  r i g i d  m o le c u le ,  and a re  e q u a te d  

t o  th e  a tom ic  o r b i t a l  c o e f f i c i e n t s  i n  th e  m o le c u la r  

o r b i t a l s  in v o lv e d  i n  bonding i n  t h i s  m o lecu le .  The

u n p a i r e d  e l e c t r o n  l i e s  i n  th e  m e ta l  i o n  3d p 0 o r b i t a l
x  -y ^

m ixed  w i th  a sm a l l  amount (8$) of th e  3d 2 o r b i t a l ,  and 

i t  i s  s t r o n g l y  (55$) d e lo c a l i s e d  on t o  th e  l i g a n d s .

One of the  p r i n c i p a l  components of the  g - t e n s o r ,  gx x , 

i s  l a r g e r  th a n  th e  sp in -o n ly  v a lu e ,  a s i t u a t i o n  u n u su a l
•j

i n  d com plexes. T h is  i s  shown to  be due to  r e l a t i v e l y  

l a r g e  s p i n - o r b i t  c o u p lin g  a t  the  c h lo r in e  atoms. I t  

i s  p o in te d  out t h a t  p r i n c i p a l  v a lu e s  o f  the  g - t e n s o r  

may be u sed  to  d i s t i n g u i s h  d i s t o r t e d  t e t r a h e d r a l  

com plexes which a re  s t r e t c h e d  a long  t h e i r  z - a x i s  from 

th e  c o r re s p o n d in g  complexes com pressed i n  t h i s  d i r e c t i o n ,  

p ro v id e d  t h a t  s p i n - o r b i t  i n t e r a c t i o n s  a t  th e  l ig a n d s  

a r e  r e l a t i v e l y  l a r g e .
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APPENDIX A 

THE SPIN HAMILTONIAN

The s p in -H a m il to n ia n  i s  an  a r t i f i c i a l  c o n c e p t ,  
s i n c e  the  t r u e  H a m il to n ia n  sh o u ld  c o n ta in  o r b i t a l

a n g u la r  momentum o p e r a to r s  as w e l l  a s  s p in  o p e r a t o r s .

The ad v an tag e  of th e  s p in - H a m il to n ia n ,  which was
-j

f i r s t  in t r o d u c e d  by Abragam and P ry ce  , i s  t h a t  a 

com ple te  d e s c r i p t i o n  o f  th e  e x p e r im e n ta l  d a t a  c an  

be  p r e s e n t e d .  F o r  th e  sys tem s d i s c u s s e d  i n  t h i s  

w ork , th e  form  of th e  s p in -H a m il to n ia n  can  be d e v e l ­

oped a s  f o l lo w s :

2 7( a )  The Zeeman I n t e r a c t i o n

K ram ers1 theorem  ^  s t a t e s  t h a t  a  p u re ly  e l e c t r o ­

s t a t i c  f i e l d  a c t in g  on a system  w ith  an  odd number 

o f  e l e c t r o n s ,  can  n e v e r  redu ce  the  g en eracy  below two. 

T h e re fo re  the  ground s t a t e  of a m o lecu le  w i th  one 

u n p a i r e d  e l e c t r o n  i s  a s p in  d o u b le t .

L e t  th e  g round  s t a t e  w a v e fu n c tio n  i n  the  absence  

o f  s p i n - o r b i t  c o u p l in g  and be r e a l  wave-

f u n c t i o n s  w i th  no o r b i t a l  m ag n e tic  moment. S p i n - o r b i t  

c o u p l in g  c a u se s  c o n s id e r a b le  m ixing  o f  th e  c h a r a c t e r s  

o f  e x c i t e d  s t a t e s  and i n  the  g round  s t a t e

w a v e fu n c t io n s ,  and i t  l e a d s  to  a r e i n t r o d u c t i o n  of a  

c e r t a i n  amount o f o r b i t a l  param agnetism . The s p i n -  

o r b i t  c o u p l in g  H a m il to n ia n  h as  the  form

S^LS ~ ^ = 5 ^LzSz + LxSx + LySy) ..........
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where § i s  th e  s p i n - o r b i t  c o u p l in g  c o n s t a n t .  The new g round  

s t a t e s  w a v e fu n c t io n s ,  which a re  s t i l l  d e g e n e ra te ,  may be 

d e te rm in e d  by f i r s t - o r d e r  p e r t u r b a t i o n  th e o ry .

•I +> ^1Ly !<f>o>)j»n a \
m  En - E o n  « Kn - B 0

•I - >  =l ^0^ > .  1 ^ .°) | ^ >  -  m A |l * " 1Ly 1(i)3
Z.  E -  E' n o  •— S n “  B.n n 11 0

A2

A m a g n e tic  f i e l d  w i l l ,  however, r e s o lv e  t h i s  d e g e n e ra c y ,  

and th e  t r u e  fo rm  of th e  Zeeman H a m il to n ia n  i s

= £ eHz<geSz * Lz )+ W geSy+V +*eHx<g9Sx +Lx> 

 A3

where gQ i s  th e  g v a lu e  f o r  th e  f r e e  e l e c t r o n  and i s  e q u a l  

t o  2 .0 0 2 3 2 .

T h is  H a m il to n ia n  h as  the  fo l lo w in g  m a t r ix  e le m e n ts :  

<'+ l ^ | +> = ^ e [<+ |g9S2+Lz | +>Hz +<+|geV Ly l+>Hy+<+ lse£V  +

i + y

<+l^z h > =  fSe [<+ |geSz +LZ |- > Hz +<+|geSy+Ly |- >  Hy +<+ M x  +

Lx I ->  Hx]

<-*#z |+>= Pe [X“ |g0Sz+Lzl +) Hz lgeSy+Lyl +'> Hy+ -̂  lgeSx +

Lx I +> Hx]

(~^z \~y = £ e [<C- |ges z+I,z l -  ̂ Hz + “̂ !gesy+Ily Hy + “̂ lgeSx +

Lx I ->  Hx ]

. . . .  Ai+



By e v a l u a t i o n  and com parison  o f  th e s e  m a t r ix  e le m e n ts  

and by u s in g  the  H erm itean  p r o p e r ty  o f a n g u la r  momentum 

o p e r a t o r s ,  th e  fo l lo w in g  s u b s t i t u t i o n s  can  be made

^ + l s a s j  + L3 l +>  = -  <C“  I e©s j  + L j l  - >  = i  g j z

O  I Ses d + Ld I +>  = <* I 8es d + Lj  I - >  = ? ( g j x + 1  ®jy)

 A5

These s u b s t i t u t i o n s  a re  made from  knowing t h a t  d ia g o n a l  

m a t r ix  e le m e n ts  r e p r e s e n t  the  e x p e c ta t i o n  v a lu e  of the  

r e a l  v a r i a b l e  and so m ust be r e a l ,  w h ile  th e  o f f -  

d i a g o n a l  m a t r ix  e lem en ts  may be im ag in a ry .

The m a t r ix  e le m e n ts  o f  the  H a m ilto n ia n  th u s  become 

^ +l^ z  \ * ” 2 ^za^e?2  + 2 gyz £ e^y + 2 ^>xz ^ e ^ x

< ♦ 1 * . I ^ ( gzx~l g zy^ ^ e Hz +2^ yx- i g y ^ ) ^ QHy+^ g^ _ ig ^ ) ^ Ĥ

< - | t f z |+ >  = i  (^ zx +^®zy^ ^ e ^ z +2^ y x + i% y ^ e ^ y +2^ x x + i%:y^^e^x

l « J - W  gzz ^eHz “  ̂ gyz ^eHy ~ 2 gxz ^eHx ^« • • « «Ad

The m a t r ix  e lem en ts  a re  e x a c t ly  the  same as th o s e  which 

would be o b ta in e d  by d e f in in g  a f i c t i t i o u s  s p in  o p e r a to r  S 

w hich  would a c t  on the  s t a t e s  1+^ and I —̂  i n  th e  same 

way as  th e  t r u e  s p in  o p e ra to r  a c t s  on the  o( and )3 s t a t e s ,  

and by u s in g  a H am il to n ian  of the  form

p e =  £ e g .  g. s   ^

where g i s  a second ran k  ten so r*



195

E x p r e s s io n s  f o r  th e  Zeeman energy  o f  the  sy s tem  th u s  

c an  be o b ta in e d  by c o n s id e r in g  f i r s t  the  s t a r t i n g  s t a t e s  

t o  be pure  s p i n  s t a t e s  and by u s in g  a H a m il to n ia n  

c o n ta in i n g  on ly  s p in  o p e r a to r s ,  hence the  s p in  H a m il to n ia n ,

I n  g e n e r a l  i t  i s  p o s s ib l e  to  o b t a i n  e x p r e s s io n s  f o r  t h e  

g - t e n s o r  by comparing the  e lem en ts  of the  s p in -H a m il to n ia n  

w i th  th o se  o f  th e  t r u e  H am ilto n ian .

* . t u  - .  s  r < h l h L £ £ M * JMj e e ” i j  w * -  e
n o

. . . .  AS

where g ^  = 8 ^  from  th e  H erm itean  p r o p e r t i e s  o f  th e  

a n g u la r  momentum o p e r a to r s ,  i . e .  the  g - t e n s o r  i s  sym m etric .

p
( b )  The H y p e rf in e  I n t e r a c t i o n

The m ag n e tic  h y p e r f in e  i n t e r a c t i o n s ,  as n o te d  e a r l i e r ,  

a r i s e  i n  t h r e e  g u i te  d i s t i n c t  ways.

1 . The Ferm i c o n ta c t  i n t e r a c t i o n  which i s  g iv e n  by th e  

H a m il to n ia n

U  t  t  ~  8 e  £ - 2  • • • •  A 9c o n ta c t  3

2 .  The s p i n - d i p o l a r  i n t e r a c t i o n  be tw een  th e  m ag n e tic  

moments o f  th e  e l e c t r o n  and the  n u c le u s  which i s  

r e p r e s e n te d  by th e  H am il to n ia n

$ J S I  = -  ge gN [ r2 S . I  -  3 ( S . r ) ( r .X ) ] r -5

. . . .  A10



T h is  H a m il to n ia n  can  be expanded to  g iv e

U  = r"3P* [ s zI z (3  coa2 0 -1 )+ S XI X(3  s in 2 S c o s2 «!) -  1 ) +
SI 

S y ly (3  s in 2 0 s in 2 <f> -  1 ) + 3 S^I s in 2 0

x  s i n  0 c o s0  + 3IzSx  c o s 6 sinG  c o s0  +

23 S y l^ s in  0 s i n 0  co s  0 + 3  Sz Ix s i n 0 c o s0 co s  0

+ 3 SyXz sinG  cosfi s in 0  + 3 Sz I y sinG c o s 0 s i n 0 ]

P* .  2 .0023  gN /5e \ ......................................................  A11

where 0  and 0  are p o la r  coord in a te  fo r  the e le c tr o n  

r e fe r r e d  to  the n u cleu s a t  [  0 , 0 , 0  J .

3* The o r b i t a l - d i p o l a r  i n t e r a c t i o n  be tw een  th e  m ag n e tic  

moment o f th e  n u c le u s  and the  e le c t ro n *  s o r b i t a l  moment

w hich i s  g iv en  by the H am iltonian

= 2 g  0 /S r" 3 L. I .....................................................  A12
LI N e N “  “

A l l  th e s e  i n t e r a c t i o n s  can  be combined to  g i v e ,  f o r  t h e  

t o t a l  h y p e r f in e  e n e rg y ,  th e  form

£ £  = AjjI jj ♦ Ay*y + V .

. . . . .  A13

whs r e
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A* = r~3 p '  r 3 Sz  + (3  coe2 $ a i n 2 e - 1 ) 3 ^  +

2 -j
3 s i n  0 s i n 0  c o s 0  Sy + 3 s i n 0  c o s 0  c o s 0  Sg+I^J

■p r 7 2 2
Ay = r"°p »  L J "  6 ( r ) r  Sy + (3  cos  6 s i n  0 - 1 )  Sy +

2
3 s i n  0 s i n  0 c o s 0 Sx  + 3 s in G  c o s 0  s i n 0  Sz +Ly]

• • • • A1h

Az = r~ ^ P f [ ^ “  &(**) r 3 Sz + (3  cos2 0 - 1 )  Sz + 3 c o s0  s i n 0

co8 0 S x  + 3 s in G  c o s 0  s i n 0  Sy + X»z ]

S in c e  th e  H a m il to n ia n  now c o n ta in s  n u c le a r  s p in  o p e r a t o r s ,  

t h e  b a s i c  f u n c t i o n s  a re  now o f  th e  form  | +, m^> and I •

The m a t r ix  e le m e n ts  th u s  have the  form

<f +,m1 | # |  + fmj > =<+,1^ |AyIy | + ,m;J> + <+,mI  lAzlJ+ ,m J>

<+,niI lWl-»m3; > =<+pmI |Ax Ix l-,m^> + <,+,mI |AyIy |-,m*>+<+,mI |A2Izl - ,  mj.)

^ - , m j | ^ |  +,m^ y =<C“ >mj  |AxIx  l+ , mj )  + <r ,>m̂  |AyIy | + ,n i j )+ ^ - ,m ^ |A ^ |

, m j l ^ l - , m j y ^ + I

 A15

By u s in g  s i m i l a r  s u b s t i t u t i o n s  t o  th o s e  i n  e q u a t io n  A5
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i  A ^ n i j  | l . j |  mj.)

 A 16

< -» ml l Aj h l +,mI >  = < * ’ “ i l V j  I = i ( Aj X+iAj y K nii  I )mi )

The m a t r i x  e le m e n ts  of the  H a m il to n ia n  now beecmes 

<+,mI | « | + , m J > = i  Ax z < m I | I x |m^)+ i  | l y | m*. >

^+,nij j |  *-,mj ^ AXy)^m j | I x | nij^ + ^ "^yy ^

+ i  (Az x  -  i  A ^ X m j I ^ l m *  >

l+,mj ^ ^xy K mj  I *̂ xI mi  ^ *** 2 ^^yx "*" ^ ^yy^

< m I | l y |m*;)+  i U zx+ i  A ^ X i ^  j l j m *  >

,m ^|J^|-,m j y =-2 Ax z ^nI | x̂ lmj )  — 2 Ayz(mj | I y | m.^— gAg^mjIl^Jrrij^

  A 17

We can  o b t a i n  as  b e fo r e  e x a c t ly  th e  same m a t r ix  e le m e n ts  by 

u s in g  th e  f i c t i t i o u s  s p in  o p e ra to r  S , and a  s p in - H a m il to n ia n  

o f  th e  form

U  = S. A. I  • • • • •  A18

where A i s  a second  ran k  t e n s o r
't



( c )  The Q uadrupole  I n t e r a c t i o n

The H a m il to n ia n  r e p r e s e n t i n g  th e  energy  o f  q u a d ru p o le  

i n t e r a c t i o n  may be w r i t t e n  as

E  v »  : 2 J

. . . .  A19

where e Q i s  the  n u c le a r  q u ad ru p o le  moment and th e  V. .
i j

a re  th e  components o f the f i e l d  g r a d i e n t  t e n s o r ,

V -  y  _ .yy “ ■"-'■ ■ $ xv — . v " 9 e t c .
“  b x 2 h x b y

T h is  c an  be e x p re s s e d  more com pactly  as a  t e n s o r  c o u p l in g  

o f  th e  n u c l e a r  s p in  w ith  i t s e l f ,

£<,3= I .  P .  I  . . . .  A20

where P i s  the  q u ad ru po le  c o u p lin g  t e n s o r ,  v/hose components 

a r e  o f  the  form

P. . = e Q ^ i j  
i J  ■ w - j t t • • • .  A2121(2 1-1 )

%

The f i e l d  g r a d i e n t  obeys L a p la c e * s  e q u a t io n ,  so  th e  f i e l d  

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

E  vu  = 0
i

and i t  f o l lo w s  t h a t  the  quadrupo le  c o u p lin g  t e n s o r  i s

t r a c e l e s s

i . e .  P i s  a sym m etric  tenso r*



2 0 0 .

I f # ,  i s  w r i t t e n  i n  i t s  d ia g o n a l  fo rm , and the  f o l lo w in g  

s u b s t i t u t i o n s  a re  made

Vz z  -  <3 ^x x  = -  2 Q (1 -  **? )

7  = vxx~v yy V„„ = -  h  (1 ♦ 7  )

zz * XX
• • •*  A22

V _ - V T
 y y

q
where ^  i s  the  asymmetry p a ra m e te r ,  th e  H a m il to n ia n  

becomes

H a -  ^  - 1 ( I *1> * 7 < I £  -  ^  ]  - •  “ 3

I n  sy s tem s  w ith  a x i a l  symmetry, Y  i s e q u a l  to  z e r o ,  and 

th e  H a m il to n ia n  may be w r i t t e n  as

M q = Q' [ l 2  -  |  I  ( 1 + 1 ) ]   A24

v/here Qf = 3eQq 
4 1 ( 21- 1 )

The t o t a l  s p in -H a m il to n ia n  can th u s  be m ost g e n e r a l l y  

w r i t t e n  a s

^  _ £ 0 H .g .S  + S. A. I  + I .  P. I  . . . .  A25

I n  s o l u t i o n s  where the  r o t a t i o n  o f  the  system  i s  a b le  to  

a v e rag e  o u t  the  a n i s o t r o p i c  c o n t r i b u t i o n  to  the  v a r io u s  

t e n s o r s ,  e q u a t io n  A25 can be w r i t t e n  as

as go £  ei?*£i + AQ S. I  . . . .  A26
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APPENDIX B 

EIGENVALUES OF THE SPIN  HAMILTONIAN

The e ig e n v a lu e s  of the  g e n e r a l  s p i n  H a m il to n ia n  

d e r i v e d  i n  Appendix A can be d e r iv e d  by c o n s id e r in g  

f i r s t  th e  Zeeman i n t e r a c t i o n  a lo n e  and th e n  c o n s id e r in g  

th e  h y p e r f in e  and quadrup o le  te rm s as s u c c e s s iv e  

p e r t u r b a t i o n .  Two k in d s  o f  sys tem  w i l l  be c o n s id e r e d  

h e r e ,  (1 )  an a x i a l l y  sym m etric system  and ( 2 ) sys tem s 

w i t h  low er th a n  a x i a l  symmetry.

2 3 U1 • An a x i a l l y  sym m etric  system  9 9

F o r  th e  a x i a l l y  sym m etric  c a s e ,  Ax ” Ay = B and 

Az = A, and gz  = g 11 and gx = gy = g^. The g e n e r a l  

s p i n  H a m il to n ia n  becomes

= S ' j - j ^ 0 Hz S z  + g i ( Kx s x +Hys y ) +A ^ ZI Z + ^ ^ x A x ^ y ^ y ^  +

Q' [ i g  -  i  1 ( 1 + 1 ) ]    B1

Here we have assumed t h a t  th e  p r i n c i p a l  axes  o f  th e  g ,  A 

and Q* t e n s o r s  c o in c id e .  I f  the  a p p l i e d  m ag n e tic  f i e l d  

i s  a t  an  a n g le  Q t o  the  z—a x is  a g e n e r a l  o r i e n t a t i o n  of 

th e  m a g n e t ic  f i e l d  can  always l i e  i n  the  x —z p l a n e ,  so 

we can  w r i t e

Hz = H cos 9 , Ĥ . -  H s i n  0 and Hy = 0

Thus th e  H a m il to n ia n  B1 w ith o u t  the  quadru po le  term  can  

be w r i t t e n

W = g-j-j £ e c ° s 0 H S z + g^0Qs i n 0 H S x  + A I ZSZ + B ( l x Sx + I y S y )

. . . .  B2



The b a s i c  w a v e fu n c tio n s  a re  of the  form j i ,  mj^> and 

| m i j ^ .  • The energy  m a t r ix  can be d i a g o n a l i s e d  i n  th e  

f o l lo w in g  s t e p s .  We f i r s t  c a r r y  ou t th e  t r a n s f o r m a t i o n s

Sv = S ’ s i n V  + S ’ cosX a X

Sz = cos -  S^ sin<*

and  B3

I x  = l'z  s i n P + I x  cos  ^

^  H

~ C0S P ~ Sil1^A

where the  new axes  o f  q u a n t i s a t i o n  f o r  th e  e l e c t r o n  and 

n u c l e a r  s p in s  i n c l i n e d  a t  a n g le  ot and J5 t o  z a x i s .  W ith

th e s e  t r a n s f o r m a t io n s  the  H a m il to n ia n  becomes

U  = 0 eH ( S1 1c o s 6 c o s o ( +  g ^ s in G s in * )  S ^ - t - ^ ( g ^ s in e c o s t f  ~

cos © s i n * )  Sx  + (A cos at cos £  +

B s in a t  s i n / 3 )  S^ 2 % + (B sino<cos j8 -

cos o( s i n  A ) S2 + cos s i n  P “

A s i n o ^ c o s ^ ) S ’ I* + (A s i n  s i n  j3 +
^  z

B cos  °< cos £ ) S x I fx  + B ly  Sy
Bk

The l a r g e  o f f - d ia g o n a l  m a t r ix  e lem en ts  o f  the  e l e c t r o n  

Zeeman term  and the  f o u r t h  te rm  on the  r i g h t  hand  s id e  

o f  Bi+ w i l l  be z e ro  i f  we choose ot and $  su ch  t h a t
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g^ s i n 0 c o s o (  -  cos 0 s i n  «< = 0

and
B sino< cos £ -  A cos oc s i n  £  = 0

T h is  c o n d i t i o n  g iv e s

g11 cos© gi s i n e
cos<*= — ------------ sin<* = ------------

« g

cos/5  = Ag11 008 6 = ln  p  = Bg l  s i n 6
gK gK

. . .  B5

. . .  B6

where
2 2 2 2 *•
I = g ^  cos  6 + ĝ _ s i n 0

and  . . . .  B7
2 2  2 2  2 2 2  2 

8 K = A g fl cos 0 + B g ± s i n  0

S u b s t i t u t i n g  i n  B4 l e a d s  t o  the  H a m il to n ia n

s ; i ; +  ( b2- a 2 ) s i n e 0 0 s e r  +
g K

( jT  ̂ Sx Ix + BSy I y • • • • B8

To c a l c u l a t e  the  e ig e n v a lu e s  o f  t h i s  H a m il to n ia n  f i r s t -  

o r d e r  p e r t u r b a t i o n  th e o ry  can  be u sed  f o r  the  second  

te rm  i n  the  H a m il to n ia n  and s e c o n d -o rd e r  p e r t u r b a t i o n  

th e o r y  f o r  th e  t h i r d ,  f o u r t h  and th e  f i f t h  te rm s .

The e ig e n v a lu e s  o f  the  s t a t e s  |+  i ,  mj^ and |- i ,m £ ^  a re  

th u s  c a l c u l a t e d  t o  be
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2 , . 2  J 2.

•  •  •  • E9

and

•  •  •  • B10

So t h a t  th e  energy  of th e  t r a n s i t i o n s  w i th  zsnij = 0 a re  g iv e n

The (2  1+1) l i n e s  i n  th e  s p e c t r a  a re  s e p a r a te d  by K t o  th e  

f i r s t  o rd e r .  The s e c o n d -o rd e r  te rm s l e a d  to  u n e q u a l  

s p a c in g  o f  th e  h y p e r f in e  l i n e s  and to  d isp la c e m e n t  o f th e  

c e n t r e  o f  th e  s p e c t r a  from  g £ 0 H.

The q u ad ru p o le  te rm  in  th e  g e n e r a l  s p in  H a m il to n ia n  

c an  now be t r e a t e d  by a p p ly in g  s e c o n d -o rd e r  p e r t u r b a t i o n  

th e o ry  to  th e  e ig e n f u n c t io n s  o f  the  Zeeman p l u s  h y p e r f in e  

i n t e r a c t i o n  H a m il to n ia n .  S u b s t i t u t i n g  f o r  I z  from  B3 

th e  q u a d ru p o le  term  becomes

by

2 , . 2  ,„2
AE = g £ 0H + Knij +

.. . . B11
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K  = Q* [ i l  c o s 2 / 3 -  i  1 ( 1 + 1 )  -  sm pcos/i (i;i^ + I^ ip + I^ .2 sln2p]

. . . .  B12

T h is  can be w r i t t e n  i n  th e  u s u a l  form

= ( § - )  [ i f -  i l ( I + l ) ] [ 3  o o s |  -1*] - 3 '  [ i ^ + I ^ i n / S c o s p  +

$  i> ; 2  -  j f  i  sL n >  . . . .  B13

S u b s t i t u t i n g  f o r  cos p and s i n  p from  B6 we f i n a l l y  o b t a i n  

th e  H a m il to n ia n

& =  ( [ (3 A 2g2 / g 2K2 ) Cos2 £ > - l ]  [ i ' 2 -  4 1 ( 1 + 1 ) ]

-  Q* (ABg-j ■) g ^ /g 2!̂ 2 ) s i n S  o o s e f l g lx  + ^ z ]

♦ ( j f )  (B2g 2 / g 2K2 ) s i n 2  6  [ i f  ~ l f ]

. . . .  B1k

The e ig e n v a lu e s  o f  t h i s  H a m il to n ia n  f o r  our b a s i s  s t a t e  

Im gjii ij^  can  be w r i t t e n

B = ( ^ )  [  (3A2g ^  / g 2K2) c o s 20 - l ]  [ m2 -  i  I  (1+1) J

— 5 ----- (AB g ^ g ^ / g 2K2 ) 2 ( s i n 2^ c o s 2 0 )m^[i*l(l+1 )-8m2 - i j
2Kms

+ 18' 2 (B2gjVg2K2 )2 ( s i n ^ e J m j  [21(1+1) -  2m^ -  i j
8Kms

. . . .  B15
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The spec trum  shows no e f f e c t s  frcm  the  f i r s t  te rm  b e ca u se  

th e  energy  of s t a t e s  co n n ec ted  by = 0 t r a n s i t i o n s

a re  s h i f t e d  e q u a l ly .  The second  and t h i r d  te rm s o f  B15 

m ix r e s p e c t i v e l y  s t a t e s  | ms , mI  ~ 1 and |ms , 

w i th  |ms , m^) and b o th ^ m ^  = i  1 and = -  2

t r a n s i t i o n s  become weakly a llo w e d  so  t h a t  th e  energy  of 

th e  s t a t e s  a re  s h i f t e d  u n e q u a l ly .  The a n a l y s i s  of 

q u ad ru p o le  s p l i t t i n g  i s  h e lp e d  by th e  app ea ran ce  o f  

f o r b id d e n  t r a n s i t i o n s  making no d i f f i c u l t y  of s o r t i n g  

ou t the  e f f e c t  o f  the  qu ad rupo le  c o u p lin g  from  th o se  o f  

s e c o n d - c r d e r  h y p e r f in e  i n t e r a c t i o n s .  The f re q u e n c y  

in c re m e n ts  a r i s i n g  from  quadrupo le  e f f e c t s  f o r  t r a n s i t i o n s  

w i th  &mj = 0 a re  g iv e n  by

(ABS11 g±/ g 2K2 >2 ( s i n 2e c o s20 ^  [i+I ( I +1) -  8mj: - l ]

+ S—  (B2g f  / g V ) 2 ( s i  A w  [21(1+1) -2 m ^-l]
2K

• • • • B16

Combining B16 w i th  B11 th e  r e s u l t  g iv e s  AE f o r  th e  

a l lo w e d  &m0 = -  1 .  amT = 0 t r a n s i t i o n s ,  in c lu d in go  * JL

q u a d ru p o le  e f f e c t s  and s e c o n d -o rd e r  h y p e r f in e  i n t e r a c t i o n s
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2  2  n
fcE = gpg H + K mj + t 1 0 + 1 )  "  a 2 ]

+ _(A -B2 )2 /811 g ^ \ 2 s in 2 e co s29 m2 
2K2 V— p —-1 g f i l l  1

2
2Q (AB g 1 1 % /g 2K2 )2( s i n 20 Gos20 ) m:l; |Ia ( I+ 1  )-8m2- l ]' • • x °  / \ oau o uo p / j  Lit / ■“'-‘iUj-’

i 2

2K

 B17

o r ,  i n  te rm s o f  th e  u s u a l  e x p e r im e n ta l  a r ra n g e m e n t,  the  

r e s o n a n t  f i e l d s  a re  g iv en  by

-  ~ !k ~ r ] & (I+1) " “ 2i J

"  [ ~ ~ 11Kg2 ^  Sin2fl 0 0 s2 e  “ I

*2 2 2 2 + 2Qf g£ cos 0 s i n  '

Kg

_  Q*2 g ^ s i n e  r B g2 -ft. [ 2 1 ( 1+1 ) - 2m2 -  1 ]
2KS2 Kg2 J

B18

where a l l  c o u p l in g  c o n s t a n t s  a re  e x p re s s e d  i n  gauss.

1 , 1.
2m A sys tem  w ith  symmetry low er th a n  a x i a l

I n  t h i s  case  the  m ag ne tic  f i e l d  i s  i n  any a r b i t r a r y  

d i r e c t i o n .  We use the  same p ro ce d u re  as  b e f o r e .  The 

g e n e r a l  sp in -H a m il to n ia n  now can be w r i t t e n
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££ = &x  ^ e Hx Sx *  % ^ e HySy + Sz^e Hz s z ♦ ^ 1  S + Ay1,,3y r e y y 6z r e z z ^x~x x  y y y

+  V A  + ^  + V y  + V s

B19

A gain  we have assumed t h a t  the  p r i n c i p a l  axes o f  th e  g ,  A 

and  P t e n s o r s  co inc ide*

The d i r e c t i o n  o f  the  a p p l i e d  f i e l d  H w i l l  be g iv e n  by 

th e  d i r e c t i o n  c o s in e s  1, m and n w i th  r e s p e c t  t o  th e  

p r i n c i p a l  t e n s o r s  a x e s ,  x ,  y and z ,  i . e . ,  = 1H, E = mH,

and Hz = nH. The problem  can  be examined by c o n s id e r in g  

f i r s t  the  Zeeman i n t e r a c t i o n  a lo n e .

g P e  H.S = gs  jSe lSxH + gy + gz AQnSzH

 B20

The energy  m a t r ix  can be d i a g o n a l i s e d  w ith  r e s p e c t  t o  the  

Zeeman te rm  by c a r r y in g  o u t the  t r a n s f o r m a t i o n

Sx = a  11 sx  + *12 a j + *13 S'
Z

S
y = a21 s 'x  +a22 + *23 S fz

N
CO = a31 Sx + a32 + *33 S ’ z

I f  th e  d i r e c t i o n  c o s in e s  o f z* w ith  r e s p e c t  t o  th e  x ,  y 

and  z axes  a re  d e f in e d  to  be g ^ l  g , gyym g and 

g 2Zn g th e  Zeeman te rm  becomes

g £ e a s ;

I f  th e  e l e c t r o n  s p in  f u n c t io n s  a re  q u a n t i s e d  w i th  r e s p e c t  

t o  th e  z* a x i s ,  th e s e  f u n c t io n s  can become e ig e n f u n c t i o n s



o f  the  Zeeman p a r t  o f  th e  H a m i l to n ia n ,  w i t h  e n e r g i e s

, J eo f  - j g  Where g i s  g iv e n  by the  d i r e c t i o n  c o s in e s

2 ,2 2 2 2 n2 
-  S x x 1 + Syy m + S z z   B22

The t r a n s fo rm e d  h y p e r f in e  te rm  in  th e  H a m il to n ia n  now 

becomes

= ^x^an Axx*x + a21Ayy^y * a31Azz*z^+^y^a12Axx*x+a22Ayy^yh

a 32Az z I z^ + Sz ( a i 3Ax x I x + a23AyyI y 4 a33Az z I z )

. . . .  B23

We s h a l l  now r e t u r n  and c o n s id e r  th e  h y p e r f in e  t6rm  u s in g  

n o n - d e g e n e r a t ^ e r t u r b a t i o n  th e o r y .  S i m i l a r ly  th e  energy  

m a t r i x  can  be d i a g o n a l i s e d  by c a r r y in g  out a  second  

t r a n s f o r m a t i o n  f o r  th e  n u c l e a r  s p in  o f  th e  form

Jx  = b11 Xx  + ^ z 1 ' '  + b13 K '

h  -  b21 I 4 ' + b22I v ' + b23 K ’ . . . .  B24

I Z = b31 I v '  + b3 2 Jy + b33 1
I I

I f  we d e f in e  th e  c o e f f i c i e n t s  i n  B21j. so t h a t  z fT has  

d i r e c t i o n  c o s in e s  w i th  r e s p e c t  t o  the  x ,  y and z axes  of

*13 ^ x x  A_1» *23 Ayy A_1 and *33 Azz A ’ th e  te rm  i n  
S*, i n  the  t r a n s fo rm e d  H a m il to n ia n  h a s  th e  form



I f  t h e  n u c l e a r  sp in  f u n c t i o n s  a re  q u a n t i s e d  w i t h  r e s p e c t

t o  th e  z 9 9 a x i s ,  the te rm  AS9I 11 has  o n ly  d ia g o n a lz z
m a t r i x  e le m e n ts ,  and to  f i r s t  o rd e r  the  h y p e r f in e  te rm s 

re d u c e  to  Amgm^. Where A i s  g iv e n  by d i r e c t i o n  c o s in e s

The q u ad ru p o le  term  in  th e  H am ilto n ia n  can  be t r e a t e d  

by th e  same te c h n iq u e  as b e f o r e  by u s in g  s e c o n d -o rd e r  

p e r t u r b a t i o n  th e o ry .

W ith a l l  th e se  t r a n s fo r m a t io n s  we can d e r iv e  

e x p r e s s io n s  f o r  the  energy  o f  the  s t a t e  | mg , and

f o r  th e  a llo w ed  t r a n s i t i o n s  of the  form &mg = -  1 ,
i

=  0

B25

|  ^ ( 1 8 1 ( 1 + 0 - 3 ^ - 5 ]  + P 2 [2 I ( I+ l ) -2 m ^ - l ]  

P .  12 0  I  (1+11 -  36 i k  — 6 1 1 . . . .  B26• • • t

•where
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A ^ g 2 = (A ^ -A 2/  g ^  4 l V  + (A2y -  A ^ / g 2^ 2*2

/  a 2  , 2  x 2  2  2  _ 2  2+ (A^L -  A ) g g i n  xx zz xx zz

A,A2g4  = (A2xA2yyg2 zn 2 + A2yA2 2g ^ X 2 + A ^ A ^ g ^ m 2 )

2  / , 2  . 2  2  . 2  2  2  N 

"" g xx ^  + xx zz + yy zz )

* i AUgi+ = v 4 P™gV 2 +  4 pzz4 n2)

p2 = ( 4 + 4 + 4 >  -  2  < 4 4 4 4 n2 -  f » pL 4 4 l2

_ 2  2  . 2  2  2 v  - 2  - 2

* zz  xx  yySyym S

P A2g 2 = (P 2 A2 g2 l 2 + P2 A2 g 2 m2 + p 2 A2 g2 n2 )3 xx xx xx  y y . yy yy zz  z z e  zz '

B27

I n  th e  case  where th e  a p p l i e d  f i e l d  l i e s  a lo n g  th e  d i r e c t i o n  

o f  p r i n c i p a l  axes  eq ua tion , B26 red u c es  to

.  a u ^ [ i d . , , - 4 ]

( P  ~ P  • ) 2
+ nij — “ — £21(1+1 ) —2nij —1 J uij • • • • • B28

^ i i

and th e  re so n a n c e  f i e l d s  a r e  g iv e n  by.2 . 2
H - H  -  a  m 3J+ S f l ( I + l ) - m 2 ]

i  o i i  I  L 1 J
2

-  (P i T PKK) [21(1+1 ) -  2 m2 -  1 ] m2   B29
2ai i

where th e  v a r io u s  p a ra m e te r s  a re  i n  gauss*



APPENDIX G

LINE SHAPES FOR ELECTRON PARAMAGNETIC RESONANCE 

SPECTRA OF MAGNETICALLY DILUTE GLASSES OR POLY- 

CRYSTALLINE SAMPLES

. I n  g l a s s e s  o r  i n  m a g n e t i c a l ly  d i l u t e  p o l y c r y s t a l l i n e  

s a m p le s ,  t h e r e  a re  a l a r g e  number o f c r y s t a l l i t e s  

random ly o r i e n t e d  w i th  r e s p e c t  to  the  a p p l i e d  m ag n e tic  

f i e l d *  Thus th e  o b se rved  e . p . r *  spec trum  i s  the  

summation of a l l  p o s s i b l e  s p e c t r a ,  each  one w e ig h ted  

by th e  p r o b a b i l i t y  o f  o b t a in in g  t h a t  p a r t i c u l a r  

o r i e n t a t i o n .  As a r e s u l t  of the  a n is o t ro p y  i n  the  

g and h y p e r f in e  t e n s o r ,  m ag n e tic  re so n an ce  a b s o r p t io n

t h e r e f o r e  o c cu rs  over a wide range  o f  m ag n e tic  f i e l d s *

The a n a l y t i c a l  e x p re s s io n s  d e s c r ib in g  the  form s of th e

s p e c t r a  o b ta in e d  i n  th e s e  c a s e s  have been  deduced by

K neubuh lJ

Kneubiihl assumes t h a t  th e  p r o b a b i l i t y  of any e*p. r* 

t r a n s i t i o n  o c c u r r in g  i s  in d e p e n d e n t  of the  o r i e n t a t i o n

o f  the  c r y s t a l l i t e  i n  the m ag n e tic  f i e ld *  T h is
2

a p p ro x im a t io n  i s  n o t  v a l i d  i n  g e n e r a l  b u t  i t  i s  

s a t i s f a c t o r y  f o r  rhenium  and manganese com plexes. W ith 

t h i s  a ssu m p tio n  the  p r o b a b i l i t y  t h a t  an e l e c t r o n  

a b s o rb s  microwave r a d i a t i o n  a t  a  g iv e n  f i e l d  H i s  

p r o p o r t i o n a l  to  the  p r o b a b i l i t y  of f i n d in g  t h i s  s p e c i e s  

i n  a s u i t a b l e  o r i e n t a t i o n  w ith  r e s p e c t  t o  the  m ag n e tic  

f i e l d  such  t h a t  i t  undergoes a t r a n s i t i o n  when t h i s



v a lu e  of H i s  reached* The problem  th e n  r e d u c e s  to  

an  e s t i m a t i o n  of the  p r o b a b i l i t y  t h a t  a c r y s t a l l i t e  l i e s  

i n  each  o r i e n t a t i o n .

from  d i f f e r e n t  k in d s  of sy s tem . C o n s id e r  f i r s t  t h e  

© •p .r .  s p e c t r a  of p o l y c r y s t a l l i n e  sam ples of io n s  w ith  

S = i  and no h y p e r f in e  i n t e r a c t i o n  p r e s e n t .  Two k in d s  

o f  sy s tem  w i l l  be d i s c u s s e d :  ( i )  an a x i a l l y  sym m etric

sy s tem  and ( i i )  sy s tem s w ith  symmetry low er  th an  a x i a l .

1• An a x i a l l y  sym m etric  sys tem

The p r o b a b i l i t y  t h a t  the  a x is  of symmetry l i e s  i n  

th e  a n g u la r  range  6  t o  0 + dG w i th  r e s p e c t  to  the  

a p p l i e d  f i e l d  H i s  d ( c o s 0 ) .  L e t  th e  n o rm a lised  l i n e  

shape  f u n c t i o n  which d e s c r i b e s  th e  i n t e n s i t y  of th e  

a b s o r p t io n  a s  a f u n c t i o n  of H be S(H ). Then, f o r  

r e s o n a n c e ,  i t  can  be shown t h a t

A c r y s t a l l i t e  whose a x is  o f  symmetry l i e s  i n  th e  a n g u la r  • 

ran g e  6  t o  6  + d& c o n t r i b u t e s  t o  th e  e . p . r .  a b s o r p t io n  

sp e c tru m  w i th in  H and H + dH. Hence i f  S(H) and th e  

p r o b a b i l i t y  a re  b o th  n o rm a l is e d ,

D i f f e r e n t  ty p e s  o f c h a r a c t e r i s t i c  s p e c t r a  a re  o b ta in e d

i . e .

01
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s ( h )  d h  = a (c o s  e ) S(H) .
C2

when 6 =  0 t h e n  hV = ^ eH11

hV
g11 "  X H 7 , e 11

w hen0  = 90°  th e n  h}> = g ^ /5 0H^

h))
gl  = 1 s ¥ ~o f

, r2 2 TT2 \ - i n  -  H2 '*"'2So t h a t  S(H) = (H1 ~ H > " 03

The l i n e  shape f u n c t i o n  S (h ) and i t s  d e r i v a t i v e s  a r e  p l o t t e d  

b e lo w , i n  F ig u re  C1

S(H)

d(H)

» H

F i c u r n  01
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So f a r  i t  h a s  been  assumed t h a t

i )  th e  p r o b a b i l i t y  t h a t  a  t r a n s i t i o n  t a k e s  p la c e  i s  

in d e p e n d e n t  of th e  o r i e n t a t i o n  of a  c r y s t a l l i t e  

i n  th e  f i e l d ,  and

i i )  the  a b s o r p t io n  l in e s h a p e  f u n c t i o n  f o r  each  

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

sh a rp  a b s o r p t io n .

3
I n  f a c t  i t  can be shown t h a t  th e  p r o b a b i l i t y  

t h a t  a  g iv e n  t r a n s i t i o n  w i l l  ta k e  p la c e  i s  p r o p o r t i o n a l  

t o

A b s o rp t io n  l in e s h a p e  f u n c t i o n  a re  n o t  d e l t a  

f u n c t i o n s ,  b u t  may be L o r e n t z i a n  or G a u ss ia n  i n  n a tu r e .  

I t  i s  a  r e a s o n a b ly  good a p p ro x im a tio n  to  ta k e  th e  l i n e ­

shape  f u n c t i o n  f o r  p o l y c r y s t a l l i n e  sam ples to  be 

G a u ss ia n .  T h is  h a s  th e  form

where th e  w id th  o f  th e  l i n e  i s  c o n t r o l l e d  by th e  b ro a d e n in g  

p a ra m e te r  • The e f f e c t  o f  t h i s  i s  to  b roaden  the  

l i n e s  in  th e  a b s o r p t io n  spec trum  so t h a t  a re so n an c e  

c e n t r e d  a t  H c o n t r i b u t e s  t o  the  a b s o r p t io n  a t  H*, an 

amount g iv e n  by

S(H)dHY(Hf -H)

Hence th e  t o t a l  a b s o r p t io n  i n t e n s i t y  a t  H* i s  th e  sum

Y(H -  H0)

•  •  % • Gk
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o f  a l l  t h e s e  c o n t r i b u t i o n s ,  i . e .
H_h

S(H’ ) = ^ = -1  S(H) Y (H '-H)aHr
HssH.11

H=0Lr
H=H11

i H=Ht
(2  IT) ^  S (H ) e s p [ - ( H '- H ) 2 ( 2 £ 2 r 1 ] d H   05

H=H11

The d e r i v a t i v e  o f  t h i s  f u n c t i o n  can e a s i l y  he shown t o  h e
i H±

» (2  1T) fi  ̂ (H -H ')S (H )e x p [- (H , - H ) ( 2 ^ ) _1JaH

=11

The l i n e s h a p e  f u n c t i o n  S(Hf ) and i t s  d e r i v a t i v e  a re  shown 

i n  F ig u r e  C2 .

C6

H

Thus i t  i s  p o s s i b l e  from  such  s p e c t r a  t o  o b t a i n  v a lu e s  o f  

th e  a b s o r p t io n  f i e l d s  and and hence  to  o b t a i n  

v a lu e s  o f  g n  and g^.



E f f e c t s  o f  h y p e r f i n e  i n t e r a c t i o n

I f  the  e l e c t r o n  now i n t e r a c t s  w i th  a n u c le u s  o f  

s p i n  quantum number ( s a y )  I  = the  re so n a n c e  spec tru m  

i s  a s u p e r p o s i t i o n  o f  two c u rv e s  o f  the  type  shown i n  

F ig u r e  C2. When A ^  4= ^  the  b ro ad ened  a b s o r p t io n  c u rv e ,  

and i t s  d e r i v a t i v e  a re  shown i n  F ig u re  C3.

S(H*)

RfH H.11

F ig u re  C3

I n  more c o m p lic a te d  system s i t  h a s  b e en  shown, t h a t  

c e r t a i n  c o m b in a t io n s  of g - f a c t o r s  and h y p e r f in e  c o u p l in g  

c o n s t a n t s  cause  s i n g u l a r i t i e s  to  ap p ea r  in  th e  f u n c t i o n
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S(Hf ) and hence cause e x t ra  peaks, lfp o ly c ry s ta l l in e  

peaks” to  appear in  the d e r iv a t iv e  spectrum

2. A system w ith  symmetry lower than  a x ia l

For a system with le s s  than a x ia l  symmetry the 

a n a ly s is  has a s im ila r  form although now two o r ie n ta t io n  

angles are r e q u i r e d . to  specify  the f i e l d  d i r e c t io n  with 

r e s p e c t  to  the x , y and z axes of the g - te n so r .  This 

lead s  to  a cons iderab le  in c rease  in  the complexity of 

the  exp ress ions  obtained f o r  the lineshape .

As a r e s u l t ,  'th e re  i s  a range of combinations of th8 

two o r ie n ta t io n  angles which lead  to  resonance a t  a 

p a r t i c u l a r  f i e l d ,  and consequently the amplitude of 

ab so rp tio n  depends on the p ro b a b i l i ty  of the molecule 

having any one of a combination of o r ie n ta t io n  angles 

which lead  to  resonance a t  a p a r t i c u l a r  f i e l d .  “

The lineshape  fu n c tio n  has the form below fo r

H3 3 < H2 2 < H11

1. In  the i n t e r v a l  H. , ^ H ^ H11 * n * n 22

ft a  V*11 ~n 2 2 ^  ( h2“H33 )2
K ( l ')

07

2. In  the i n t e r v a l  H22 >  H ^  H33 

S(H) = 2 H11H22 H33 K(l)
C8
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Where K (l)  i s  the s tandard  e l l i p t i c  in t e g r a l

V 2
dxK(l)  = ( u -i 2 . 2 \ 2V1-1 s m  x ;  

o

. . . .  C9

and r2 ,.2
( l ' ) 2  ,  h  ,

. . . .  C10

Thus the fu n c t io n  S(H) has d i s c o n t in u i t i e s  a t  H=H^ 

and a t  fo r  ab so rp tio n  between and The

fu n c t io n  becomes i n f i n i t e  a t  H=H22» where 1 and 1* both 

egual one, and the e l l i p t i c  in t e g r a l s  expand to  i n f i n i t y .  

Again the fu n c t io n  S(H) g ives the form of the unbroadened 

lin esh ap e . The broadened l ineshape  fu n c t io n ,  S(Hf ),  

and i t s  d e r iv a t iv e  are shown in  F igure 0i+.

/
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H
H H,H,22

Figure C4

By measurements of , H22 and H-^ from th e  spectrum, 

the  g - te n s o r  components can be obtained.

E f fe c t  of hyperfine  in t e r a c t i o n

As b e fo re ,  i f  the e le c t ro n  in te r a c t s  w ith  a nucleus 

of sp in  guantum number I ,  (21+1) p a t te rn s  of the above 

type w i l l  be obtained from which i t  may be p o ss ib le  to 

o b ta in  the p r in c ip a l  components of the hyperfine  ten so r  

i f  they are re so lv ed .



221 •

R e fe re n c e s  

A ppendix  A

1 . A. Abragam and M .H .L .P ryce , P ro c .R o y .S o c .  (A) ,1 9 5 1 ,2 0 5 ,1 3 5 .

2 . B .R.M cGarvey, ’’T r a n s i t i o n  M eta l  C hem is try ” , R.L. C a r l i n  e d . ,
Edward A rn o ld ,  London, 1966, 3 ,  97*

3* A. C a r r in g to n  and A.D. M cLachlan, " I n t r o d u c t i o n  to  M agnetic  
R esonance” , H a rp e r  and Row, 1967, C h a p te r  9.

4 .  H.A. K ram ers, P ro c .A c a d .S c i .  Amsterdam, 1930, .33, 953.

5« N.M. A th e r to n ,  ^ E le c t r o n  S p in  R esonance” , E l l i s  Norwood, 
London, 1973.

6* C . P . S l i c h t e r ,  "M agnetic  R esonance” , H a rp e r  and Row, New 
York, 1963, 160.

A ppendix  B

1. P .M .G o ld in g , "A p p lied  Wave M echanics” , Van N o s tra n d ,
New York, 1969, 452.

2. N.M. A th e r to n ,  " E le c t r o n  S p in  R esonance” , E l l i s  Iiorwood,
London, 1973, C h a p te r  7*

3 . B .B le a n e y ,  P h i l .M a g . , 1951, 42 , 441 •

4. A. Abragam and B .B le a n e y ,  " E le c t r o n  P a ra m a g n e t ic  Resonance
i n  T r a n s i t i o n  I o n s ” , C la ren d o n  P r e s s ,  O xford ,
1970, C h a p te r  3*

Appendix C

1. P.K. K neubuhl, J .  C h6m .Phys., 1960, 3 3 , 1074*

2 . J .R .P i lb r o w ,  M ol.P hys.,-  1969, 16, 307.

3 .  B .B le a n e y ,  P r o c .P h y s .S o c . (L o n d o n ) , 1960, 75, 621.

4- R.Neiman and D .K iv e lso n ,  J .C h e m .P h y s . , 1961, 35 , 156.

5 . H .R.Gersmann and J .D . Sw alen , J .C h e m .P h y s . , 1964, 3 6 ,3 2 2 1 .


