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(i)

PR E FA C E

T h is  th e s is  is  c o n c e rn e d  w ith  an a tte m p t to  d e ve lo p  a ve ry -

d e ta ile d  k n o w le d g e  a n d  u n d e rs ta n d in g  o f  th e  e le c tro n ic ,  m a g n e tic ,

5o p t ic a l,  a n d  chem ica l p ro p e r t ie s  o f n d  t r a n s it io n -m e ta l io n s  a n d  th e i r  

c o m p le x e s , p a r t ic u la r ly  R u ^ ^  a n d  i t s  co m p le x e s . T h e  l in k  b e tw e e n  th e s e  

p ro p e r t ie s  is  th e  T a n a b e -S u g a n o  d ia g ra m  w hose  d e ve lo p m e n t is  d e s c r ib e d  

in  th e  f i r s t  p a r t  o f th e  th e s is .

T h e  th e s is  is  s u b d iv id e d  in to  tw o  m a jo r p a r ts ,  a th e o re t ic a l 

p a r t  re p re s e n te d  b y  C h a p te rs  One to  F o u r ,  a n d  a p ra c t ic a l p a r t  

re p re s e n te d  b y  C h a p te rs  F iv e  a n d  S ix .  C h a p te r  O ne e x p la in s  h o w , b y

ta k in g  in te re le c t r o n ic  re p u ls io n  e f fe c ts  on te rm  e n e rg ie s  in to  a c c o u n t,  an

5 . 3+e n e rg y  le v e l d ia g ra m  fo r  th e  n d  c o n f ig u ra t io n  o f th e  is o la te d  R u  io n

can  be d e r iv e d .  C h a p te r  T w o  d e s c r ib e s  th e  e f fe c ts  o f c r y s ta l  f ie ld s  on

5
is o la te d  n d  io n s , a n d  show s how  th e  e le c tro n ic  w ave fu n c t io n s  o f th e s e  

io n s  ch a n g e  on g o in g  fro m  a s t ro n g  o c ta h e d ra l c r y s ta l  f ie ld  to  th e  

" s p in  c r o s s -o v e r "  p o in t  to  a w eak o c ta h e d ra l f ie ld .  T h e  d e r iv a t io n  o f 

th e  T a n a b e -S u g a n o  d ia g ra m  fo r  an n d ^  io n  is  d e s c r ib e d  in  th is  c h a p te r  

a n d  th e  e f fe c ts  o f c r y s ta l  f ie ld s  o f d i f f e r e n t  sym m e tr ie s  a re  a lso  

d e s c r ib e d  in  d e ta il.  I n  C h a p te r  T h re e ,  th e  m a g n e tic  p ro p e r t ie s  o f n d ^  

io n s ,  in c lu d in g  th e  R u ^ ^  io n ,  a re  re la te d  to  th e  T a n a b e -S u g a n o  d ia g ra m , 

a n d  t h e i r  c h a ra c te r is t ic ,  a n d  co m p le x  m a g n e tic  b e h a v io u r  in  a s t r o n g  

o c ta h e d ra l f ie ld ,  in  a w eak o c ta h e d ra l f ie ld ,  a n d  a t th e  " s p in  c ro s s -o v e r "  

p o in t  is  c o n s id e re d , as is  th e  e f fe c t  o f c h a n g in g  th e  g e o m e try  o f th e  

t r a n s it io n -m e ta l io n  co m p le x .



(ii)

C h a p te r  F o u r  shows how  e le c tro n  p a ra m a g n e tic  re so n a n ce  

m e a su re m e n ts  can  be u se d  to  o b ta in  in fo rm a t io n  a b o u t th e  e le c tro n ic  

g ro u n d  s ta te s  o f n d ^  io n s  in  co m p le xe s . T h e  v e r y  in t r ic a te  a n d  v e r y  

s e n s it iv e  re la t io n s h ip s  c o n n e c tin g  e le c tro n  p a ra m a g n e tic  re so n a n ce  d a ta  

w ith  g e o m e tr ic a l p ro p e r t ie s  o f com p lexes  is  c o n s id e re d  in  g re a t d e ta il.

I n  th e  second  p a r t  o f th is  th e s is ,  th e  th e o re t ic a l k n o w le d g e  

b u i l t  u p  fro m  th e  f i r s t  p a r t  is  u se d  to  id e n t i f y  tw o  ru th e n iu m  co m p le xe s .

T h e  f i r s t  o f th e se  was p re p a re d  fro m  a s o lid  s ta te  re a c t io n  

b e tw e e n  b e n z o in  a n d  "com m erc ia l ru th e n iu m  t r ic h lo r id e " ,  R u C x H ^ O . 

T h e  co m p le x  was id e n t i f ie d  as R u C ^ ^ H ^ ^ O ^ . I t  possesses v e r y  in te r e s t in g  

s p e c tro s c o p ic  p ro p e r t ie s  w h ic h  a re  d e s c r ib e d  in  d e ta il a n d  u se d  to  

c h a ra c te r is e  th e  m o le c u la r s t r u c tu r e  o f th e  co m p o u n d . I t s  fo rm a tio n  

m u s t in v o lv e  in te r e s t in g  re d o x  re a c t io n s  fo llo w e d  b y  p o ly m e r iz a t io n ,  a n d  

th e s e  a re  d e s c r ib e d  in  d e ta il in  C h a p te r  F iv e  o f th e  th e s is .

T h e  la s t  c h a p te r  d e s c r ib e s  th e  re a c t io n  o f d ith io b e n z o in  w ith

ru th e n iu m ( I I ) - c h lo r id e . T h is  p ro d u c e s  a m ix tu re  o f tw o  c lo s e ly  s im ila r

TT a n d  JI TTT
s u b s ta n c e s , R u^ S 2 ( S 2C ^P h 2 ) 2 T Ru R u  r a th e r

in te r e s t in g  s p e c tro s c o p ic  a n d  m a g n e tic  p ro p e r t ie s  o f th e se  s u b s ta n c e s

a re  d e s c r ib e d  in  d e ta il in  th is  c h a p te r  a n d  a lo n g  w ith  o th e r  p h y s io -

ch e m ica l p r o p e r t ie s ,  a re  use d  to  c h a ra c te r is e  th e  co m p o u n d s .

M . J . B .  A l-A s s a d i

J a n u a ry ,  1987.
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-  C H A P T E R  ONE -

T H E  TERM S OF T H E  4d^ C O N F IG U R A T IO N  OF TH E  

IS O L A T E D  Ru^"^ IO N



T o  d e v e lo p  a f u l l  p ic tu r e  o f th e  n a tu re  o f th e  b o n d in g  be tw een  

c e n t ra l m e ta l io n  a n d  l ig a n d s  in  a t r a n s it io n  m e ta l- io n  c o m p le x , and  to  

se t th e  e n e rg y  le v e ls  a s so c ia te d  w ith  i t ,  i t  is  n e c e s s a ry  to  c o n s t r u c t  a 

g e n e ra l H a m ilto n ia n , a n d  th e n  so lve  th e  p ro p e r  S c h rd d in g e r  e q u a tio n  fo r  

th a t  c o m p le x . H o w e v e r , th is  is  n o t a s im p le  m a tte r ,  a n d  in  o rd e r  to  

s im p li fy  th e  p ro b le m  i t  is  n e c e s s a ry  to  ta c k le  i t  s te p w is e , i . e .  to  d iv id e  

th e  g e n e ra l H a m ilto n ia n  o f th e  sys tem  in to  i t s  s e v e ra l c o m p o n e n ts , 

s ta r t in g  w ith  th e  f re e  io n  H a m ilto n ia n , f in d in g  i t s  p r o p e r  w ave  fu n c t io n s  

a n d  th e i r  c o r re s p o n d in g  e ig e n v a lu e s , th e n  in c o rp o ra t in g  th e  c r y s ta l  

f ie ld  c o n t r ib u t io n  to  th e  H a m il t o n ia n , . . . .  and  so on  u n t i l  th e  n u c le a r  

Zeeman c o n t r ib u t io n  to  th e  H a m ilto n ia n  is  ta k e n  in to  a c c o u n t,  as show n 

b e lo w . P ro v id e d  th e  d i f f e r e n t  c o n t r ib u t io n s  a re  w r i t t e n  in  d e s c e n d in g  

o r d e r  o f m a g n itu d e , each  su cce ss ive  c o n t r ib u t io n  can  be c o n s id e re d  to  

p e r tu r b  th e  e ig e n v a lu e s  a n d  e ig e n fu n c t io n s  o f th e  p re c e d in g  c o n t r ib u t io n s ,  

a n d  th e  p ro b le m  th e n  becom es a s e rie s  o f e x e rc is e s  in  th e  a p p lic a t io n  o f 

p e r tu r b a t io n  th e o r y .

T h e  g e n e ra l H a m ilto n ia n  is

1r^ -  \  *  V s o  '  + ^ s s  + ( 1 - 1)

w h e re

is  th e  f re e  io n  e n e rg y ,  in c lu d in g  o n ly  th e

e le c tro n ic  k in e t ic  e n e rg ie s , a n d  a ll th e  e le c tro n ic

5 - 1e le c tro s ta t ic  in te r a c t io n s  in  th e  f re e  io n ;  V  ^  10 cm :
F

is  th e  c r y s ta l  f ie ld  in te ra c t io n  e n e rg y ; 10^ cm

th e  s p in - o r b i t  in te ra c t io n  e n e rg y ;  10 "  10 cm ;

is  th e  e le c tro n ic  Zeeman in te ra c t io n  e n e rg y ;  V  < 100 cm



-1 - I
V gg  is  th e  s p in - s p in  in te ra c t io n  e n e rg y ;  1“ 10 cm :

-1  -3  -1
V g ^  is  th e  n u c le a r  Zeeman in te ra c t io n  e n e rg y ;  ^ S I  ^  "  10 cm

In  g e n e ra l,  th e  la s t  f iv e  te rm s  in  e q u a tio n  ( 1 .1 )  a re  sm a ll com p a re d  to  

V p , i . e .  th e y  can  be  c o n s id e re d  as p e r tu r b a t io n s  to  V p .

1 . 1  T H E  E IG E N F U N C T IO N S  A N D  E IG E N V A L U E S  OF TH E  FREE IO N  

H A M IL T O N IA N

T o  f in d  th e  e n e rg y  le v e ls  a v a ila b le  to  N e q u iv a le n t e le c tro n s  

m o v in g  in  a c e n t ra l f ie ld ,  a ssu m in g  th e  s in g le  e le c tro n  a p p ro x im a tio n  in  

w h ic h  th e  N e le c tro n s  d is t r ib u te  th e m s e lv e s  am ong s in g le  e le c tro n  o r b i ta ls ,  

i t  is  n e c e s s a ry  to  s ta r t  w ith  th e  a p p r o p r ia te  H a m ilto n ia n  a n d  th e  

S c h rd d in g e r  e q u a tio n  V ^ Y = E Y ,  i . e . ,  in  e . g . s .  u n its .

+ 2 n  „ N „ 2  , n n 2

w h e re

^  I  9 ^  -  I  4 ^  + ?  I  I  I - ]  Ï  = E4- ( 1 .2 )
= 1 '  

i f f

+Ze is  th e  a to m ic , o r  io n ic ,  n u c le a r  c h a rg e ; m a n d -e  a re  th e  mass a n d
X

c h a rg e  o f th e  e le c tro n  re s p e c t iv e ly  ; is  th e  L a p la c ia n  o p e ra to r  w h ic h

o p e ra te s  on th e  s p a tia l c o o rd in a te s  ( r ^ ,  6^, o f th e  i t h  e le c tro n ; 

- ( Z e ^ / r ^ )  is  th e  C ou lom b in te ra c t io n  b e tw e e n  th e  a tom ic n u c le u s  a n d  th e  

i t h  e le c tro n ,  w h e re  r^ is  th e  d is ta n c e  b e tw e e n  th e  i t h  e le c tro n  a n d  th e  

n u c le u s ; e ^ / r . . is  th e  C ou lom b in te ra c t io n  b e tw e e n  th e  i t h  a n d  i t h  

e le c tro n s  ; Y is  th e  w ave  fu n c t io n  f o r  th e  N e le c tro n s , a n d  i t s  fo rm  

d e p e n d s  u p o n  th e  space a n d  th e  s p in  c o o rd in a te s  o f a ll N e le c tro n s

Y Y ( r  o^; r  o ^ ;  ; r ^  , a ^ )



r  ̂ is  an a b b re v ia t io n  fo r  0 ^, th e  s p h e r ic a l p o la r  c o o rd in a te s  o f 

e le c tro n  i ;  is  th e  s p in  c o o rd in a te  o f e le c tro n  i ;  E is  th e  to ta l e n e rg y  

o f  th e  N e le c tro n s .

E q u a tio n  (1 .2 )  can n o t be s o lv e d  e x a c t ly  fo r  N > 1. T h e re 

fo re  to  f in d  th e  w ave  fu n c t io n  Y a n d  th e  e n e rg ie s  E fo r  a m a n y -e le c tro n  

s y s te m , fo r  exam p le  one c o n s is t in g  o f f iv e  e le c tro n s , a p p ro x im a tio n  

m e th o d s  m u s t be  u s e d . U s in g  th e  s o -c a lle d  c e n t r a l- f ie ld  a p p ro x im a tio n  

in  c o n ju n c t io n  w ith  a p e r tu rb a t io n  c a lc u la t io n  g iv e s  r is e  to  th e  p ro c e d u re

7
k n o w n  in  th e  l i t e r a tu r e  as th e  "S la te r  th e o ry  o f atom s a n d  io n s " .

A t  th is  p o in t  i t  is  c o n v e n ie n t to  a d d  th e  q u a n t ity  
N N

+ 2 e V ( r . )  -  Z e V ( r . )  to  th e  H a m ilto n ia n  in  e q u a tio n  (1 .2 )  w h e re  V ( r .  ) 
r= l  ̂ i -1   ̂ ^

is  th e  " s h ie ld in g  p o te n t ia l" ,  i . e .  a s p h e r ic a l ly  s y m m e tr iz e d  a v e ra g e d  

e le c tro s ta t ic  p o te n t ia l g e n e ra te d  a t e le c tro n  i  b y  a ll o th e r  e le c tro n s . 

V  is  th e n  s u b s e q u e n t ly  d iv id e d  in to  tw o  p a r ts  , i . e .

w ith

a n d

Vp = - H °  ( 1 . 3 )

n 4-2 N 2 N
I  -  I  ) ( 1 .4 )

i= l   ̂ i= l  ^

, N „  2 , N N 2
- i (  = - I  -  e V ( r  ) ]  + 1  I  I  ^  ( 1 .5 )
^  1=1 i i=L^jj = l  ij

I f  th e  s h ie ld in g  p o te n t ia l,  V ( r ^ ) ,  is  chosen  su c h  th a t  , 

e v e ry w h e re  in  c o o rd in a te  space , is  as sm a ll as p o s s ib le , th e n 'j- f ' may be  

t r e a te d  as a p e r tu r b a t io n  o p e ra to r  a c t in g  on th e  u n p e r tu rb e d  system  

th a t  is  d e s c r ib e d  b y  th e  S h rd d in g e r  e q u a tio n



^ 0  = e Y ^  ( 1 . 6 )

T h e  e f fe c t  o f on  th e  sys te m  w il l  be  d is c u s s e d  in  se c tio n

( 1 . 2 . c ) .  T h e  d i f f e r e n t ia l  e q u a tio n  ( 1 .6 )  can  be  so lv e d  to  g iv e  s o lu t io n s  

f o r  Y ^ w h ic h  a re  p ro d u c ts  o f  o n e -e le c tro n  fu n c t io n s  (r^  . o^) w h e rea.1

1 1 1 £.  S.  1 1  11 1  1

a (a )  "I
y (1 .7 )

. 6  ( a ) J

a. = n . ,  , m „ , m1 1 1 36. s.
1 1

T h e  w ave  fu n c t io n s  t  in  e q u a tio n  ( 1 .6 )  can be  w r i t t e n  in  th e  fo rm

fO  = i|/ ( 1) .  $ ( 2 ) ...........i|) ( 1 . 8 )
®1

a n d  th e  c o r re s p o n d in g  e n e rg y  is  g iv e n  b y

E = e 0 + E 0 +...........+ e g ( 1 .9 )
^ l ' * T  ^ 2 '  2 ^ N ’ N

E q u a tio n  ( 1 .8 )  does n o t ta k e  e xch a n g e  o f th e  c o o rd in a te s  o f 

th e  e le c tro n s  in  th e  sys te m  in to  a c c o u n t. T h e re  a re  in  to ta l  N ! d i f f e r e n t  

p ro d u c t  fu n c t io n s  w h ic h  can  be  o b ta in e d  fro m  e q u a tio n  ( 1 . 8) b y  p e r fo r m 

in g  a ll p o s s ib le  p e rm u ta t io n s  o f th e  e le c tro n  c o o rd in a te s . E v e ry  l in e a r  

co m b in a tio n  o f th e se  N ! fu n c t io n s  is  an e ig e n fu n c t io n  o f th e  u n p e r tu r b e d  

H a m ilto n ia n  o f ( 1 .6 )  w ith  th e  e ig e n v a lu e  ( 1 .9 ) .  H e n ce , w h e n  e x ch a n g e  

is  ta k e n  in to  a c c o u n t, th e  m ost g e n e ra l e ig e n fu n c t io n ,  0 , o f
7

e q u a tio n  ( 1 .4 ) ,  is



= ( 1 /Æ f ! )  Z ( - 1) ^  P Y ^  ( 1 . 10 )
p

( 1 / v in  ) is  a n o rm a liz a tio n  fa c to r  a n d  th e  sum m ation  is  ta k e n  o v e r  a ll 

p e rm u ta t io n s  P o f th e  e le c tro n  c o o rd in a te s .  T h e  a n t is y m m e tr ic  fu n c t io n  

$ ,  ( 1 .1 0 ) ,  is  c a lle d  th e  H e is e n b e rg -S la te r  fu n c t io n ,  H S - fu n c t io n ,  a n d  in  

a b b re v ia te d  fo rm  i t  is  u s u a lly  w r i t t e n  as

■ ^2   .

o r

(n  ,£  ,m .  ,m ;n _ ,£  ,m .  ,m ;  ;n  ,£  .m . ,m  )
^ ^ ^ ^2  2 ^  ”  N N

( 1 . 11)

F o r  e le c tro n s  b e lo n g in g  to  th e  same su b  s h e ll,  i . e .  e le c tro n s  p o s s e s s in g  

th e  same n  a n d  £ v a lu e s , $ can  be  w r i t t e n  as

(m „  ,m ; m . ,m  ;  ;m „  ,m ) ( 1 . 12 )
1 1 2  2 N N

o r

$ (m .  ; m • ......... ; m . ) (1 .1 3 )
^1 ^2 N

T h e  p o s it iv e  s ig n  b e in g  u se d  w hen  m ^ = a n d  th e  n e g a tiv e  s ig n  w hen

m ^ = - ^ .  T h e  fu n c t io n  $ ,  e q u a tio n  ( 1 .1 0 ) ,  can  a lso  be w r i t te n  in

2 7d e te rm in a n ta l fo rm ; ’ I t  is  a n o rm a liz e d  and  o r th o g o n a liz e d  fu n c t io n .

B e fo re  in v e s t ig a t in g  w h ic h  e n e rg y  v a lu e s , E , an  a tom ic 

N -e le c t ro n  sys te m  is  a llo w e d  to  h a ve  in  th e  c e n t r a l- f ie ld  a p p ro x im a t io n , 

i t  is  n e c e s s a ry  to  e s ta b lis h  c le a r ly  th e  s ig n if ic a n c e  o f tw o  q u a n t it ie s ,  

c o n f ig u ra t io n  a n d  te rm , a n d  to  d is t in g u is h  b e tw e e n  th e m .



1 .2  E LEC TR O N  C O N F IG U R A T IO N  A N D  TERM S

A c o n f ig u ra t io n  is  an  a s s ig n m e n t o f a g iv e n  n u m b e r o f e le c tro n s  

to  a se t o f o r b i ta ls ,  each  o f th e  fo rm  ip ^ ( i) , e q u a tio n  ( 1 . 7 ) ,  a n d  i t  can

be  w r i t te n  s y m b o lic a lly  a s , ( n ^ £ ^ ) ^ ,  ( n ^ j ^ ^ ) ^ ' ........... , ( n ^ £ p ^ ,  w h e re

a , b ,  ,N  a re  th e  n u m b e r  o f e le c tro n s  w h ic h  o c c u p y  one e le c tro n

o r b i ta l  o f e n e rg y ,  , e q u a tio n  ( 1 . 9 ) .  F o r  exam ple

2 2 2 5
Is  ,2 s  , 2p   ,n d  . I t  is  im p o r ta n t  to  re a lis e  th a t  a g iv e n

c o n f ig u ra t io n  g iv e s  r is e  to  a n u m b e r o f e n e rg y  le v e ls .

P o ss ib le  e ig e n fu n c t io n s  o f 0 ,  a sso c ia te d  w ith  a p a r t ic u la r

e le c tro n  c o n f ig u ra t io n  a re  o b ta in e d  w h e n  w ith in  th is  e le c tro n  c o n f ig u ra t io n

a ll th e  p o s s ib le  o r b i ta l  o c c u p a tio n s  a llo w e d  b y  th e  P a u li E x c lu s io n

P r in c ip le  a re  ta k e n  in to  a c c o u n t.  F o r  in s ta n c e , to  f in d  th e  0 fu n c t io n s

a llo w e d  fo r  th e  n d ^  c o n f ig u r a t io n ,  th e  f iv e  (n d )  va le n ce  e le c tro n s  a re

to  be  d is t r ib u te d  o v e r  th e  2 ( 2 £ + l ) ,  i . e . ,  10-d e g e n e ra te  d - o r b i ta ls  ta k in g

th e  P a u li P r in c ip le  in to  c o n s id e ra t io n .  I f ,  fo r  exa m p le , f o u r  e le c tro n s

a re  p la ce d  in  th e  o r b ita ls  ( m „ , m  ) = ( m . ,m  ) = 2 , ( m . ,m ) = 1 ,
1 ®1 2 ®2 3 ®3

a n d  ( m . , m ) = 1 , th e n  th e  f i f t h  e le c tro n  can o c c u p y  o n ly  one o f th e  
4 4  + -  + -  +

o r b ita ls  ( m . , m ) = 0, 0, - I ,  - 1 ,  -2  o r  - 2 .  F rom  th is ,  i t  fo llo w s  th a t

. S ^5  0th e  fo llo w in g  fu n c t io n s  a re  a c c e p ta b le  e ig e n fu n c t io n s  $ o f  , 

e q u a tio n  (1 .4 ) .

[ (m „  ,m ) ; (m .  ,m  ) ; (m . ,m  ) ; ( m .  ,m ) ; ( m .  ,m  )] 
^1 ^ I  ^2 ^2 ^3 3 ^4 ^4 S  5

+  - +  - +  +  -  +  -  -  + - + -  +

$ ( 2 , 2 , 1 , 1 , 0 )  or 0 ( 2 ,  2 , 1 , 1, 0)  or 0 ( 2 , 2 , 1 , 1 , - 1)

0 ( 2 , 2 , l , I , - I ) o r  0 ( 2 , 2 , l , I , - 2 ) o r  0 ( 2 , 2 , 1 , 1 , - 2 )



T h e  re m a in in g  a c c e p ta b le  0 fu n c t io n s  can  be  s im ila r ly  d e r iv e d  b y  

c o n s id e r in g  a ll o th e r  p o s s ib le  o c c u p a tio n s  o f th e  d  o r b i ta ls .

5
1 . 2 . a E LE C TR O N  C O N F IG U R A T IO N S  A N D  TERM S FOR n d  IO N S

A l l  p h y s ic a l ly  d i f f e r e n t  0 fu n c t io n s  can  th e n  be  o rd e re d

a c c o rd in g  to  th e  q u a n t it ie s  M = ( m . +m . +m . +m „ +m. ) a n d
1 2 3 4 5

M = (m  +m +m +m +m ) a n d  ta b u la te d  as in  T a b le  ( 1 . 1 ) .  I t  can
S S2 Sg s g

be  show n  in  th is  w ay th a t  th e re  a re  252 p h y s ic a l ly  d i f fe r e n t  0 fu n c t io n s  

b e lo n g in g  to  th e  n d ^ - c o n f ig u r a t io n . T a b le  ( 1 .1 )  show s th e  g e n e ra l 

schem e in v o lv e d  in  d ra w in g  u p  th e  M ^ ,M ^  ta b le  a n d  l is t s  th e  n u m b e r o f 

p o s s ib le  0 fu n c t io n s  in  each b o x  f o r  th e  p o s s ib le  v a lu e s  

M ^ = 6 , 5 ,4 ,  3, 2 ,1 , 0 1 , - 2 , - 3 , - 4 , - 5 , - 6  a n d  M ^ = “ 2 *

T a b le  ( 1 .2 )  is  an e x p a n s io n  o f th e  m ain ta b le ,  fo r  th e  M ^= 0 , M b o x

w ith  i t s  p ro p e r  $ fu n c t io n s .  T h e  n d ^  c o n f ig u ra t io n  is  2 5 2 -fo ld

d e g e n e ra te  in  th e  c e n t r a l - f ie ld  a p p ro x im a t io n .

T he  d e te rm in a n ta l fu n c t io n s  0 a re  e ig e n fu n c t io n s  o f * ^ * ^ ,  

e q u a tio n  ( 1 .4 ) .  T h e y  a re  n o t g e n e ra lly  e ig e n fu n c t io n s  o f th e  f re e  io n

H a m ilto n ia n  V ^ ,  e q u a tio n  ( 1 .3 ) .  T h e se  $ fu n c t io n s  a re  k n o w n  as

"m ic ro s ta te s " .  T h e y  a re  d e g e n e ra te . T h e  p e r tu rb a t io n  t e r m - f j ’ , 

e q u a tio n  ( 1 . 5 ) ,  p e r tu r b s  ^ a n d  a c c o rd in g  to  d e g e n e ra te  p e r tu r b a t io n  

th e o ry  in  p r in c ip le  i t  m ixe s  th e  d e g e n e ra te  fu n c t io n s  0 , a n d  re m o ve s  

th e ir  d e g e n e ra c y .

T h e  to ta l a n g u la r  m om entum  a n d  i t s  a llo w e d  z -a x is  c o m p o n e n ts , 

m u s t a lw a ys  be  c o n s ta n ts  o f th e  m o tion  fo r  a ll th e  e le c tro n s  in  an 

is o la te d  atom o r  io n .  H o w e v e r, in  e q u a tio n  (1 .3 )  th e re  a re  no  in t e r -
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a c tio n s  th a t  co u p le  th e  space a n d  s p in  c o o rd in a te s  o f th e  e le c tro n s ,  so 

i t  fo llo w s  th a t  e ig e n fu n c t io n s  o f can be  o b ta in e d  w h ic h  a re  s im u lta n e 

ous e ig e n fu n c t io n s  o f th e  to ta l o r b i ta l  a n g u la r  m om entum , a n d  th e  to ta l 

s p in  a n g u la r  m om entum  o f th e  e le c tro n s ,  a n d  o f th e ir  a llo w e d  z -a x is  

c o m p o n e n ts . F rom  th e  q u a n tu m  m echan ics  o f  a n g u la r  m om entum  a n d  i t s  

o p e ra to rs ,  th e  to ta l o r b i ta l  a n d  s p in  a n g u la r  m om enta can be  d e f in e d  b y  

q u a n tu m  n u m b e rs  L  a n d  S , a n d  th e i r  z -a x is  co m ponen ts  b y  th e  q u a n tu m  

n u m b e rs  a n d  re s p e c t iv e ly .  T h e  to ta l o r b i ta l  a n d  s p in  a n g u la r  

m om enta a re  > / l ( L  + 1) a n d  \ / s ( S  + 1) r e s p e c t iv e ly .  T h e ir  

c o r re s p o n d in g  z -a x is  co m p o n e n ts  a re  g iv e n  b y  a n d  . T h e  to ta l

o r b i ta l  a n g u la r  m om entum  o f th e  e le c tro n  d is t r ib u t io n  is  s im ila r ly  d e f in e d  

b y  a to ta l a n g u la r  m om entum  q u a n tu m  n u m b e r J , a n d  is  g iv e n  b y  

\ / j ( J  + 1)' t i .

T h e  e ig e n v a lu e s . o f V ^ ,  e q u a tio n  ( 1 . 3 ) ,  i . e .  th e  e n e rg y  

le v e ls ,  o r  te rm s , fo r  th e  f re e  ion  can  th e n c e  be d e n o te d  b y  s p e c ify in g  

th e  te rm  sym b o l w h e re  (2S +1) is  th e  s p in  m u l t ip l ic i t y ,  a n d  w hen

L  = 0; 1; 2; 3; 4; 5; 6 ; .........  th e  L  q u a n tu m  n u m b e r  is  d e n o te d  b y  S ;P ;D ;F ;G ;

H ; I    r e s p e c t iv e ly .  T h e  d e g e n e ra c y  o f  th e  te rm  is  ( 2L+1) (2 S + 1 ) ,

i . e .  each v a lu e  o f M ^, w h e re  = L , ( L - 1 ) , ............ o r  - L ,  o c c u rs  (2S+1)

tim e s  a n d  each v a lu e  o f , w h e re  M ^ = S , S - 1 , ........... . o r  - S ,  o c c u rs

(2 L + 1 ) tim e s  in  th e  te rm . F o r  e xa m p le , a te rm  is  3 6 - fo ld  d e g e n e ra te .

I t  has a lre a d y  been  p o in te d  o u t th a t  fo r  th e  n d ^ - c o n f ig u r a t io n , 

th e re  a re  252 "m ic ro s ta te s " ,  e ig e n fu n c t io n s ,  $ ,  o f . I t  th e re fo re

fo llo w s  th a t  th e re  a re  252 e ig e n s ta te s  o f f o r  th e  n d ^ - io n s .  T h e se  

a re  s u b s ta te s  o f a ll p o s s ib le  te rm s  ^ ^ L ^  f o r  th e  n d ^ - io n s ,  a n d  i t  is
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im p o r ta n t  a t th is  p o in t  to  d e te rm in e  w h ic h  l in e a r  c o m b in a tio n  o f th e  

" m ic ro s ta te s " ,  , c o r re s p o n d  to  th e  e ig e n fu n c t io n s  o f th e  s u b s ta te s  

la b e lle d  b y  th e  p o s s ib le  M ^,M ^ q u a n tu m  n u m b e rs  o f  each o f th e  te rm s  in  

th e  te rm  sym b o l I t  t u r n s  o u t th a t  th e  n d ^ - c o n f ig u ra t io n  g iv e s

r is e  to  1 6 -te rm s  w hose L  a n d  S v a lu e s  a n d  te rm  sym bo ls  a re  l is te d  in  

T a b le  ( 1 .3 ) .  T h e  n u m b e r o f "m ic ro s ta te s "  th a t  c o n t r ib u te  to  each  o f 

th e s e  te rm s  a re  a lso  l is te d  in  th is  ta b le .

l . Z . b  TH E  E IG E N F U N C T IO N S  OF : TH E  TERM  W A V E F U N C T IO N S

In  e q u a tio n  ( 1 .3 )  th e  o p e ra to rs  L ,  S, L  = Z (£ .)  a n d
i

S = Z (s . ) , a ll com m ute w ith  V  a n d  w ith  each o th e r .  E ig e n fu n c t io n s  
z  ̂ 1 z F °

Y o f th e  w a v e -e q u a tio n  ( 1 . 2 ) can th e re fo re  be  fo u n d  w h ic h  a re  s im u l-

2 3 7
ta n e o u s  e ig e n fu n c t io n s  o f th e se  o p e ra to rs .  ’ ’ T h e se  fu n c t io n s  a re  

d e n o te d  b y  f ( L ,M ^ ,S ,M ^ )  and  fro m  a n g u la r  m om entum  th e o r y ,  th e  

fo l lo w in g  a lg e b ra ic  re la t io n s h ip s  now  fo llo w :

¥ ( L ,  S , Mg) = L (L + 1 )  Ÿ ( L ,  M^., S , M ^)

L  = 0 , 1 , 2 , 3 , 4 , .......... < 1 .1 4 )

L W(L, M S, M^) = M t  Y (L ,  , S, W,,)Ù J-i O Li Li O

= L , ( L - 1 )   o r  - L  (1 .1 5 )

' 2̂ ?
S Y ( L ,  M S , M ^) = S (S +1) t  Y ( L ,  M . S , M ^ )

S = 0 , ^ ,  1 , ^ ,  2 , ^ ,  3 , ........... ( 1 . 1 6 )
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T a b le  (1 .3 )

L S T e rm
N u m b e r o f m ic ro s ta te s , $ 

= ( 2L + 1) ( 2S + 1)

0 5 /2 6

4 3 /2 s 36

3 3 /2 28

2 3 /2 20

1 3 /2 S 12

6 1/2 26

5 1 / 2 2h 22

4 1/ 2 2x ^G 2x18

3 1/2 2x ^ F 2x14

2 1/2 3x^D 3x10

1 1/2 6

0 1 / 2 ' s 2

T o ta l = 252
----------------------------—----------------------------------------------------------------------------------------—_______
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T(L ,  Mj. , S, Mg) = M gt  ¥ ( L ,  M^, S, Mg)

Mg = S, ( S - 1 ) ............   or -S (1.17)

( L t I L  ) >F (L ,M , ,S ,M ^ ) = t i  /  (L±M  + l) ( L ïM  1 ï  (L ,M  +1, S ,M ^  ) (1 .1 8 )
x y  L i O  Li Li Li O

( S t i S  ) >P(L,M ,S ,M ^ ) = 1 i /  (S ± M ^ + l) (S + M ^ )  Ÿ (L ,M ^  ,S ,M ^ ± 1 )  (1 .1 9 )
x y  L o  o o L i O

I t  s h o u ld  be  n o te d  th a t  i f  a fu n c t io n  ¥ ( L , M ^ , S ,M ^ )  is  k n o w n

th e n  a ll o th e r  fu n c t io n s  \p (L ,M ^ , S ,M ^ )  w ith  M ^ = L , ( L - 1 ) , ...........   o r  - L

a n d  M g = S , ( S - l ) , ......... .. o r  - S , can  be d e te rm in e d  b y  re p e a te d  a p p lic a t io n

7
o f th e  s h i f t  o p e ra to r  re la t io n s h ip s  in  e q u a tio n s  (1 .1 8 )  a n d  ( 1 .1 9 ) .

In  g e n e ra l,  th e  te rm  e ig e n fu n c t io n s  '1 ( L ,M ^ ,  S ,M ^ )  a re  l in e a r

c o m b in a tio n s  o f  "m ic ro s ta te s "  $ , w ith  th e  same a n d  v a lu e s . In

g e n e ra l,  th e  "m ic ro s ta te s " ,  $ ,  a re  n o t te rm  e ig e n fu n c t io n s ,  a n d  i t  is

o n ly  w hen  one "m ic ro s ta te " ,  0 , is  in  a g iv e n  b o x  in  T a b le  (1 .1 )  th a t

0 "m ic ro s ta te "  is  an a c c e p ta b le  te rm  w a v e fu n c t io n . T h u s ,  T a b le  (1 .1 )
+ + + + +

show s th a t  th e  fu n c t io n  0 ( 2 , 1 , 0 , - 1 , - 2 ) is  a te rm  e ig e n fu n c t io n  w ith

-  0 , Mg ~ b e lo n g in g  to th e  te rm

(L% + iL y )  = I  U J .  *  i  I  (% y ) ; = E ( V  .............   e t c . ,

a n d  th e re fo re ,  th e  a n t is y m m e tr iz e d  p ro d u c t  fu n c t io n s  0 o f  th e  "m ic ro 

s ta te s "  s a t is fy  th e  re la t io n s h ip s
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( L ± i L ) 0 ( m  , m   , m , m )
X y  S} N

N
= t i  y X  ^.±m . +1) ( ) 0 ( m _  , m ; ------- (m . ±1)  , m ; . . . . m„  , m )

i = l   ̂ i   ̂ i  ^1  ®1 i  N

a n d  ( 1 • 20)
/\ A

(S  ± i  S ) 0 ( m .  ,m  ; ...........; m .  ,m  )
^  y  &1 S}

N /g --------------------------------
= t i  y ) ( 174: m ) 0 ( m .  ,m  ; ------- ; m .  , (m ± 1 ) m . ,m )

i  = l  ^ i  ^ i  ^1 \  =N

( 1 . 21)

T h e  0 fu n c t io n s  a re  e ig e n fu n c t io n s  o f a n d  w ith  s h a rp ly

d e f in e d  e ig e n v a lu e s  î i M  = t i(m  . + m . +  +m . ) a n d
^ 1 2  N

n  = t i(m _  + m_  ........... ,m_ ) f o r  th e se  o p e ra to rs .
s 1

g
T h e  m ost u s e fu l p ro c e d u re  fo r  d e te rm in in g  th e  te rm  e ig e n 

fu n c t io n s  ¥ ( L ,M ^ ,S ,M g )  is  as fo llo w s :

1) T h e  fu n c t io n s  ¥ ( L , M ^ , S , M g )  a re  re p re s e n te d  b y  l in e a r  c o m b in a t

ions  o f  th e  0 fu n c t io n s  in  th e  a p p ro p r ia te  b o x  in  T a b le s

( 1 . 1) a n d  ( 1 . 2 ) .

2) I f  a fu n c t io n  ¥ ( L , M ^ , S , M g )  is  k n o w n , th e n  a ll th e  o th e r  fu n c t io n s  

¥ ( L , M ^ , S , M g )  th a t  b e lo n g  to  th e  same te rm  a re  g e n e r a t e d

b y  re p e a te d  a p p lic a t io n  o f th e  s h i f t  re la t io n s h ip s  g iv e n  in  e q u a tio n s  

( l . I 8 ) - ( 1 . 21 ) .

3) T h e  fu n c t io n s  ¥ ( L , M ^ , S , M g )  a re  o r th o g o n a l a n d  th e y  a re  now 

n o rm a liz e d , i . e .
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F o r  e x a m p le , as a lre a d y  e x p la in e d , th e  "m ic ro s ta te "
+  — + + +

0 ( 2 , 2 , 1 , 0 , - 1 )  is  th e  o n ly  "m ic ro s ta te "  in  b o x  in  T a b le  ( 1 . 1 ) .  I t  

is  th e re fo re  an e ig e n fu n c t io n  ¥ ( L , M ^ , S , M g )  fo r  w h ic h  = 4, a n d  

Mg = T h e  "^G -te rm  fo r  w h ic h  L  = 4, S = ^  g e n e ra te s  a su b  s ta te  f o r
3

w h ic h  M ^ = 4 a n d  Mg = I t  th e re fo re  fo llo w s , fro m  T a b le  ( 1 .1 )  th a t

th is  "m ic ro s ta te "  is  an e ig e n fu n c t io n  o f a n d

¥ ( 4 , 4 , | , | )  = $ ( 2 , 2 , 1 . 0 , - 1 )  ( 1 . 2 2 )

T h e  o th e r  e ig e n fu n c t io n s  b e lo n g in g  to  th e  '^ G - te rm , i . e .  th e  o th e r  

¥ ( 4 ,M ^ , |- ,M g )  fu n c t io n s  w h e re  M ^ = 3 , 2 , 1 , 0 , - 1 , - 2 , - 3  a n d  Mg =

3 5 -s ta te s  in  a ll can  be  g e n e ra te d  w ith  th e  a id  o f th e  lo w e r in g  o p e ra to rs  

( L ^  -  i  L ^ )  a n d  ( -  i  S ^ ) .  F o r  exa m p le , a p p lic a t io n  o f th e  f i r s t  o f

th e se  to  b o th  s id e s  o f e q u a tio n  ( 1 . 22 ) g iv e s

( L ^ - i  L  ) ' f ( 4 , 4 , | , | )  = t i  4 -4+1) (4+4)  T ( 4 , 3 , | , | )

and

= 2 /2  t i  > 1 '( 4 ,3 , | , | )  ( 1 . 2 3 )

/s 4- -  + + + - + -  + + +
( L ^ - i  L  ) 4>(2,2 , 1 , 0 , - 1 )  = [ / (  2-2+1) (2+2)  $ ( 1 , 2 , 1 , 0 , - 1 )

+ -  + + +

+ vi 2-2+1) (2+2) 0 ( 2 , 1 , 1 , 0 , - 1 )

+ y f l - l + l ) ( l + l )  0 ( 2 , 2 , 0 , 0 , - 1 )

+ 0- 0+1) ( 0+0) 0 ( 2 , 2, 1, - 1, - 1)

+ / (  1-1+1) (1+0) 0 ( 2 , 2 , l , O , - 2 ) ] t  ( 1 . 24 )
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F o r  th e  same re a so n s  th a t  le a d  to  th e  P a u li E x c lu s io n  P r in c ip le ,  

th e  f i r s t ,  th e  t h i r d  a n d  th e  fo u r th  te rm s  o f th e  r i g h t  h a n d  s id e  o f  

e q u a tio n  ( 1 . 2 4 )  a re  z e ro , th e re fo re

( L ^ - i  L  ) $ ( 2 , 2 , 1 , 0 , - 1 )  = t i [ 2 $ ( i l , l , 0 , - l )  + $ ( 1 2 , 1 , 0 , - 2 )  ]

and  i t  now  fo llo w s  th a t

> l ' ( 4 , 3 , | , | )  = t  $ ( l l , l , 0 , - l )  + 2 t  $ ( 2 , 2 , 1 , 0 , - 2 )  ( 1 . 2 5 )
2 2 / y  / 7

3 3 4
i . e .  a se co n d  e ig e n fu n c t io n  ¥ ( 4 , 3 , 2 ^ ^ )  a s s o c ia te d  w ith  th e  G -te rm  has

b een  d e r iv e d ,  a n d  show n to  be  one o f th e  l in e a r  c o m b in a tio n s  o f th e  tw o

"m ic ro s ta te s "  b e lo n g in g  to  th e  b o x  in  T a b le  ( 1 . 1 )  fo r  w h ic h  = 3,

M g = ^  . T h e  com p le te  l i s t  o f 3 6 -s ta te s  o f  th e  ^ G -te rm  can be d e r iv e d

in  a s im ila r  w a y ,  a n d  s im ila r  a rg u m e n ts  e v e n tu a l ly  lead  to  a l is t  o f a ll

5
p o s s ib le  e ig e n fu n c t io n s  o f th e  te rm s  d e r iv e d  fro m  th e  n d  - c o n f ig u r a t io n .

F o r  e xa m p le , some o f th e  e ig e n fu n c t io n s  o f fo r  w h ic h  

M ^ = 0 , Mg = in  te rm s  o f th e  d e te rm in e n ta l "m ic ro s ta te s "  0 f o r  th e  

n d ^ - c o n f ig u r a t io n  a re  g iv e n  b e lo w . T h e se  fu n c t io n s  a re  ta k e n  fro m  

re fe re n c e  2, p a g e  335.
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- i

T ( 4 . 0 , 1 , | ) [ ' * G ]

Ÿ ( 3 , 0 , l , i ) [ ¥ ]

S la te r  g iv e s  a co m p le te  l i s t  o f th e  e ig e n fu n c t io n s  o f th e  fo rm

1 5 2
¥ ( L ,  0, S , ÿ  f o r  each  o f th e  te rm s  o f th e  n d  - c o n f ig u r a t io n .  T h e  o th e r

e ig e n fu n c t io n s  can  be  g e n e ra te d  fro m  th e s e  b y  u s in g  th e  s h i f t  o p e ra to rs

as d e s c r ib e d  a b o v e .

1 .2 .C  IN T E R E L E C T R O N IC  R E P U LS IO N S  A N D  TERM  ENERG IES

T h e  te rm  o f  lo w e s t e n e rg y  fo r  a n y  e le c tro n ic  c o n f ig u ra t io n  can  

a lw a ys  b e  d e te rm in e d  b y  a p p ly in g  H u n d 's  r u le s .  A c c o r d in g ly ,  th e  ^S - 

te rm  is  th e  g ro u n d  te rm  o f th e  n d ^  c o n f ig u ra t io n .  In  o rd e r  to  f in d  th e  

e n e rg ie s  o f th e  o th e r  te rm s , h o w e v e r, i t  is  n e c e s s a ry  to  go b a c k  to  

e q u a tio n s  (1 .3 )  a n d  ( 1 .5 )  a n d  c o n s id e r  th e  e f fe c ts  o f  th e  p e r tu rb a t io n  

te rm  ^  on th e  d e g e n e ra te  e ig e n fu n c t io n s  o f i - { ^ .  A c c o rd in g  to  t im e - 

in d e p e n d e n t d e g e n e ra te  p e r tu r b a t io n  th e o r y ,  fo rm a lly  m ixes to g e th e r

a ll o f th e  252 e ig e n fu n c t io n s  o f ^ a n d  p e r tu r b s  th e ir  e n e rg ie s  b y
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A E . In  a p p ly in g  p e r tu r b a t io n  th e o ry  e ith e r  th e  ^ 2 ' ' ’ ' 252 —

¥ ^ ( L ,M ^ ,S ,M g ) ,  ¥ 2 ( L , M ^ , S , M g ) ,  bases  can  be

u s e d , a n d  no  m a tte r  w h ic h  is  u se d  a 252 x  252 s e c u la r  d e te rm in a n t

H 21

H 252,1

H 1,252

^ 2 ,2 5 2

n252,2 "^2 5 2 ,2 5 2

=  0

(1 .2 6 )

is  o b ta in e d . I f  one b e g in s  w ith  th e  0 bases  th e n  th e  m a tr ix  e lem ents

H.. a re  d e f in e d  b y  th e  in te g ra ls  H . . = < 0 . I *!.( ! 0 . >. I f  th e  
13 13 1 ' ' 3

¥ ( L ,M  ,S ,M  ) b a s is  i s  u se d  th e n  H . . = < ¥ . | " ^  | ¥ . >.
L s  13 1 3

In  p r in c ip a l th e  d e te rm in a n ta l e q u a tio n  (1 .2 6 )  can  be  e x p a n d e d  

in  th e  p o ly n o m ia l fo rm

( A E ) 2 5 2 - ( h ^ j + H 2 2  + - ■ ■ ■ ^ s z ,  2 5 2 ^  ( A E ) ^ ^ ! ^ .  . . • • • H 252, 252>=0

(1 .27 )

a n d  th e  252 ro o ts ,  A E , e x tra c te d  b y  s ta n d a rd  m e th o d s . T h is  w o u ld  

r e s u l t  in  252 x  252 = 63504 m a tr ix  e le m e n ts , b e in g  c a lc u la te d , b u t  

th e  w o rk  in v o lv e d  can be c o n s id e ra b ly  re d u c e d  b y  u s in g  th e

¥ (L  ,M ^ , S ,M g ) fu n c t io n s  a n d  m a k in g  use o f th e  s o -c a lle d  " d ia g o n a l-s u m

4 5  ^2  ^2  ^ ^
r u le " .  ’ S ince  ' com m utes w ith  L  , S , and  S ^ , i t  fo llo w s  th a t

th e  s e c u la r  d e te rm in a n t (1 ,2 6 )  w il l  fa c to r iz e  in to  a n u m b e r o f sm a lle r

d e te rm in a n ts ,  one fo r  each  p o s s ib le  p a ir  o f va lu e s  M ^ , M ^ , a n d  fo r  each
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o f th e se  A E , + AE_ + . - - . +AE = I  ,H . .+ • • • •  . H ence , th e  sum o f th e    1 2 r  1 =1 u

ro o ts ,  A E , fo r  th o s e  te rm s  th a t  c o n t r ib u te  to  each o f th e s e  sm a lle r
r

s u b - d e t e r m in a n t s  i s  lU st Z H ...
i= l  11

T h is  d ia g o n a l-s u m  r u le  is  im p o r ta n t  because  i t  fo llo w s  fro m  

i t  t h a t ,  th e  sum o f th e  fo r  a ll th e  fu n c t io n s  ¥ ( o r  0 ) th a t  c o n t r ib u te  

to  a g iv e n  b o x  o f th e  M ^ , ta b le ,  f o r  exam ple  T a b le s  ( 1 .1 )  a n d  (1 .2 )

5
fo r  th e  n d  - c o n f ig u r a t io n ,  g iv e s  th e  sum o f th e  e n e rg ie s  o f th e  te rm s

th a t  c o n t r ib u te  to  th a t  M ^ , b o x .  S u b tra c t in g  s im ila r  sum s fo r

s u ita b le  a d ja c e n t b o x e s  th e n  g iv e s  th e  e n e rg y  o f a n y  te rm  th a t  o c c u rs

o n ly  once  in  th e  c o n f ig u ra t io n .  H o w e v e r, i f  a te rm  a p p e a rs  m ore th a n

2 2 2once in  th e  c o n f ig u ra t io n ,  fo r  exam p le  th e  G , F a n d  D te rm s  o f th e

5
n d  - c o n f ig u r a t io n ,  th e n  some o f th e  o f f -d ia g o n a l e lem en ts  H_ w i l l  n e e d  

to  be d e te rm in e d  a n d  a s e c u la r d e te rm in a n t w il l  th e n  h a ve  to  be  s o lv e d .

T o  e v a lu a te  th e  m a tr ix  e lem en t H _ , i t  is  im p o r ta n t  to

re m e m b e r th a t  th e  ¥ ( L ,M ^ ,S ,M g )  fu n c t io n s  a re  l in e a r  c o m b in a tio n s  o f

( i" )  ( r )  ( ï* )
th e  S la te r -d e te rm in a n ts  0 ^  = 0 ^ [a ^  ,a ^  , . . . . , a ^  ], th e  a^ b e in g

sym b o ls  fo r  th e  fo u r  q u a n tu m  n u m b e rs  n ^ ,£ . ,m ^  , m^ , e q u a tio n  ( 1 . 11 )
i  i

i . e .

an d

¥ ,  = c . , 0 ,  + c . , , 0 , 0 • • . . ++C. 0 +, 1 i l  1 i2 2 ir r

''j  = C j l * l  + .............

s o  t h a t  a n  in t e g r a l  < | ^ j  Y . > i s  m ad e u p  a d d i t iv e ly  o f  s u b - i n t e g r a l s

o f  t h e  form

h rs  = < * r l f ( l  * s  > ( l - 2 8 a )
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T h e  p e r tu rb a t io n  o p e ra to r ,  , e q u a tio n  (1 .5 )  may be  re c a s t to  g iv e

■H'= I U. + J  j  Î Qj. ( 1 .2 8 b )

w h e re  is  th e  o n e -e le c tro n  o p e ra to r

= - ( Z e ^ / r ^ )  + e V ( r p

a n d

Q_ is  th e  tw o -e le c tro n  o p e ra to r .

Q ij =

T h e  in te g r a l  h ^ ^  can  i t s e l f  be  e x p re s s e d  in  te rm s  o f in te g ra ls

in v o lv in g  th e  o n e -e le c tro n  fu n c t io n s  ifj , e q u a tio n  ( 1 . 7 ) .  T h e  m ost

1
g e n e ra l fo rm  o f th e  in te g r a l  in v o lv in g  th e  tw o -e le c tro n  o p e ra to r  —

1]
h a v in g  th e  fo rm  V (a ^ , a^, a ^ ,a ^ )  w h e re

V ( a . ,a . ,a p ,a ^ )

= < " i  I " p  >

= 6 5 6 _ Xm ,m m ,m m „ + m „ , m „ + m „  
s. s s. s Z. Z. Z Z 
1 P 3 q 1 3 P q

X y c ( £. ,m  . ; £ ,m . ) c ( £  ,m „  ; £ .,m  . ) x  
k=0 1 P q 3

X (n  ,£  ; n . , £ . ; n  ,Z  ;n  ,Z  ) (1 .2 9 )
1 1 3 3 p p q q
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w ith

 ̂ J  ̂ i i 3

X Y .  (e,(j))sin0ded(j) (1.30a)X,. ,m p
 ̂ 3

a n d

R ( n . , £. ; n . , £. ;n  ,£  ;n  ,£  ) 
1 1 3 3 P p q q

2 r°° 2 2R n j ^ ( r . ) R n  J ^ ( r ) r i r d r i d r
> P P q q= ® L  - k T I

1 1  3 3 J r \

(1 .3 0 b )

w h e re  Y ,  a re  n o rm a liz e d  s p h e r ic a l h a rm o n ic s , R . ( r )  a re  th e  r a d i  a l £ ,m ^  ^  n , £

p a r ts  o f th e  o n e -e le c tro n  fu n c t io n s  0  , a n d  r .  a n d  r .  a re ,n ,£ ,m ^ ,m ^  < >

re s p e c t iv e ly ,  th e  sm a lle r a n d  th e  la r g e r  o f r^  a n d  r^ .

When p = i and  q = j, th e  g e n e ra l r a d i a l in te g ra l  d e f in e d  in

(1 .3 0 b )  become id e n t ic a l w ith  th e  S la te r -  Con don p a ra m e te rs , F ^ ,  th a t

3 4 5a re  e n c o u n te re d  in  th e  l i t e r a tu r e .  ’ ’

R ^ (n ^ ,  £j^;Uj, £ y n ^ , £j^;Uj, £ j)  = F ^ (n ^ ,  £ ^ ;n ^ , £^) (1 .3 1 )

O th e r ,  m ore u s e fu l fo rm s  o f r a d ia l in te g ra ls  o f th is  k in d ,  a re  e n c o u n te re d  

in  th e  l i t e r a tu r e :  fo r  e xa m p le , th e 'S la te r - C o n  don P a ra m e te rs , F ^ .

W hen £^=£j=2, th e  re la t io n s h ip s  b e tw e e n  th e  tw o  se ts  o f p a ra m e te rs  a re :
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In  th e  l ig a n d  f ie ld  c a lc u la t io n s  i t  is  c u s to m a ry  to  use  th e  s o -c a lle d  

R acah p a ra m e te rs '^  A ,  B a n d  C w h ic h  a re  d e f in e d  th r o u g h  th e  r e la t io n 

s h ip s :

A  = F ^ -4 9 F ^ , B = F ^ -S F ^ , C = 35F^ (1 .3 3 )

T h e  ra d ia l in te g r a ls  (1 .3 0 b )  a re  m ost com m only e n c o u n te re d  in  th e  

l i t e r a tu r e  in  th e  fo rm  o f th e  S la te r -C o n d o n  p a ra m e te rs  F ^  a n d  th e  R acah  

p a ra m e te rs  A ,  B a n d  C : th e s e  a re  a ll p o s it iv e .

T h e  R acah  p a ra m e te rs  a re  s l ig h t ly  m ore u s e fu l because  i t  tu r n s  

o u t th a t  i f  th e y  a re  u s e d , th e n  th e  s e p a ra tio n  b e tw e e n  th e  te rm s  o f th e  

same m u lt ip l ic i t y  w ith in  th e  c o n f ig u ra t io n  in v o lv e  o n ly  th e  p a ra m e te r  B : 

s e p a ra tio n s  b e tw e e n  te rm s  o f d i f f e r e n t  m u lt ip l ic i t ie s ,  h o w e v e r , in v o lv e  

b o th  B a n d  C . I f  S la te r -C o n d o n  p a ra m e te rs  a re  u s e d , th e n  th e  

s e p a ra tio n  b e tw e e n  th e  te rm s , even  w ith  th e  same m u l t ip l ic i t y ,  in  

g e n e ra l a re  fu n c t io n s  o f b o th  F ^  and  F ^ .

S y s te m a tic  e v a lu a tio n  o f th e se  o n e -e le c tro n  re p u ls iv e  in te g ra ls ,  

use o f th e  "d ia g o n a l-s u m  r u le " ,  a n d  use  o f re la t io n s h ip s  d e ve lo p e d  b y  

R a c a h ^ ' c o n n e c t in g  te rm  e n e rg ie s  o f th e  n d  ̂ - c o n f ig u ra t io n  w ith  te rm  

e n e rg ie s  o f th e  n d ^ -c o n f ig u r a t io n  ( c f .  a p p e n d ix  I ) ,  e v e n tu a lly  le a d  to  

th e  th e o re t ic a l e n e rg ie s  fo r  th e  te rm s  o f th e  n d ^ - c o n f ig u r a t io n . T hese  

a re  l is te d  in  T a b le  ( 1 . 4 ) , ^ ’ ^ in  te rm s  o f b o th  th e  S la te r -C o n d o n  a n d  

th e  R acah fo rm s  o f  th e  v a r io u s  e le c tro n ic  re p u ls io n  p a ra m e te rs .
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T a b le  (1 .4 )

E n e rg ie s

T e rm (4 )R acah  p a ra m e te rs ( 3)S la te r  C o n d o n  p a ra m e te rs

lO A  -  35B 10Fq-3 5 F 2 -3 1 5 F ^

lO A -  25B + 5C 10Fq-2 5 F 2 -1 9 0 F ^

¥ lOA -  13B + 7C 10Fq-1 3 F 2 “ 180F^

S lOA -  18B + 5C 10Fq-1 8 F 2 -2 2 5 F ^

lO A -  28B + 7C lO F q-Z & F ^-lO S F ^

2l lOA -  24B + 8C 10FQ -24Fg- 90F^

lOA -  22B + lOC lOF" -2 2 F _ - 30F, 0 2 4

2g lOA -  13B + 8C 10Fq-1 3 F 2 -1 4 5 F ^

2g ' lO A ^ 3B + lOC IO Fq- 3F 2- 155F 4

2p lOA -  9B + 8C l O F y S F ^ -  I 5F 4

2p ' lO A -  25B + lOC 10F g- O F j-lO S F ^

2d lOA -  4B + lOC IGF g- 4F -1 2 0 F ^

H lOA - 3B + n e lOFg- 3F 2-  9OF4

± 3 (5 7 B ^  + 2BC + C ^ )^ ±( 513F2-45OOF F +2 0, 700f 2) :

2p lOA + 20B + lOC 10Fg+20F 2-24DF_j

2s lOA -  3B + 8C lOFo- 3F2-I95F4
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1 . 2 .d  TE R M  EN ERG IES FO R  TH E 4d^ C O N F IG U R A T IO N  OF TH E  

IS O L A T E D  R u ^ ’*' IO N

T h e o re t ic a l e x p re s s io n s  s im ila r  to  th o se  l is te d  in  T a b le  ( 1 .4 )  

can  be  d e r iv e d  fo r  o th e r  n d ^  c o n f ig u ra t io n s ,  a n d  e x p e r im e n ta l v a lu e s  

fo r  th e  R acah  a n d  S la te r -C o n d o n  p a ra m e te rs  can  be  o b ta in e d  b y  e q u a tin g  

d if fe re n c e s  in  su ch  ta b le s  w ith  a b s o rp t io n  a n d /o r  em iss ion  s p e c tra l 

d a ta . E x p e r im e n ta lly  d e te rm in e d  s e m i-e m p ir ic a l B a n d  C /B  v a lu e s  fo r

R u , R u  , R u ^  a re  l is te d  in  T a b le  ( 1 . 5 ) . ^ ' ^  E x p e r im e n ta l p a ra m e te rs

fo r  R u ^  do n o t seem to  be  a v a ila b le  in  th e  l i t e r a tu r e .  H o w e v e r,

k  4 4 5th e o re t ic a l v a lu e s  o f F a n d  o f th e  G a n d  P te rm  e n e rg ie s  o f th e  4d

c o n f ig u ra t io n  o f Ru^"*” h a v e  been  l is te d  b y  F ra g a , K a rw o w s k i a n d

S axena . C o n v e rs io n  o f th e s e  to  F ^  a n d  th e n  to  A ,  B a n d  C , u s in g

e q u a tio n s  (1 .3 2 )  a n d  (1 .3 3 )  g iv e s  th e  p a ra m e te rs  l is te d  fo r  R u ^ ^  in

T a b le  ( 1 .5 )

T a b le  (1 .5 )

atom  / io n B (cm  ^) C /B

R u 600 5 .4

Ru"" 670 3 .5

620 (4 7 4 )4 6 .5  ( 3 .8 ) 4

(9 2 9 .2 1 )1 2 (4 .0 3 )1 2

T h e o re t ic a l v a lu e s ^ ^ : A  = 135254.4 cm ^ a n d  C =3744 .9  cm
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C o m b in in g  th e  d a ta  f o r  R u ^  in  T a b le  (1 .5 )  w ith  th e  th e o r e t i

ca l e x p re s s io n s  l is te d  in  T a b le  (1 .4 )  le a d s  to  th e  fre e  io n  te rm  e n e rg ie s , 

r e la t iv e  to  th e  te rm , fo r  th e  4d^ c o n f ig u ra t io n  o f R u ^ ^  l is te d  in  

T a b le  ( 1 .6 )  a n d  show n  in  F ig u re  ( 1 . 1 ) .

F ig u re  (1 .2 )  show s in  m ore g e n e ra l fo rm , how  th e  e n e rg y

5
le v e l d ia g ra m  fo r  an is o la te d  n d  - c o n f ig u r a t io n  change s  as th e  r a t io  o f 

( B /C )  is  c h a n g e d . F o r  R u ^ ^  ( B /C )  = 0 .2 4 8 , a n d  i t  s h o u ld  be  n o te d  

th a t  th e  e n e rg ie s  o f th e  ^F , ^ F ’ , a n d  te rm s  a re  v e r y  c lose

to g e th e r  fo r  th is  r a t io .

1 .3  S P IN -O R B IT  C O U P LIN G  IN  FREE IO N S

In  o rd e r  to  u n d e rs ta n d  th e  m a g n e tic  p ro p e r t ie s  o f fre e  io n s ,  

o r  f o r  th a t  m a tte r  o f io n s  in  c h e m ic a lly  in te r e s t in g  s y s te m s , i t  is  

n e c e s s a ry  to  c o n s id e r  th e  e f fe c ts  o f s p in - o r b i t  c o u p lin g  on th e  e ig e n 

fu n c t io n s  a n d  e ig e n v a lu e s  o f th e  f re e  io n s  o r  o f th e  ion  in  a l ig a n d  

f ie ld .  B o th  s p in  a n d  o r b ita l  a n g u la r  m om enta c o n t r ib u te  to  th e  m a g n e tic  

d ip o le  o f th e  e le c tro n . F u r th e rm o re ,  th e  s p in  a n d  o r b i ta l  m agne tic  

m om ents a re  c o u p le d  to g e th e r ,  th e  in te r a c t io n  b e in g  k n o w n  as , " s p in -

o r b i t  c o u p l in g " ,  a n d  i t  ch a n g e s  th e  e n e rg y  o f th e  io n . S p in - o r b it

-1
in te ra c t io n  e n e rg ie s  v a r y  b e tw e e n  100-5000 cm in  th e  t r a n s it io n  s e r ie s  

o f e le m e n ts . ^

C la s s ic a lly ,  th e  e n e rg y  a s s o c ia te d  w ith  s p in - o r b i t  c o u p lin g  is  

p ro p o r t io n a l to  th e  o r b i ta l  a n g u la r  m om entum  v e c to r ,  s p in  a n g u la r  

m om entum  v e c to r  a n d  th e  cos ine  o f th e  a n g le  b e tw e e n  th e se  tw o  v e c to rs ,

i . e .  th e  c o n t r ib u t io n  to  th e  e le c tro n ic  H a m ilto n ia n  a r is in g  fro m  s p in -  

o r b i t  c o u p lin g  can  be  w r i t te n  in  th e  fo rm
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T a b le  (1 .6 )

T e rm
- 1

E n e rg y  (cm  )

0

s 28016.6

46657.0

S 34521.1

% 32718.8

2l 40180.5

2h 49528.8

2g 50401.9

2g ' 72759.1

2p 54118.8

2f ' 46741.1

2d 66254 .7

'D : 96064.4

2D'_ 45793.2

2p 88555.8

2s 59694.1
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Figure (1.1) . -1 3+ 5The term energies in cm of Ru ion, 4d
configuration, relative to assuming B/C = 0.2481
Numbers between parentheses represent number of
0 (micro states) in each term
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^ S O  G(r) £ . s  (1 .3 4 )

R e la t iv is t ic  q u a n tu m  m echan ics  a p p lie d  to  an e le c tro n  m o v in g  in  a c e n tra l 

f ie ld ,  th e  e le c tro s ta t ic  p o te n t ia l b e in g  V ( r ) ,  show s th a t  th e  one e le c tro n  

s p in - o r b i t  c o u p lin g  ç ( r )  is  g iv e n  b y

C ( r )   -----------------i_ 3 V ( r ) _  (1 .3 5 )
2m c 9 r

w h e re  c is  th e  v e lo c ity  o f l i g h t .  T h e  d ire c t  p ro d u c t  o f £ .s  is

£ .s  = i l s  + £ s  + £ s  (1 .3 6 )
z z X X  Y Y '

= a s + y  £ s + y  £ s , (1 .3 7 )z z 2 + -  2 -  +

When more th a n  one e le c tro n  is  p re s e n t ,  i t  is  u s u a l to  n e g le c t  th e  in t e r 

a c tio n  o f th e  s p in s  w ith  o r b i ta ls  o th e r  th a n  th e ir  o w n , th is  is  a v a l id  

a p p ro x im a tio n  as lo n g  as th e  c e n tra l f ie ld  is  s t ro n g e r  th a n  th e  in t e r -  

e le c tro n ic  in te ra c t io n s ,  a n d  e q u a tio n  (1 .3 4 )  becom es

S ( r . )  V i  (1 -3 8 )

T h is  is  o fte n  re c a s t in  th e  fo rm

j f s o  = X L .S  (1 .3 9 )

w h e re  L  a n d  S a re  th e  o p e ra to rs  fo r  th e  to ta l e le c tro n ic  o r b i ta l  a n d  th e  

to ta l e le c tro n ic  s p in  a n g u la r  m om enta re s p e c t iv e ly .
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T h e  to ta l H a m ilto n ia n  a t th is  s ta g e , th e n  becom es

w h e re , fro m  e q u a tio n s  (1 .4 )  a n d  (1 .5 )

1=1  1 1 < ] 1] 1=1

E x a c t s o lu t io n s  fo r  th e  e ig e n fu n c t io n s  a n d  th e  e ig e n v a lu e s  o f

th e  H a m ilto n ia n  o f (1 .4 0 )  c a n n o t be  g iv e n  a n d  so u s u a lly  th e  s p in - o r b i t

c o u p lin g  'f Ig Q  is  t re a te d  as a p e r tu rb a t io n  o f th e  u n p e r tu r b e d  H a m ilto n ia n

o f ( 1 .4 1 ) .  T h is  is  a re a so n a b le  a p p ro x im a tio n  e v e n  in  com p lexes o f th e

second  a n d  t h i r d  t r a n s it io n  m e ta l- io n  s e r ie s . T h e  s o lu t io n s  fo r  th e

u n p e r tu r b e d  sys te m  (1 .4 1 )  a re  th o se  d e s c r ib e d  in  s e c tio n  1 .2  a n d  i f  th e

fre e  io n  b a s is  fu n c t io n ,  ( L , M ^ , S ,M g )-s c h e m e  is  u s e d  th e n  th e  s p in - o r b i t

c o u p lin g  m a t r ix  e lem en ts  _ become 
^  ^  SO

Ego = < Y ( L , M ^ , S , M g )  l ^ g o l  > (1.42)

and  in s e r t in g  e q u a tio n  ( 1 .3 9 ) ,  th is  g iv e s

= X < Y ( L ,M ^ ,S ,M g )  |L .S |  Y '( L ,M ^ ,S ,M 'g )  > (1 .4 3 )

T h e  o n e -e le c tro n  s p in - o r b i t  c o u p lin g  p a ra m e te r  Ç (r) d e f in e d  

in  e q u a tio n  (1 .3 5 )  d e p e n d s  o n ly  on th e  ra d ia l d is t r ib u t io n  fu n c t io n  o f 

th e  e le c tro n . H o w e v e r, w hen  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t A,
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5
e q u a tio n  ( 1 .4 3 ) ,  fo r  th e  m any e le c tro n  sys tem  is  e v a lu a te d  th is  tu r n s  

o u t to  d e p e n d  on  th e  tw o  q u a n tu m  n u m b e rs  L  a n d  S a n d  is  fo u n d  to  be

X = ± S ^ ^ g / fZ S )  (1 .44 )

w h e re

th e  p o s it iv e  s ig n  is  u s e d  f o r  a less  th a n  h a l f - f u l l  s h e ll a n d  th e  n e g a tiv e  

s ig n  is  u s e d  f o r  a m ore  th a n  h a l f - f u l l  s h e ll.  W hen th e  s h e ll is  h a l f - f u l l ,  

f o r  exam p le  in  h ig h  s p in  n d ^  io n s ,  L  = 0 a n d  th e re fo re  X = 0 fo r  th e  

g ro u n d  s ta te s .

S p in - o r b i t  c o u p lin g  p a ra m e te rs  e s tim a te d  fro m  e le c tro n ic  w ave

fu n c t io n s  a re  v e r y  s e n s it iv e  to  th e  p re c is e  d e ta ils  o f th e  w ave fu n c t io n s

th a t  a re  u se d  a n d  n e e d  to  b e  tre a te d  w ith  c a u t io n .  T h u s ,  fo r  e xa m p le ,

th e  one e le c tro n  s p in - o r b i t  c o u p lin g  p a ra m e te r fo r  R u ^  has been

- 1 7  - 1 1e s tim a te d  b y  v a r io u s  a u th o rs  to  be  1500 cm , 1250 cm , a n d  1180

-1  13 _ ,cm r e s p e c t iv e ly .

F o r  a g iv e n  L S - te rm  th e  m a tr ix  e lem en ts  (1 .3 8 )  a re  p r o p o r t 

io n a l to  th e  m a tr ix  e lem en ts  L .S .  I t  th e re fo re  fo llo w s  th a t  th e  m a tr ix  

e lem en ts  (1 .4 3 )  d i f f e r  fro m  zero  o n ly  i f

M + = M' + M' = M (1 .46)
L  S L  S J

^2 ^2 ^2 ^ S ince  th e  H a m ilto n ia n  o p e ra to r  com m utes w ith  L  , S , J a n d  i t

fo llo w s  th a t  th e  c o r re s p o n d in g  q u a n tu m  n u m b e rs  can  be chosen to

c h a ra c te r iz e  th e  s ta te s  w h ic h  c a n , n o w , be d e s ig n a te d  in  th e  fo rm
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( L , S , J , M j ) .  F u r th e rm o re ,

th e re fo re

= ( L  + S )2

/S -1  ̂  ̂̂
L .S  = I  (J ^  -  -  S ^) (1 .4 7  )

a n d  on  n e g le c t in g  th e  o f f -d ia g o n a l te rm s , th e  e n e rg y  o f a s ta te  

( L , S , J , M j )  is  now  g iv e n  b y

E = E (L ,S )  X [J ( J + 1 ) -L (L + 1 ) -S (S + 1 ) ]  (1 .4 8 )

T h e  e n e rg y  d if fe re n c e  b e tw e e n  s im ila r  le v e ls  J a n d  J -1  is

AE = E ( L , S , J , M j )  - E ( L , S , J - l , M j )  = XJ ( 1 . 4 9 )

3
a n d  th is  is  th e  s o -c a lle d  L a n d e  in te r v a l  r u le .

E ach L S - te rm  in  F ig u re  (1 .1 )  is  s p l i t  b y  s p in - o r b i t  c o u p lin g  

in to  s ta te s  w h ic h  can be  la b e lle d  b y  th e  q u a n tu m  n u m b e r J , w h e re  J

ra n g e s  fro m  |L + S |,  | L + S - 1 | , ........... .. [ L - S | ,  a n d  i t  is  easy to  show  th a t

(2 S + 1 )(2 L + 1 ) s ta te s  o r ig in a te  fro m  a g iv e n  L S - te rm . T a b le  (1 .7 )  show s 

th e  e f fe c ts  o f  s p in - o r b i t  c o u p lin g  on th e  s e x te t , q u a r te t ,  and  te rm s  

o f th e  n d ^  c o n f ig u ra t io n .

S ince  L  = 0 in  th e  ^ S - te rm , i t  fo llo w s  th a t  th is  te rm  does n o t 

s p l i t  u n d e r  s p in - o r b i t  c o u p lin g  to  a n y  o rd e r .  H o w e v e r, o f f - d ia g o n a l 

m a tr ix  e lem en ts  o f th e  s p in - o r b i t  c o u p lin g  o p e ra to r  can m ix  e x c ite d  le v e ls  

o f th e  n d ^  c o n f ig u ra t io n  in to  th is  g ro u n d  s ta te  a n d  can  m o d ify  i t s  e ig e n -
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T e rm D e g e n e ra c y

(2 S + 1 )(2 L + 1 )

J N u m b e r o f s ta te s  
a t J 

le v e l = ( 2J + 1)

E n e rg y  o f s ta te  
in c lu d in g  s p in -  
o r b i t  c o u p lin g

' s 6 5 /2 6 E (^ S ) + 0

36 11/ 2 12 E (4 g )  + 6 X

9 /2 10 E (4 g ) + i x

7 /2 8 E (4 g ) -  4X

5 /2 6 E (4 g ) -  ^ X

& 28 9 /2 10 E (4 p )  + | x

7 /2 8 E (4 p )  + 0

5 /2 6 E ( % )  -  | x

3 /2 4 E (4 p )  -  6 X

S 20 7 /2 8 E (4 d ) + 3X

5 /2 6 E (4 d ) -  i x

3 /2 4 E (4 d ) -  3X

1/ 2 2 E (4 d )  -  6 X

4p 12 5 /2 6 E {4 p )  + | x

3 /2 4 E (4 p )  -  X

1/ 2 2 E (4 p )  -  | x

26 13/2 14 E ( ^ I )  + 3X

11/ 2 12 E ( ^ I )  -  |X

E n e rg ie s  in  cm a n d  a re  d e r iv e d  fro m  e q u a tio n  ( 1 .4 8 ) .  E n e rg ie s  

f o r  f r e e  io n  te rm s  E ( L ,S )  can be o b ta in e d  fro m  T a b le  ( 1 .4 ) .
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fu n c t io n  a n d  e ig e n v a lu e . ^ I n  th e  p re s e n c e  o f s p in - o r b i t  c o u p lin g ,  

th e r e fo r e ,  th e  g ro u n d  s ta te  is  n o t e x a c t ly  b u t  c o n ta in s  a d m ix tu re  o f

5
some n d  e x c ite d  le v e l i . e .

Y = c ^  Y (^ S )  + Z c X . (1 .5 0 )

w h e re

c^ a n d  c^ a re  m ix in g  c o e f f ic ie n ts  a n d  a re  w ave  fu n c t io n s  f o r  th e  

e x c ite d  le v e l i .

4 5
I t  t u r n s  o u t th a t  th e  P 5 / 2  l^ v e l is  th e  o n ly  le v e l o f th e  n d

c o n f ig u ra t io n  th a t  is  m ixe d  in  w ith  b y  s p in - o r b i t  c o u p lin g ,  a n d  f u l l  
4

c a lc u la t io n s  show  th a t  in  th e  p re s e n c e  o f s p in - o r b i t  c o u p lin g  th e  e ig e n -

5fu n c t io n  o f th e  lo w e s t le v e l o f n d  c o n f ig u ra t io n  is  g iv e n  a p p ro x im a te ly  b y

4, = W (& S )  ^ (1 .5 1 )
AE ( S - P)

w h e re

a n d  fro m  T a b le  (1 .4 )

A E (^ S -4 p )  = 7 (B  + C )
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A P P E N D IX  I

S E X T E T  A N D  Q U A R T E T  TER M  ENER G IES OF T H E  

n d ^  C O N F IG U R A T IO N ^ ’

T h e  in t e r  e le c tro n ic  re p u ls io n  p a ra m e te rs , F ^  o r  A ,  B a n d  C 

can be  re la te d  to  th e  C oulom b in t e g r a l ,  J ,  a n d  th e  e x c h a n g e  in te g r a l ,  K ,  

b e tw e e n  th e  d -e le c tro n s  w h e re

= < 't 'a la .  1^1 "^a la . >
1 1 1 ] 1 3

a n d  ( I . l )

K(ip ) = < ilJ ip |V |  ip ip >
Q. • • d. • cL • #

1 3 1 3  3 1

2
T h e  r e s u lta n t  r e la t io n s  a re  s h o w n , fo r  th e  n d  c o n f ig u ra t io n ,  in  T a b le  

( I . l ) .

M ost o f th e  te rm  e n e rg ie s  o f th e  n d ^  c o n f ig u ra t io n ,  in c lu d in g  

th e  s e x te t  a n d  th e  q u a r te t  te rm s , can  be  d e te rm in e d  b y  u s in g  th e  

"d ia g o n a l-s u m  r u le "  p ro c e d u re  o u t l in e d  in  s e c tio n  ( 1 . 2 . c ) .  T h e  e n e rg ie s  

o f th e  s e x te t and  q u a r te t  te rm s  can  a lso  be d e te rm in e d  b y  means o f  th e  

fo llo w in g  g e n e ra l p ro c e d u re  e s ta b lis h e d  b y  R a ca h , in  w h ic h  th e

e n e rg ie s  o f th e  te rm s  w ith  S = £ -  -  ̂ a n d  S = £ + -̂  in  th e  c o n f ig u ra t io n

2 £ + l 2
(n £ )  a re  re la te d  to  th e  e n e rg ie s  o f ( n £ )  , e s p e c ia lly  w h e n  £ = 2 .

A c c o rd in g  to  th is  a rg u m e n t, te rm s  w ith  S = 5 /2  a n d  S = 3 /2  in  th e  n d ^

c o n f ig u ra t io n  a re  re la te d  to  th e  e n e rg ie s  o f te rm s  a r is in g  fro m  th e  n d ^

c o n f ig u ra t io n .  T h e  e n e rg ie s  o f  th e  te rm s , ( ^ G ,^ F ,^ D ,^ P  a n d  ^S) th a t
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v a lu e s J K

± 2  ± 2 A  + 4B + 2C A  + 4B + 2C

± 2  + 2 A  + 4B + 2C 2C

± 2  ± 1 A  -  2B + C 6B + C

± 2  + 1 A  -  2B + C C

± 2  0 A  -  4B + C 4B + C

± 1  ± 1 A  + B + 2C A  + B + 2C

± 1  + 1 A  + B + 2C 6B + 2C

± 1  0 A  + 2B + C B + C

0 0 A  + 4B + 3C A  + 4B + 3C
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2a r is e  fro m  th e  n d  c o n f ig u ra t io n  a re  f i r s t  w o rk e d  o u t ,  u s in g  th e

"d ia g o n a l-s u m  r u le "  p ro c e d u re ,  a n d  th e n  th e  s e x te t  a n d  q u a r te t  e n e rg ie s

5b e lo n g in g  to  th e  n d  c o n f ig u ra t io n  can  be d e te rm in e d  in  th e  fo l lo w in g

2 3 7
m a n n e r. F rom  th e  M ^ , ta b le  fo r  th e  n d  c o n f ig u r a t io n ,  ' a n d  fro m

T a b le  ( I . l ) ,  one o b ta in s

1 + -  
E (^ G ) = E (2 ,2 )  = J ( 2 ,2 )  = A  + 4B + 2C

E (^ F )  + E ( ^ G )  = E ( 2 , l )  + E ( 2 ,1 )

= 2 J (2 ,1 )

= A  -  4B + 2C

+  -  +  -  +  —

E ( " D )  + E ( " F )  + E ( "G )  = E(2,0)  + E ( 2 ,0 )  + E ( 1 , 1 )

= 2 J (2 ,0 )  + J ( l , l )

= 3A -  7B + 40

E(3p) + E ( ^ D )  + E (^ F )  + E (^G ) = E ( 2 , - 1 )  + E ( 2 \ - l )  + E ( 1 ,0 )  + E ( 1 ,0 )

= 2 J (2 ,-1 )  + 2 J (1 ,0 )

= 4A + 40

E (^S ) + E (3 p )  + E ( ^ D )  + E ( ^ F )  + E ( ^ G )  =

= E ( 2 , - 2 )  + E ( 2 , - 2 )  + E ( l , - 1 )  + E ( l , - 1 )  + E ( 0 , 0 )

= 2 J ( 2 , - 2 ) + 2 J ( l , - l )  + J (0 ,0 )

= 5A + 14B + 110

F rom  th e se  e q u a tio n s , one d e d u ce s  im m e d ia te ly  th e  f i r s t - o r d e r  e le c tro -

2s ta t ic  e n e rg ie s  fo r  te rm s  th a t  a r is e  fro m  n d  c o n f ig u r a t io n .  T h u s ,
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E (^ S ) = A + 14B + 7C

E ( b ) = A - 3B + 2C

E (^ G ) = A + 4B + 2C

E (3 p ) = A + 7B

E (^ F ) = A SB

( 1 . 2)

T h e  e n e rg ie s  o f th e  f iv e  te rm s  ( a n d  ^G) th a t

a r is e  fro m  th e  n d ^  c o n f ig u ra t io n  a re  th e n  re la te d  to  th e  c o r re s p o n d in g  

e n e rg ie s ,  l is te d  in  e q u a tio n s  ( 1 .2 ) ,  w ith  th e  same L  v a lu e . In  te rm s  

o f th e  R acah  A ,  B a n d  C p a ra m e te rs , th e s e  t u r n  o u t to  be

E (d ^ ,  ^ ^L ) = l lA  -  2IB  + 7C -  E (d ^ ,  ^ ^ ‘^‘ L )  (1 .3 )

E q u a tio n  (1 .3 )  th e n  g iv e s  th e  e n e rg ie s  o f th e  s e x te t  a n d  q u a r te t  te rm s  

o f n d ^  c o n f ig u ra t io n ,  th u s

E (^ S ) = lOA - 35B

E (4 p ) = lOA - 28B + 70

E ( S ) = lOA - 18B + 50

E (4 p ) = lOA - I3 B + 70

E (^ G ) = lOA - 25B + 50

(1 .4 )



-  C H A P T E R  TWO -

T H E  E FFE C TS  OF C R Y S T A L  F IE L D S  ON TH E  

n d ^  C O N F IG U R A T IO N
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I n  c r y s ta l  f ie ld  th e o ry ,  th e  c e n t ra l m e ta l io n  o f an in o rg a n ic  

co m p le x  is  s u b je c te d  to  an e le c tr ic  f ie ld  o r ig in a t in g  fro m  th e  s u r ro u n d in g

io n s , a to m s , o r  m o lecu les , i . e .  th e  l ig a n d s ,  and  th is  c r y s ta l  f ie ld  

d e s tro y s  th e  s p h e r ic a l s y m m e try  o f th e  fre e  a tom . F u r th e rm o re ,  in  

c r y s ta l  f ie ld  th e o ry ,  e le c tro n s  on th e  l ig a n d  a re  n o t  a llo w e d  to  o v e r la p

a n d  m ix  w ith  th e  e le c tro n s  o f th e  m eta l io n ,  a n d  l ig a n d - l ig a n d  a n d  n e x t

• uu  . , . 1 -4 ,7 ,9 ,1 4 -1 8n e ig h b o u r in g  in te ra c t io n s  a re  n e g le c te d ,

2. 1 T H E  E L E C T R O S T A T IC  P O T E N T IA L  G E N E R A TE D  B Y  L IG A N D S

I f  th e  d is t r ib u t io n  o f c h a rg e  d e n s ity  o f a ll th e  l ig a n d s  in  a 

g iv e n  co m p le x  is  g iv e n  b y  p ( ^ )  5 p ( x ' , y * , z ' )  E p ( R , 0 ', (|)') ,  w h e re  S. 

is  th e  v e c to r  jo in in g  th e  c e n tra l m e ta l io n  to  a p o in t  w hose c o o rd in a te s  

a re  x ' , y ' , z '  o r  R ,0 ', ( j) ' ,  as show n  in  F ig u re  ( 2 . 1 ) ,  th e n

' )  E p (R ,0 ', ( j) ')

k

p ( x  ,y  ,z ) = p ( r , 0 , (j))

F ig u re  ( 2 . 1 )

th e  to ta l c h a rg e  on th e  l ig a n d  p ro d u c e s  a t th e  re fe re n c e  p o in t  

p ( r )  E p ( x , y , z )  E p ( r , 0 , ^ ) ,  an e le c tro s ta t ic  p o te n t ia l g iv e n  b y

V ( ? )  = J d T ^  (2 .1 )
iR - r  I R

w h e re  th e  in te g ra t io n  is  ta k e n  o v e r  th e  e n t ir e  space c o v e re d  b y  th e  

lig a n d  c h a rg e  d is t r ib u t io n .  E q u a tio n  ( 2 . 1 )  can  be  e x p a n d e d  o u t in
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te rm s  o f an in f in i t e  s e r ie s  o f s p h e r ic a l h a rm o n ic s

+ k  ,
V  ( r )  = V  ( r ,0 ,(J ))  = I  I  A,  V Y,  ( 8 , * )  ( 2 . 2 )

k=o  a=T,k

w h e re  ^  *

^  is  o b v io u s ly  ju s t  a n u m b e r w h ic h  is  c h a ra c te r is t ic  o f th e  (d is t r ib u t 

io n  o f c h a rg e  in  th e  ligancd.

A lth o u g h  e q u a tio n  ( 2 .2 )  is  an in f in i t e  s e rie s  in  fa c t  o n ly  a 

v e r y  fe w  te rm s  a re  im p o r ta n t  in  c r y s ta l  f ie ld  th e o ry  o f t r a n s i t io n -  m eta l 

io n  co m p le x e s , a n d  i t  is  w o r th w h ile  to  b e a r  th e  fo llo w in g  p o in ts  in  m in d : 

(a )  th e  e le c tro s ta t ic  p o te n t ia l fu n c t io n  V  ( r  ) m us t possess  th e  same 

s y m m e try  p ro p e r t ie s  as th e  lig a n d  c h a rg e  d is t r ib u t io n  p ( R ) ,  ( b )  i t  can 

be show n  th a t ,  te rm s  in  w h ic h  k  > 4, a n d  te rm s  fo r  w h ic h  k  is  o d d  do 

n o t  a f f e c t  th e  e n e rg y  o f d -e le c tro n s .  I t  th e re fo re  fo llo w s  th a t  w hen 

c o n s id e r in g  c r y s ta l  f ie ld  th e o ry  o f t r a n s it io n  m eta l com p lexes th a t  one 

o n ly  nee d s  to  use  th e  a b b re v ia te d  fo rm

fo r  th e  e le c tro s ta t ic  l ig a n d  p o te n t ia l w h e n  c o n s id e r in g  c r y s ta l  f ie ld  

c o n t r ib u t io n s  to  th e  e le c tro n ic  e n e rg ie s . H o w e v e r, i t  s h o u ld  a lw a ys  be 

re m e m b e re d  th a t  ( 2 . 4 )  does n o t d e s c r ib e  th e  com p le te  p o te n t ia l b u t  o n ly  

th a t  p a r t  w h ic h  p la y s  a ro le  in  c r y s ta l  f ie ld  th e o ry  o f d -e le c tro n s .  

E q u a tio n  ( 2 . 4 )  is  v a l id  fo r  a ll d -e le c tro n  sys te m s  and  i t  is  in d e p e n d e n t
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o f  th e  s y m m e try  p ro p e r t ie s  o f th e  l ig a n d  sys tem  w h ic h  g e n e ra te s  th e  

p o te n t ia l.  S ym m e try  c o n s id e ra t io n s ,  in  g e n e ra l,  lead  to  f u r t h e r  s im p li

f ic a t io n s  o f th e  e x p re s s io n  fo r  th e  l ig a n d  p o te n t ia l fu n c t io n ,  as w i l l  be 

seen la te r  on in  th is  c h a p te r .

In  th e  io n ic  c r y s ta l  f ie ld  th e o r y ,  th e  c h a rg e  d is t r ib u t io n s  o f 

in d iv id u a l  lig a n d s  a re  a p p ro x im a te d  b y  p o in t  ch a rg e s  o r  b y  p o in t  d ip o le s , 

W ith  s u c h  an a p p ro x im a tio n  th e  in te g r a l  ( 2 . 3 )  becom es a sum o v e r  th e  

l ig a n d  c h a rg e s  and  is  g iv e n  b y

A (L ) _ 4tt V i  k , u  i  i
k , ct 2k  + a- ^

w h e re  -q ^  is  th e  c h a rg e  on l ig a n d  i ,  a n d  s u p e r s c r ip t  (L ) in d ic a te s  th a t  

th e  l ig a n d  a c ts  as a p o in t  c h a rg e , n o t as a p o in t  d ip o le . I f  a ll l ig a n d s  

possess  th e  same c h a rg e  - q ' a n d  a re  a t th e  same d is ta n c e  R fro m  th e  

n u c le u s  o f th e  c e n tra l io n  th e n

i . e .  = 4 "  ( 2 . 7 a )

w h e re  ( 2 . 7 b )
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2 . 1 . a E L E C T R O S T A T IC  IN T E R A C T IO N S  IN  T R A N S IT IO N  M E T A L -IO N

COMPLEXES

L e t a t r a n s i t io n  m e ta l- io n ,  a t th e  o r ig in  o f a c o o rd in a te  sys te m  

be  s u r ro u n d e d  b y  s ix  p o in t  c h a rg e s , - q ' ,  a t th e  v e r t ic e s  o f a r e g u la r  

o c ta h e d ro n  and  ly in g  a lo n g  th e  c o o rd in a te  axes a t a d is ta n c e  R fro m  th e  

c e n t ra l io n ,  as show n  in  F ig u re  ( 2 . 2 ) .

p(R)f

p ( r  )

2 i

y

F ig u re  ( 2 . 2 )

A  t r a n s it io n  m eta l io n  e le c tro n ,  c h a rg e  - e ,  a t th e  p o in t  p  a t a d is ta n c e  

d fro m  - q '  in te r a c ts  w i th  th e  p o te n t ia l g e n e ra te d  b y  - q '  a n d  i t s  p o te n t ia l 

e n e rg y ,  is  a lte re d  b y  an am oun t

V = q ' e / d ( 2 . 8 )

a n d  w hen  th e  in te ra c t io n s  w ith  a ll s ix  l ig a n d  c h a rg e s  a re  ta k e n  in to  

a c c o u n t, i t  is  q u ite  easy to  show  th a t  th e  p o te n t ia l e n e rg y  o f th is
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N
I  Vi

i = l
( 2 . 9 )

w hen  th e  p a ra m e te r  D is  35q 'e / (  4 R ^ ) . E q u a tio n  ( 2 . 9 )  can a lso  be

re c a s t in  te rm s  o f s p h e r ic a l h a rm o n ics a

= J . a „  Y o  u ^ ( 2 . 10)

w h e re

= -4-ïïq'
R

a n d
- 4 it  q ' 

= -  ?
( 2 . 11)

T h e  f i r s t  te rm s  in  e q u a tio n s  ( 2 . 9 )  a n d  ( 2 . 1 0 )  d e p e n d  o n ly  on 

th e  d is ta n c e , R , o f th e  lig a n d s  fro m  th e  t r a n s it io n  m eta l io n .  T h e y  do 

n o t d e p e n d  on th e  s y m m e try  p ro p e r t ie s  o f th e  l ig a n d  f ie ld .  H o w e ve r, 

th e  second  te rm s  in  th e s e  e q u a tio n s  do  d e p e n d  o n , a n d  r e f le c t  th e  

s te re o c h e m is try  o f th e  s ix  l ig a n d s ,  in  th is  case a t th e  v e r t ic e s  o f th e  

o c ta h e d ro n . I t  is  th e se  la s t  te rm s  in  th e se  e q u a tio n s  th a t  a re  re s p o n 

s ib le  fo r  th e  re m o v a l o f th e  e le c tro n  d - o r b i ta l  d e g e n e ra c y . S ince  th e  

e le c tro n  w i l l  p r e fe r  to  a v o id  re g io n s  in  space w h e re  th e  e le c tro n  d e n s ity  

is  g re a te s t ,  th e  e x te n t  to  w h ic h  o r b i ta l  a lig n m e n ts  a re  d e te rm in e d  b y  

th e s e  la s t  te rm s  o b v io u s ly  dep e n d s  u p o n  th e  n u m b e r o f t r a n s it io n  m etal 

io n  e le c tro n s  p re s e n t  a n d  th e ir  c o r re la t in g  in te ra c t io n s  w ith  one a n o th e r.

E x p re s s io n s  fo r  l ig a n d  e le c tro s ta t ic  c o n t r ib u t io n s  to  th e  

p o te n t ia l e n e rg y  o f a t r a n s it io n  m e ta l- io n  e le c tro n , can be  d e r iv e d  fo r  

o th e r  s y m m e tr ie s , and  th e  r e s u l t s ^ ’ f o r  th e  m ost im p o r ta n t  cases a re
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g iv e n  in  T a b le  ( 2 . 1 ) .  I t  s h o u ld  be  n o t ic e d  th a t ,  ( i )  in  each  o f these  

e x p re s s io n s  th e  f i r s t  te rm  has a s im ila r  fo rm , ( i i )  th e  a n g u la r  depen dence  

fo r  o c ta h e d ra l,  c u b ic ,  a n d  te t ra h e d ra l com p lexes  is  id e n t ic a l,  ( i i i )  th e  

D

com p lexes h a v e  a d d it io n a l te rm s

com p lexes  h a v e  a d d it io n a l Y ^  Q te rm s , a n d  ( i v )  th e  t r ig o n a l

2 .2  TH E  n d ^  IO N  IN  A  C R Y S T A L  F IE L D

I f  f re e  io n  in te ra c t io n s ,  c r y s ta l  f ie ld  in te r a c t io n s ,  a n d  s p in -  

o r b i t  in te ra c t io n s  a re  a ll ta k e n  in to  a cc o u n t th e n  th e  e le c tro n ic  

H a m ilto n ia n  f o r  a sys tem  c o n ta in in g  N e le c tro n s , f o r  exam p le  N=5, in  

i t s  o u te rm o s t s h e ll becom es

N n _ 2 . N n 2 n N

1=1 1 1=1. j . i  = I  1] 1=1 1=1

E x a c t e ig e n fu n c t io n s  and  e x a c t e ig e n v a lu e s  o f th e  H a m ilto n ia n  ( 2 .1 2 )  can 

n o t be  o b ta in e d , b u t  an a p p ro x im a te  s o lu t io n  can  be  d e d u c e d  b y  means 

o f a p p ro p r ia te  p e r tu r b a t io n  c a lc u la t io n s . E q u a tio n  ( 2 . 1 2 )  can  be re c a s t 

in to  th e  fo rm

H   ̂ ( 2 . 1 3 )

w h e re

-U  N i  v 2
" o o  = I  [ -  Iw ’ i  -  - ^ 1  ( 2 . 1 4 )

i = I  i

and
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E ig e n fu n c t io n s  and  e ig e n v a lu e s  o f ha ve  a lre a d y  been c o n s id e re d  in

c h a p te r  o ne , w h e re  i t  has been  show n  th a t  i t s  e ig e n v a lu e s  fo r  an n d ^

sys te m  a re  and  i t s  e ig e n fu n c t io n s  a re  th e  252 a n t i- s y m m e tr iz e d

o n e -e le c tro n  p ro d u c t  fu n c t io n s  4>[(mp ,m (m „ , m ) ] ,  c f .  T a b le s
h  5 ^5

(1 .1 )  a n d  ( 1 .2 ) .  T hese  252 $ fu n c t io n s  a re  d e g e n e ra te , i . e .  t h e i r

e n e rg ie s  a re  id e n t ic a l.

A com p le te  p e r tu rb a t io n  c a lc u la t io n  in v o lv in g  c a n , in

p r in c ip le ,  be c a r r ie d  o u t. H o w e v e r, i t  is  e x tre m e ly  d i f f i c u l t  to  do and

i t  is  c o n v e n tio n a l to  d iv id e  th e  p e r tu r b a t io n  c a lc u la t io n  in to  a se q u e n ce

o f w e ll-d e f in e d  s e p a ra te  s te p s  in  w h ic h  th e  e x p re s s io n  on th e  r i g h t  h a n d

s ide  o f th e  p e r tu r b a t io n  o p e ra to r  (2 .1 5 )  a re  o rd e re d  a c c o rd in g  to  th e ir

m a g n itu d e s .

T h re e  d i f fe r e n t  d is t in g u is h a b le  cases w ith  re g a rd s  to  th e

re la t iv e  m a g n itu d e s  o f th e  th re e  te rm s  in  (2 .1 5 )  can be  re c o g n is e d  a t

th is  p o in t .

( i )  T h e  w eak c r y s ta l  f ie ld  ca se , w h e re  th e  d  e le c tro n -e le c tro n  re p u ls io n  

in te ra c t io n s  a re  s tro n g e s t ,  i . e .

T N N 2 N N

2 , 1  1  F : > I  ( ? . )  > I  ( i )
1] 1 1

( i i )  T h e  s tro n g  c r y s ta l  f ie ld  case , v e r y  com m only  e n c o u n te re d  in  

com p lexes  o f th e  second  and  t h i r d  t r a n s it io n  s e r ie s , w h e re  th e  c r y s ta l  

f ie ld  in te ra c t io n s  a re  s t ro n g e s t ,  i . e .
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( i i i )  T h e  s tro n g  s p in - o r b i t  c o u p lin g  ca se , e n c o u n te re d  in  th e  co m p le xe s  

o f r a r e - e a r th  io n s , w h e re  th e  s p in - o r b i t  in te ra c t io n s  a re  s t r o n g e s t ,  i . e .

- 1 .^ .  J

N 2 e

’■ij

S ince  th is  a cco u n t is  c o n c e rn e d  w ith  t r a n s it io n  m e ta l- io n  

c o m p le x e s , s p in - o r b i t  c o u p lin g  in te r a c t io n s  fo r  th e  m om ent w i l l  be  

n e g le c te d  a n d  th e  H a m ilto n ia n  ^  ^ th e n  becom es m ore m anageab le  f o r ,

-, N N 2 N _
1 "  2 h  ’^x« . (2 .1 6 )

i= l i , t j ]  = l  1] 1=1

e 2 l ig

I f  th e  d  e le c tro n -e le c tro n  re p u ls io n  in te ra c t io n s  a n d  d -e le c tro n -  

l ig a n d  in te ra c t io n s  a re  o f th e  same o rd e r  o f m a g n itu d e  th e n  co m p le te  

p e r tu r b a t io n  a n a ly s is  in v o lv in g  s e c u la r  e q u a tio n s  th a t  in c lu d e  ^  ^ m u s t 

be  s o lv e d , b u t  i f  one o f th e se  c o n t r ib u t io n s  dom ina tes  th e n  one o r  o th e r  

o f th e  tw o  l im it in g  cases o f ( i )  w eak f ie ld  o r  ( i i )  s tro n g  f ie ld  co m p le xe s  is  

e n c o u n te re d .

2. 2 .a TH E  WEAK O C T A H E D R A L  C R Y S T A L  F IE L D  CASE

In  th e  w eak c r y s ta l  f ie ld  case , e f fe c t iv e ly  p e r tu r b s

T h e  q u a n tu m  n u m b e rs  L  and  S o f  th e  c e n tra l io n  th e n  re ta in  t h e i r  

v a l id i t y  a n d  th e  p ro b le m  th e n  d e g e n e ra te s  to  d e c id in g  how a g iv e n  L S -  

schem e is  s p l i t  b y  th e  l ig a n d - f ie ld ,  i . e .  th e  H a m ilto n ia n  o f e q u a tio n  

( 2 . 12 ) can be re c a s t in to  th e  fo rm

ion  0'̂  l ig
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w h e re
N iA , -  2 , N N _2

"Woo ■" e l

(2 .17)

a n d  th e  p e r tu rb a t io n  te rm  

^ l i g  =

T h e  e ig e n fu n c t io n s  o f "14 a re  th e  (2 S + 1 )(2 L  + 1) f re e  io n  e ig e n fu n c t io n s  

T (L ,M ^  ,S ,M g )  a lre a d y  d is c u s s e d  in  s e c tio n  1 . 2 .c  a n d  d e ta ile d  r e s u lts  

o f th e  n d ^  c o n f ig u ra t io n ,  f o r  exa m p le , a re  l is te d  in  T a b le  ( 1 . 4 ) .

In  p r in c ip le  th e  c r y s ta l  f ie ld  p e r tu rb a t io n  o f m ixe s  th e se

b a s is  fu n c t io n s  and  th e  e ig e n fu n c t io n s  o f 'P f = "K  ^ "1^ l ig

o b ta in e d  b y  s o lv in g  th e  s e c u la r  e q u a tio n s  ( 2 .1 9 ) .

< 0 | f( . .  I 0 > -A E ,. 6 1 1 = 0  (2 .1 9 )r  ' * ‘ l ig  ' s l ig  r ,  s ' '

w h e re  0 is  e ith e r  th e  b a s is  f  (L  ,M ^ , S , M ^) o r  some l in e a r  c o m b in a tio n  

o f th e se  Y .

T h e  s o lu t io n s  o f th e  s e c u la r e q u a tio n s  (2 .1 9 )  can  be  g re a t ly  

s im p lif ie d  b y  m a k in g  use  o f g ro u p  th e o re t ic a l a rg u m e n ts , in  w h ic h  th e  

a p p ro p r ia te  i r r e d u c ib le  re p re s e n ta t io n s  o f th e  te rm s  a re  fo u n d  a n d

th e n  l in e a r  c o m b in a tio n s  0  o f th e  Y (L  ,M ^ , S ,M ^ ) w h ic h  t ra n s fo rm  as 

th e  ir r e d u c ib le  re p re s e n ta t io n s ,  i . e .  a p p ro p r ia te  s y m m e try  a d a p te d  

l in e a r  co m b in a tio n s  o f Y ( L , M ^ , S ,M ^ )  fu n c t io n s ,  a re  th e n  u s e d  to  

c a lc u la te  th e  m a g n itu d e s  o f th e  l ig a n d  f ie ld  s p l i t t in g .  T a b le  ( 2 .2 )  l is ts  

th e  sym m e try  spec ies  o f th e  i r r e d u c ib le  re p re s e n ta t io n s  th a t  a r is e  fro m
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th e  te rm s  o f th e  c o n f ig u ra t io n  n d ^  fo r  th e  p o in t  g ro u p  Oj^.

2 . 2 . a . l  E L E C T R O N IC  E IG E N F U N C T IO N S  FOR AN n d ^  IO N  IN  A  

WEAK C R Y S T A L  F IE L D

T h e  fu n c t io n s  Y ( L ,M ^ ,S ,M g )  ha ve  th e  same t ra n s fo rm a t io n  

p ro p e r t ie s  as s p h e r ic a l h a rm o n ics  e x c e p t fo r  th e  fa c t  th a t  th e  

Y ( L ,M ^ ,S ,M g )  fu n c t io n s  fo r  an n d ^  sys tem  m u s t a lw a ys  ha ve  even  p a r i t y  

C o r re c t  s y m m e try  a d a p te d  l in e a r  co m b in a tio n s  o f th e  fu n c t io n s  

Y ( L ,M ^ ,S ,M g )  ca n , th e re fo re ,  be ta k e n  d i r e c t ly  fro m  th e  s y m m e try  

a d a p te d  l in e a r  c o m b in a tio n s  o f th e  s p h e r ic a l h a rm o n ic s  Y . fo r  th e  

a p p ro p r ia te  p o in t  g ro u p  -  c f .  fo r  exam p le , re fe re n c e  3, pages  93-95; 

re fe re n c e  4, T a b le  A 19 ; a n d  re fe re n c e  7, pages  305-309.

T h e  w ave fu n c t io n  fo r  th e  i th  i r r e d u c ib le  re p re s e n ta t io n ,  

in  a w eak l ig a n d  f ie ld  w ith  O s y m m e try , d e r iv e d  fro m  th e  fre e  io n  

te rm s  ^L w ith  an  v a lu e  o f is  d e n o te d ^ ^  b y  th e  sym b o l 

( 2S lp ^ j2 S  ,M g ) . F o r exam p le , fo r  th e  n d ^  c o n f ig u ra t io n  in  a w eak 

f ie ld  o c ta h e d ra l co m p le x  i t  can  be show n th a t  th e  w ave fu n c t io n  o f th e  

^A ^  ir r e d u c ib le  re p re s e n ta t io n  is  id e n t ic a l w ith  th e  w a ve  fu n c t io n  o f th e  

Mg = 5 /2  le v e l o f th e  f re e  io n  te rm , i . e .

0 ( ^ A ^ 1̂ S , I  ) = W (0 . 0 , | , | )

T h is  same w ave  fu n c t io n  ca n , n o w , be e x p a n d e d  o u t in  te rm s  o f th e  

c o r re s p o n d in g  $ fu n c t io n s ,  as o u t lin e d  in  s e c tio n  1 .2 .b .  T a b le  (2 .3 )
g

l is t s  some o f th e  w ave  fu n c t io n s  fo r  th e  n d  ion  in  a w eak  c r y s ta l  f ie ld  

w ith  p o in t  g ro u p  s y m m e try  O .
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S im ila r  p ro c e d u re s  a lso  e n a b le  a p p ro p r ia te  w ave  fu n c t io n s  fo r

c
th e  n d  io n  in  o th e r  w eak f ie ld s  o f o th e r  s y m m e tr ie s  to  be d e r iv e d .

2. 2 .a . 2 TH E  ENERGY LE V E LS  OF AN  n d ^  IO N  IN  A  WEAK C R Y S T A L  F IE L D

T h e  e n e rg ie s  o f th e  p ro g e n y  te rm s  in  T a b le  ( 2 .2 )  r e la t iv e  to  

th e  c o r re s p o n d in g  fre e  io n  te rm s  fro m  w h ic h  th e y  o r ig in a te  can  be 

d e te rm in e d  b y  s ta n d a rd  p e r tu r b a t io n  p ro c e d u re s  in  th is  case. In  th is ,  

th e  c r y s ta l  f ie ld  c o n t r ib u t io n  to  th e  H a m ilto n ia n , ^  , fo rm a lly  m ixe s

a ll th e  e ig e n fu n c t io n s  o f th e  f re e  ion  te rm s , a n d  in  p r in c ip le  a v e r y  

la rg e  p e r tu rb a t io n  s e c u la r d e te rm in a n t has to  be  s o lv e d . H o w e v e r, 

th is  can  be  c o n s id e ra b ly  s im p lif ie d  w hen  i t  is  re a lis e d  th a t  th e re  a re  no  

o f f -d ia g o n a l m a tr ix  e lem ents c o n n e c t in g  s y m m e try  a d a p te d  l in e a r  c o m b in 

a tio n s  o f th e  Y ( L ,M ^ ,S ,M g )  fu n c t io n s .

G.(

w h ic h  b e lo n g  to  d i f f e r e n t  s y m m e try  s p e c ie s . F u r th e rm o re ,  th e  c r y s ta l

f ie ld  o p e ra to r ,  ^  has n o  e f fe c t  on s p in  c o o rd in a te s . H e n ce , o f f -

d ia g o n a l m a tr ix  e lem en ts  c o n n e c tin g  fu n c t io n s  w ith

d i f f e r e n t  S o r  w ith  d i f fe r e n t  M v a lu e s  a re  z e ro .
S

I t  th e re fo re  fo llo w s  th a t  th e  e ig e n fu n c t io n  o f th e  f re e  io n  te rm

6 . 5
S is  a lso  an e ig e n fu n c t io n  o f  th e  n d  ion  in  an o c ta h e d ra l c r y s ta l  f ie ld ,

i . e .

| )  = Y ( 0 . 0 , | ,  | )

+ + + + +
= $ ( 2, 1, 0 , - 1, - 2) ( 2 . 20)
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a n d  t h is ,  fo r  reasons  w h ic h  have  ju s t  been  e x p la in e d , can n o t m ix  w ith  

any  o th e r  fre e  ion  e ig e n fu n c t io n .  H e n ce , th e  ch a n g e  in  e n e rg y  o f th is

fu n c t io n  w hen  th e  c r y s ta l  f ie ld  in te ra c t io n  is  ta k e n  in to  a c c o u n t is  g iv e n

b y

= < 0 ( " A ^ J ^ S , | ) | f f , . g | 0 ( ^ A ^ g | 6 s . § )  > (2.21)

a n d  w hen  e q u a tio n  ( 2. 20) is  s u b s t i tu te d  in to  t h is ,  b e a r in g  in  m in d  th a t ,

, is  a sum o f o n e -e le c tro n  o p e ra to rs

5

i t  can  be show n  th a t

6 ,6 5 , o c t , o c t , o c t ^  ,
^ I g l  S . | ) = 2 < 2 |V ^ ,  ( r ) | 2 > . 2 < l | V ^ ^ ( r ) H > . < 0 l V ^ ^ ( r ) | 0 >

( 2 . 22)

T h e  o n e -e le c tro n  in te g ra ls  c a n , th e n ,  be  e v a lu a te d  b y  

s u b s t i tu t io n  in  th e  a p p ro p r ia te  fo rm  ( 2 . 10) f o r  th e  o c ta h e d ra l c r y s ta l  

f ie ld .  F o r exam ple

< 2 | V ° ; V ? ) | 2 >  =  - A g  /  r  Y L Y o . O ? 2 , 2 : i " 8 d 8 d $

- A 4 . 0" '  F

(2 .2 3 )
w h e re

r ^  =  J  R ^ r ^  R _ r^  d r  •' n ,  2 n ,  20
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7
T h e  a n g u la r  in te g ra ls  a re  l is te d  in  T a b le  ( 2 .4 ) .  U s in g  th e se  v a lu e s  

th e n  g iv e s

à - ' " ' ' d i

T h e  f i r s t  te rm  in  e q u a tio n  (2 .2 4 )  is  o f te n  d e n o te d  in  th e  

l i t e r a tu r e  b y  Eq . I t  comes fro m  th e  a n g u la r  in d e p e n d e n t p a r t  o f th e  

p o te n t ia l e n e rg y  fu n c t io n  ( r ) ,  c f .  p age  41, a n d  i t  s h i f t s  a ll o f  th e

p ro g e n y  te rm s  th a t  b e lo n g  to  same fre e  io n  te rm  to  th e

same d e g re e . T h e  second  te rm  on th e  r ig h t  h a n d  s id e  o f e q u a tio n  ( 2 .2 4 ) ,  

in  th e  l i t e r a t u r e  o f o c ta h e d ra l com p lexes  is  u s u a lly  w r i t t e n  as lO D q  o r  

A , w h e re  lO D q is  th e  s o -c a lle d  f ie ld - s t r e n g th  p a ra m e te r .  D q  is  p o s it iv e  

a n d  is  g iv e n  b y

°  '  T  ^  ‘Î  ■  I Ï Ï 5  ^ ^ n d

E q u a tio n  (2 .2 4 )  c a n , th e n ,  be re c a s t in  th e  fo rm

, o c t
< 2 I ( r  ) I 2 > = -Eg + D q  (2 .2 5 )

I t  can be s im ila r ly  show n  th a t  th e  o n e -e le c tro n  in te g r a ls  

x j l  -  - d  <0 | V ^ ^( r  ) I 1> and  <0 | ( r  ) ]0 > a re  g iv e n  b y

<1 I ( 2̂ )  I 1> =-£q -4Q q and  <0 | ( r  ) 10> =-Eq + 6D q  (2 .2 6 )
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T a b le  (2 .4 )

V a lu e s  o f th e  in te g ra ls

i ” Y? n ,  (G.*) Y. „ (0,<t>) Y (e .* )s ined8d *
0 0 ’ I  ’ ' Z

k =0 k =2 k=4

1 2/§"/7 6 /7

2 / i ï  ( ^ 2  + i ' ^ k , 0 ' ^ 2 ,± l^ 1 /5 /7 - 4 /7

2 /F  (Y g  +2 'Y k  0 , ^ 2  ±2) 1 - 2 / 5 / 7 1/7

^ ^ 2 ,± 2 '^ k , ± 4 '^ 2 ,+ 2 ^
0 0 /7Ô /7
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S u b s t itu t io n  o f e x p re s s io n s  (2 .2 5 )  a n d  (2 .2 6 )  in to  e q u a tio n  

( 2 . 2 2 ) g iv e s

A E j . g ( ^ A jg | ^ S , | )  = 2(-EQ+ D q ) + 2 (-E q - 4D q) -E g  + 6D q

= -5 E q (2 .2 7 )

T h e  e ffe c ts  o f th e  o c ta h e d ra l c r y s ta l  f ie ld  on th e  o th e r  fre e
C

io n  e n e rg ie s  o f th e  n d  c o n f ig u ra t io n  a re  m ore  co m p lica te d  b u t  can

n e v e r th e le s s  be  e v a lu a te d  w ith o u t  too  m uch  d i f f i c u l t y .

In  th e  case o f q u a r te t  te rm s  th e  s y m m e try  a d a p te d  fu n c t io n s

4
0^ th a t  a re  d e r iv e d  fro m  th e  fre e  io n  q u a r te t  te rm , L ,  can be  s u b d iv id e d

in to  fo u r  se ts  o f fu n c t io n s ,  0 ( ,|-) ; 0 ( "̂ F̂  j , ^ ) ; 0  ( ^F J , - i )  ;

4 14 3a n d  0  ( F^l  L , - ^ )  , w h ic h  a re  e ig e n fu n c t io n s  o f d i f f e r e n t  e ig e n v a lu e s

M g ti o f th e  o p e ra to r  S. T hese  can n o t be m ix e d  b y  th e  o p e ra to r  •

I t  th e re fo re  fo llo w s  th a t  th e  b lo c k  o f th e  p e r tu rb a t io n  d e te rm in a n t

4o r ig in a t in g  fro m  a fre e  io n  q u a r te t  te rm , L ,  s p l i ts  in to  fo u r  s u b d e te r 

m in a n ts  w h ic h  h a ve  id e n t ic a l ro o ts .  A c c o r d in g ly ,  in  d e r iv in g  c r y s ta l  

f ie ld  p e r tu rb a t io n  e n e rg ie s , i t  is  o n ly  n e c e s s a ry  to  o b ta in  th e  ro o ts  o f 

one o f th e se  sub  d e te rm in a n ts .
4

F o r e xa m p le , th e  o c ta h e d ra l c r y s ta l  f ie ld  s p l i ts  th e  D fre e

4 4
ion  te rm  in to  th e  p ro g e n y  te rm s  a n d  ^ 2 g ‘ T h e  5x5 s u b d e te rm in 

a n t b lo c k  in  th is  case , th e n ,  fo r  s y m m e try  re a so n s  s p l i ts  in to  a 2x 2

4 14 3d e te rm in a n t in v o lv in g  th e  s y m m e try  a d a p te d  b a s is  fu n c t io n s  0 ^ (  E | D ,^ )  , 

4 14 3
0 ^ (  E ^  I D ,^ )  a n d  a 3x3 d e te rm in a n t in v o lv in g  th e  b a s is  fu n c t io n s  

0 ^( "^T^g |"^D,|-) , ® 2 ^^ ^2 g  ' and  0 ^( "^T^^ | , |-) . I t  tu r n s  o u t th a t ,

( i )  th e  d ia g o n a l e lem ents  in  th e  2x 2 d e te rm in a n t a re  th e  same, ( i i )  th e
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d ia g o n a l e le m e n ts  in  th e  3x3 d e te rm in a n t a re  th e  sam e, a n d  ( i i i )  th a t

a ll o f f - d ia g o n a l e lem en ts  in  th e se  d e te rm in a n ts  a re  z e ro . H ence , th e

4 4c r y s ta l  f ie ld  p e r tu r b a t io n s  to  th e  and  e n e rg ie s  a re

= < 0 2 ( \ F D , | ) 1-W j.g | 0 2 ( \ | S . | )  >

* V ' ^ 2 g l 'D ' l >  = < 0 / 4 2 g | S , | ) | - H ^ . g |  0 ^ ( 4 T 2 g | % , | )  >

= < ® 2 < ' T 2 g | S , | ) | f / i i g l  0 ^ ^ T 2 g | S , | )  >

= < ®3''T2gFD.|)lIlligl >

B y  p ro c e e d in g  in  th is  w a y , i t  can  be show n  th a t  an o c ta h e d ra l

5
c r y s ta l  f ie ld  s h i f t s ,  f o r  e xa m p le , each o f th e  p ro g e n y  te rm s  o f th e  n d  

io n  b y  -S c ^ . T a b le  ( 2 .5 )  show s th is  s h i f t  o f th e  p ro g e n y  te rm s  those  

a r is e  fro m  th e  s e x te t  a n d  q u a r te t  fre e  io n  te rm s .

2. 2. a. 3 TER M  IN T E R A C T IO N S  IN  TH E  n d ^  SYSTEM S P E R TU R B E D  

B Y  A N  O C T A H E D R A L  C R Y S T A L  F IE L D

T h e  p ro c e d u re s  a lre a d y  d e s c r ib e d  a re  v a l id  fo r  e s tim a tin g , th e  

e n e rg ie s  o f th e  p ro g e n y  te rm s  in  a w eak o c ta h e d ra l c r y s ta l  f ie ld ,  i f  i t  

is  assum ed th a t  th e re  a re  no in te ra c t io n s  b e tw e e n  th e  same p ro g e n y  

te rm s  w h ic h  a r is e  fro m  d i f fe r e n t  fre e  io n  te rm s , i . e .  in te ra c t io n s  b e tw e e n  

th o se  te rm s  e n c lo se d  in  a c ir c le ,  s q u a re  o r  t r ia n g le  in  T a b le  ( 2 .5 ) .

O f f -d ia g o n a l m a tr ix  e lem en ts  o f th e  c r y s ta l  f ie ld  in te ra c t io n  

c o n n e c tin g  s y m m e try  a d a p te d  0 ^( ^  ^ L ,M ^ )  fu n c t io n s  w ith  th e
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E n e rg y  in  w eak 
O, f ie ld

F re e  Io n P ro g e n y  T e rm s

10A -35B -5e ,

10A -28B +7C -5e,

10A -18B +5C -5e,

10A -13B + 7C -5e

10A -25B +5C -5e,
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same s p in  a n d  w ith  th e  same s y m m e try  p ro p e r t ie s  a re  d i f f e r e n t  fro m

z e ro . T h o se  p ro g e n y  te rm s , w h ic h  a re  in v o lv e d  in  te rm  in te ra c t io n s ,

th e r e fo r e ,  can  no  lo n g e r  be a s s ig n e d  to  o n ly  one fre e  io n  te rm  b e lo n g in g

to  a p a r t ic u la r  L  v a lu e : th e y  b e lo n g  to  a ll th e  is o la te d  te rm s  w h ic h

4g iv e  r is e  to  su c h  p ro g e n ie s . T h u s ,  th e  T ^ ^  p ro g e n ie s  in  an o c ta -

4 4 4h e d ra l f ie ld  a re  l in e a r  co m b in a tio n s  o f th e  o r ig in a l  D , F a n d  G f re e

22 23io n  te rm s . O r ge l a n d  J o rg e n se n  h a v e  show n  th a t  c r y s ta l  f ie ld

m ix in g  o f  th e s e  fre e  io n  te rm s  le a d s  to  th e  b lo c k  show n in  (2 .2 8 )  in

th e  p e r tu r b a t io n  s e c u la r  d e te rm in a n t in  th is  case

G -E

1 0 ( /3 /7 )D q

0

1 0 (/3 T 7 )D q

^F -E

(2 0 / /7 ) D q

D

( 2 0 / /7 ) D q

D -E

= 0 ( 2 . 28)

w h e re  E le a d s  to  th re e  ro o ts ,  th e  T ^ ^  e n e rg ie s  in  th e  o c ta h e d ra l 

c r y s ta l  f ie ld ,  a n d  th e n ce  to  th re e  e ig e n fu n c t io n s  fo r  th is  s y s te m .

4
S im ila r ly ,  T ^ ^  p ro g e n ie s  a re  d e r iv e d  fro m  l in e a r  c o m b in a tio n s  

o f th e  f re e  io n  te rm s  ^P ,^F , a n d  ^G . T h e se  le a d  to  th e  o f f -d ia g o n a l

m a tr ix  e lem en ts  l is te d  in  ( 2 .2 9 ) ,  fro m  T a b le  ( 2 . 3 ) .
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< ®1 ( S ®4 (^ G ) > = 4 D q

< ®2 ( S i d u , i ®4
(^ G ) > = -  2 S D q

< ®2 ('^p ®5
(^G ) > = - 4 D q

■< ®3
(^F ®5 (^G ) > = -  2 /5 D q

< ®3
( S ®6 (^G ) > = -  4 /5 D q

< 04 (^ F ®6 ( k ) > = 2 A D q

A lth o u g h in  p r in c ip le th e
g

p ro g en ie s

th e a n d ^G fre e io n te rm s , in  fa c t^ ^ ,23

(2 .2 9 )

i t  t u r n s  o u t th a t

o f f -d ia g o n a l m a tr ix  e lem en ts  o f th e  o c ta h e d ra l c r y s ta l  f ie ld  H a m ilto n ia n

a re  ze ro  in  th is  p a r t ic u la r  case .

23J o rg e n s e n  has e x p re s s e d  th e  m a tr ix  e lem en ts  in  (2 .2 8 )  a n d

(2 .2 9 )  in  te rm s  o f th e  fre e  io n  p a ra m e te rs  A ,  B a n d  C , o r  F q , F ^  a n d

F ^ . H o w e v e r, S la te r  th e o re t ic a l f re e  io n  e n e rg ie s  do n o t ag re e  v e r y

4
w e ll w ith  th e  e x p e r im e n ta l d is t r ib u t io n  o f th e  m u lt ip le t  e n e rg ie s  fo r  G, 

"^F, , a n d  te rm s  o f th e  f re e  io n  o f m ost o f  gaseous n d ^  f re e  io n s .

F o r  th is  re a s o n , th e  e x p e r im e n ta l e n e rg ie s , k n o w n  fro m  atom ic s p e c tro 

s c o p y , o f th e  f re e  io n s  a re  u s u a lly  u sed  in  th e se  "O rg e l d e te rm in a n ts "  

fo r  io n s  in  w eak f ie ld s .

T w o  schem a tic  d ia g ra m s  fo r  th e  e n e rg y  le v e ls  a v a ila b le  to  an

5
n d  io n  in  a w eak c r y s ta l  f ie ld  a re  show n in  F ig u re s  (2 .3 )  a n d  (2 .4 )  

F ig u re  (2 .3 )  show s th e  e f fe c t  o f a f ix e d  o c ta h e d ra l f ie ld  on th e  te rm  

e n e rg ie s , b o th  w ith  a n d  w ith o u t  te rm  in te ra c t io n s  b e in g  ta k e n  in to  

a c c o u n t. F ig u re  (2 .4 )  sh o w s , th e  e n e rg y  le v e l d ia g ra m  as a fu n c t io n
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Figure (2.3). Term system of nd configuration in 
an octahedral field
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Figure (2.4). An octahedral ligand field splitting
diagram for an nd^ system expressed in
terms of DQ/B, DQ=5/30 Dq, B=660 cm ^, 

2C/B=5.5. The I state is included, as 
are the quartet states
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o f v a r y in g  r a t io  o f (D Q /B )  w h e re  DQ = 6/3Ô D q , fo r  ( C /B )  -  5 .5  a n d  

B = 660 cm i . e .  a d ia g ra m  a p p ro p r ia te  fo r  M n^ .

2 .2 .b  t h e  s t r o n g  O C T A H E D R A L  C R Y S T A L -F IE L D  CASE

I n  " s t r o n g - f ie ld "  co m p le xe s , th e  d e le c tro n -e le c tro n  in t e r 

a c tio n  e n e rg y  is  sm a ll co m p a re d  to  th e  e le c tro s ta t ic  in te ra c t io n s  b e tw e e n  

th e  t r a n s it io n  m e ta l- io n  d -e le c t ro n s  a n d  th e  lig a n d s  in  th e  c o m p le x , i . e .

N N N 2
I  ( f )  > I  I  ^  •

In  su ch  com p lexes , th e re fo r e ,  th e  c r y s ta l f ie ld  in te ra c t io n  is  c o n s id e re d  

to  p e r tu r b  th e  s p h e r ic a lly  s y m m e tr iz e d  o n e -e le c tro n  e ig e n fu n c t io n s  

|+2>, 1+1) ,  [o>, 1- 1 ) ,  I - 2 )  a n d  c o r re s p o n d in g  e ig e n v a lu e s  o f  th e  is o la te d

t ra n s it io n -m e ta l io n . T h e se  p e r tu r b e d  s o lu tio n s  a re  th e n  th e m se lve s  

f in a l ly  p e r tu rb e d  b y  th e  d e le c tro n -e le c tro n  in te ra c t io n s .

C a lc u la t io n s  show  th a t  an o c ta h e d ra l c r y s ta l  f ie ld  in  th is  w ay

s e p a ra te s  th e  d -o r b i ta ls  in to  tw o  s e ts , t ^ ^  and  e , w h ic h  h a v e  e n e rg ie s

2 3-5£q  -  4Dq ( o r  A) a n d  + 6D q ( o r  + ^  A ) ,  r e s p e c t iv e ly ,

so th e  t^ g  and  e^ se ts  a re  s e p a ra te d  b y  lO D q o r  A . T h e  e ig e n fu n c t io n s

c o r re s p o n d in g  to  th e se  tw o  se ts  a re  as fo llo w s .

t^ g  e ig e n fu n c t io n s

+ 1)  + 1 -  1» = i/T  ( y z )

+ I )  -  1 -  1» = }/T ( x z )

-  ( 1 
i v T

+ 2 )  -  1 -  2» = /3  ( x y )
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e e ig e n fu n c t io n

0 > = -  ( 3z^ -  r ^ )
v / f

-  ( I + 2> + 1 -  2»  - J \  -  y ^ )  ( 2 . 3 0 )
■/z

I f  a s tro n g  f ie ld  co m p le x  c o n ta in s  m e le c tro n s  in  th e  t ^  se t 

o f o r b i ta l  and  n  e le c tro n s  in  th e  e se t th e n  i t  is  sa id  to  h a ve  th e  

s t r o n g - f ie ld  c o n f ig u r a t io n , t ^  e^ . 'A s  e x p la in e d  e a r l ie r  each  c o n f ig u r 

a tio n  g iv e s  r is e  to  a n u m b e r o f te rm s , w h ic h  can be d e n o te d  b y  th e  

s t ro n g  f ie ld  te rm  sym b o l in  th is  case , w h ic h  a re  e ig e n fu n c t io n s

o f th e  f re e  io n  s p h e r ic a l ly  s y m m e tr iz e d  in te ra c t io n s  and  o f th e  c r y s ta l  

f ie ld  in te ra c t io n s ,  b u t  n o t n e c e s s a r ily  o f th e  H a m ilto n ia n  w h ic h  in c lu d e s  

th e s e  p lu s  th e  d e le c t ro n -e le c t ro n  in te ra c t io n s .  T h e  p o s s ib le  s tro n g

f ie ld  te rm s  th a t  o r ig in a te  fro m  a g iv e n  c o n f ig u ra t io n  can be  o b ta in e d

4
fro m  g ro u p  th e o re t ic a l a rg u m e n ts  b y  ta k in g  d ire c t  p ro d u c ts  o f th e  

s y m m e try  spec ies  o f e ^  a n d  th e  s y m m e try  spec ies  o f t™ . I t  can  be 

s h o w n , th a t  th e  a llo w e d  te rm s  fo r  an n d ^  ion  in  a s tro n g  f ie ld  o r ig in 

a t in g  fro m  th e  c o n f ig u ra t io n  t ^  e^ a re  as l is te d  in  T a b le  ( 2 . 6 ) . ^

I t  s h o u ld  be n o te d  th a t  th e  g e n e ra l fo rm  o f a n y  te rm  fu n c t io n  in  th e

4
s tro n g  f ie ld  a p p ro x im a tio n  has th e  fo rm

|t™ (ST' )  e" (S 'T " )  Sr,  Mg>

w h e re  th e  i r r e d u c ib le  re p re s e n ta t io n  F ' and  F " o f th e  t ^  a n d  e^ 

e le c tro n s  re s p e c t iv e ly  a re  c o u p le d  to  g iv e  an ir r e d u c ib le  re p re s e n ta t io n  

F fo r  th e  te rm  a n d  th e  s p in  q u a n tu m  n u m b e rs  S' and  S" o f th e  t ^  a n d
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S t r o n g - f ie ld
c o n f ig u ra t io n A llo w e d  te rm s

T o ta l sum o f 
d e g e n e ra c y  

n u m b e rs

*2 'T z 6

? ? 7 7 4 7 4
^A^+"^A2 +2^E+2^ T ^ + ^ T ^ + 2^ T 2+ T ^ 60

4 2^A ^+^A ^+^A ^+^A ^+ '^A ^+3^E +2^E

+ 4 ^T ^+ ^T ^+ 4 ^T g + ^T ^ 120

2 7 2 7 4 7 4
A ^ + ^ A ^+2 E +2^ T ^ + ^T ^ + 2^T ^ +  T ^ 60

‘ 2 'T z 6
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e le c tro n s  c o u p le  to g e th e r  to  g iv e  s p in  q u a n tu m  n u m b e r S. d e le c tro n - 

e le c tro n  in te ra c t io n s  th e n  p e r tu r b  th e se  te rm s  a n d  fo rm a lly  m ix  a ll o f 

them  to g e th e r .

2 . 2 . b . l  E L E C T R O N IC  E IG E N F U N C T IO N S  FO R AN n d ^  IO N  IN  A  

S TR O N G  C R Y S T A L  F IE L D  i

In s p e c t io n  o f T a b le  ( 2 . 6 )  show s th a t  th e  ^A ^  te rm  a ris e s  o n ly  

3 2
fro m  c o n f ig u ra t io n  t^  e , i t  th e re fo re  fo llo w s  th a t ' e le c tro n -e le c tro n  

in te ra c t io n s  can n o t m ix  th is  te rm  w ith  a n y  o f th e  o th e r  (251 ) te rm s  

a llo w e d  fo r  n d ^  c o n f ig u ra t io n .  I t  th e re fo re  fo llo w s  th a t  th e  w ave

fu n c t io n  c o r re s p o n d in g  to  th e  te rm  o f th e  n d ^  io n  is  an o c ta h e d ra l

1 r- 1 j  • • V 20,  25,  26c r y s ta l  f ie ld  is  g iv e n  b y

' h g  : \ g . | >

6 3 2 5  + + + + +
- I  * i g  ( t z g  G g ) ' 2  >  =  [ s  ^  ;  ;  V ]  ( 2 ' 3 1 )

w h e re  b ra c k e t [ ] s ta n d s  fo r  a S la te r  d e te rm in a n t,  Ç , r i , Ç , y  a n d  V a re  

d e f in e d  in  e q u a tio n s  ( 2 . 3 0 )  and  th e  p o s it iv e  and  n e g a t iv e  s ig n s  r e fe r  

to  th e  e le c tro n ic  s p in  q u a n tu m  n u m b e rs  m ^  + ^  a n d  re s p e c t iv e ly .

O n ly  th e  t ^ ^  c o n f ig u ra t io n  g iv e s  r is e  to  a ^ A ^ ^  te rm  and  

i t s  c o r re s p o n d in g  w ave fu n c t io n  is

1 + + + ±  + + + ±
= -  { [  C n  Ç y  ]  + [  Ç n  Ç V  ] }  ( 2 . 3 2 )

/2
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T h e  t^ g  c o n f ig u r a t io n ,  a lso , g iv e s  r is e  to  ^A ^g  a n d  fu r th e rm o re  to  

te rm s . T h e ir  c o rre s p o n d in g  w ave  fu n c t io n s  a re

1 + + + + — + + + — + 
{ 3 ( [ ç  n Ç li v ]  + [Ç n Ç y v ] )

a n d

- + + + +  +  -  +  + + + + - +  +

- 2 ( [ ç  n ç y v ] + [ C n c y v ] + [ C n ç y  v ] ) }  ( 2 . 33 )

I +  +  -  +  +  - +  +  + +  + - + +  +
= -  { 2 [% n ç y v ] - [ Ç r i ç y v ] - [ Ç r i ç y  v ] }

o + + +  +  — +  +  +  — +

+ - { [ Ç r i Ç y v ] - [ Ç r i ç y  v ] }  ( 2 . 34a)
/ 2

- +  +  +  +  + - +  +  +
= - { [ C n ç y v ]  -  [ Ç n ç y v ] }

/ 2

o + + + +  + + + i
+ Ê { [ Ç n ç p ]  - [ Ç n ç v ] }  (2 .3 4 b )

4
I t  can be  show n  th a t  one o f th e se  E ^  te rm s  whose e n e rg y ,  r e la t iv e  to  

th e  f r e e  io n  g ro u n d  s ta te ,  is  10B+5C c o r re la te s  w ith  th e  f re e  io n  le v e l 

o f T a b le  ( 1 . 4 ) .  F o r  th is  le v e l a' a n d  3 T h e  o th e r
4
E ^  te rm  w hose re la t iv e  e n e rg y  is  17B+5C , c o r re la te s  w ith  th e  fre e  io n  

le v e l '^D a n d  in  th is  case a' and  3
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T h e  o th e r  te rm s  l is te d  in  T a b le  ( 2 . 6 )  c o r re la te  w ith  m ore th a n  

one s t r o n g - f ie ld  c o n f ig u ra t io n .  d e le c tro n -e le c tro n  p e r tu r b a t io n  i n t e r 

a c tio n s  m ix  th e s e  te rm s  to g e th e r ,  i . e .  d e le c tro n -e le c tro n  re p u ls io n s  

cause te rm s  o f th e  same b e lo n g in g  to  d i f f e r e n t  c o n f ig u ra t io n s  to

m ix  to g e th e r  le a d in g  to  th e  s o -c a lle d  c o n f ig u ra t io n - in te ra c t io n s  w h ic h  

w i l l  be  c o n s id e re d  s h o r t ly .

2 . 2 . b . 2  TH E  ENERG Y LE V E LS  OF AN n d ^  IO N  IN  A  STR O N G  

C R Y S T A L  F IE L D

4
In  th e  w e a k - f ie ld  schem e, se c tio n  2 . 2 . a,  A ^ ^  a n d  one o f th e

4 4 4
E ^  te rm s  a re  p ro g e n ie s  o f G f re e  io n  te rm , th e  ^ 2 g  is  a p ro g e n y

o f th e  f re e  io n  ^F a n d  th e  second  ^E ^ te rm  is  a p ro g e n y  o f ^D . I t

tu r n s  o u t th a t  th e  e n e rg ie s  o f th e se  te rm s  in  a w eak  c r y s ta l  f ie ld ,  a re

th e  same as th o s e  o f th e  fre e  ion  te rm s  fro m  w h ic h  th e y  a r is e  m inus

5£q , as show n  in  F ig u re s  ( 2 . 3 )  a n d  ( 2 . 4 ) .  T h u s

E(^A^g) = E(^E^^^) =E("^G) - 5Eg = 10A-25B+5C-5£q 

E(^A^^) = E ( S )  -  5£q = 1 0 A -1 3 B + 7 C -5 £ q '• ^  (2.35)

E ( ^ E ^ )  )=  E ( ^ D )  -  5£q = 1 0 A -I8 B + 5 C -5 £ q "

H o w e v e r, in  th e  s t r o n g - f ie ld  case , th e  s ta te s  ^ A , , ^E ^^^ , a n d  ^E^^^
Ig  g g

h a ve  th e  same e n e rg y ,  10B + 5C m easu red  fro m  th e  g ro u n d  s ta te
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T h e re  a re  th re e  ^ T ^ g  te rm s  b e lo n g in g  to  th e  n d ^  c o n f ig u ra t io n ,

A s  show n  in  T a b le  ( 2 . 6 ) ,  th e se  a re  d e r iv e d  fro m  t ^ ^ (  ^ T ^ ^ ) x  e^ (  " 'E ^) ,

t l  ( \ ,  ) x  e ^ ( ^A_ ) , a n d  t^  ( ^ T ,  ) x e ^ ( ^ E  ) .  T h e se  b a s is  w ave  2g Ig  g 2g 2g Ig  g g

fu n c t io n s  a re  g iv e n  b y  th e  e x p re s s io n s  a n d  l is te d  in  (2 . 36 )

, 4 3  2 4  3 + + ±  +
h  -  I V  T i g )  «g <' e ) > = u  n Ç v >

* 2 =  % ' V  S g ' l >

1 + + + +  I  ± + +  +
= - | Ç ç y v >  | n ç y v >

/2

h  "  I 4g(\ĝ  4 ( ' S g )  ' h g - l  >  =  1^  5  ^  ( 2 - 3 6 )

w ith  r e la t iv e  c r y s ta l  f ie ld  e n e rg ie s  o f -1 0  D q , 0, a n d  +10 D q , re s p e c t

iv e ly .  d e le c tro n -e le c tro n  re p u ls io n  in te ra c t io n s  m ix  th e se  to g e th e r  

a n d  i t  can be show n th a t  th e  c o r re s p o n d in g  m a tr ix  e lem en ts  a re , f o r  

e xa m p le , V ^2 “  B /S ' a n d  ~ - (  4B +C) . '̂  S o lu tio n s  to  th e  a p p ro p r ia te

3x3 p e r tu rb a t io n  e q u a tio n , th e n ,  g iv e  th e  w ave  fu n c t io n s  a n d  e n e rg y

4 5le v e ls  o f th e se  T ^ g  te rm s  o f th e  n d  s y s te m , in c lu d in g  b o th  c r y s ta l

f ie ld  in te ra c t io n s  and  c o n f ig u ra t io n  in te ra c t io n s .

T h e  e n e rg ie s  o f ^ T ^ ^  , ^ T ^ g  , ^ A ^ ^ . . . e tc . te rm s  in  T a b le  ( 2 . 6 ) ,

can be h a n d le d  in  a s im ila r  m a n n e r. T h e  r e s u lt in g  se ts  o f in te ra c t io n

5m a tr ic e s  fo r  th e  n d  io n  in  a s t ro n g  o c ta h e d ra l f ie ld  can  be  o b ta in e d  

fro m , fo r  exam p le , re fe re n c e  4, p age  4 14 ;  re fe re n c e  27, p a g e  767; 

a n d  re fe re n c e  28, page  67.
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T h e  e n e rg ie s  o f p u re  c o n f ig u ra t io n s  fo r  an n d  io n  in  an 

o c ta h e d ra l com p lex  a re  l is te d  in  T a b le  ( 2 . 7 ) .  T hese  a re  th e  e n e rg ie s  

th a t  w o u ld  be o b ta in e d  i f  e le c tro n  c o n f ig u ra t io n  in te ra c t io n s  c o u ld  be 

n e g le c te d . T h e  e n e rg ie s  a re  g iv e n  b y  [a (  lO D q )+ b B + cC ] a n d  th e  a tom ic 

g ro u n d  s ta te , ^S , e n e rg y  is  chosen  as ze ro  e n e rg y .

I t  s h o u ld  be c a re fu l ly  n o te d  th a t  in  s tro n g  c r y s ta l  f ie ld s  th e re

m u s t be c o n t r ib u t io n  fro m  c o v a le n t b o n d in g ,  i . e .  in  su ch  com p lexes

d -e le c tro n  o rb ita ls  m ust be som ew hat d is to r te d  fro m  those  o f f re e  io n ,

b y  c o v a le n t b o n d in g  b e tw e e n  th e  c e n tra l m eta l io n  a n d  th e  l ig a n d s .

T o  a f i r s t  a p p ro x im a tio n  o n ly  a b o n d in g  needs to  be c o n s id e re d  in  m ost

cases . O n ly  th e  e o r b i ta l  se t is  th e n  a ffe c te d . One can th e n
g

s u b s t i tu te  y a n d  v w ith  y . c o s S  a n d  V. cos0 ,  r e s p e c t iv e ly ,  w h e re  th e

c o v a le n c y  p a ra m e te r is  ( l - c o s ^ 0 ) .  When c o v a le n t e ffe c ts  a re  ta k e n  in to

a c c o u n t, th e n  th e  d e g e n e ra c y  o f th e  e n e rg y  le v e ls  may be  p a r t ly

re m o v e d  a n d  th e  m a tr ix  e lem en ts  o f th e  e le c tro s ta t ic  in te ra c t io n s  now

m u s t be w r i t te n  w ith  m o d ifie d  B a n d  C , i . e .  B and  C w h e re
n  n

B ^  = B c o s ^0  a n d  C = C cos^ 0, r e s p e c t iv e ly .  F o r  exam ple

? E g ( S , ^ G ) ;

- 2 / r  B

- 2 /3  B

6Bg+3C g+8B^+2C ^

a lso
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T able (2 .7 ) 18,23

C o n figu ra tion Term a b c

i
g

-2 .0 15 10

*2g ' h g -1 .0 10 6

-1 .0 18 6

'^ 2 g -1 .0 12 9

* 2 g 4 ' h g 0.0 0.0 0.0

' h g 0.0 10 5

4g(a)
g

0.0 10 5

' h g 0.0 13 5

4E(b)
g

0.0 17 5

' h g 0.0 19 7

'^ 2 g 0.0 22 7

4g% ' h g 1.0 10 6

' h g 1.0 18 6
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\ A >
t?  A .  . 2 ,32g( A2g)®g( Â g) = IOB2 + 5C 2

2 4 2 4
w h e re  gCos 9, B^=BqC os 0, C 2=CqCos 0, a n d  C^=CqCOs 0.

A d e ta ile d  C o rre la t io n  d iag ram  sh o w in g  how  th e  f re e  io n  te rm s

5
o f an n d  io n  s p l i t  in  c r y s ta l  f ie ld s  o f v a r y in g  s t r e n g th  is  show n in

F ig u re  (2 .5 )  a n d  th e  re la t iv e  e n e rg ie s  o f th e  te rm s  f o r  a w h o le  ra n g e  o f

ra t io s  o f ( D q /B )  is  show n  in  F ig u re  ( 2 .6 ) .  I t  s h o u ld  b e  n o t ic e d  fro m

2
th e se  d ia g ra m s , th a t  th e  e n e rg y  o f th e  p ro g e n y  o f th e  f re e  io n

te rm  is  e x tre m e ly  s e n s it iv e  to  th is  r a t io  and  th a t  th e  p lo t  o f th is  

p ro g e n y 's  e n e rg y  v s .  ( D q /B )  has a la rg e  n e g a tiv e  s lo p e . F o r  v e ry

s tro n g  c r y s ta l  f ie ld s ,  in  fa c t ,  th e  te rm  is  th e  g ro u n d  te rm  o f th e

5 . 2n d  io n  in  an o c ta h e d ra l e n v iro n m e n t. T h e  e n e rg y  o f th is  T ^ ^  te rm

can be  show n to  be ( 10A -20B +10C ) o i(lo I^20F ^-40F ^) . T h e  "p ro m o tio n a l

e n e rg y " ,  is  d e f in e d  as th e  d if fe re n c e  in  e n e rg y  o f th e  g ro u n d  s ta te  o f

th e  fre e  ion  co m p a re d  w ith  th e  g ro u n d  s ta te  o f th e  io n  s u b je c te d  to  th e

c r y s ta l  f ie ld .  F o r  an n d ^  io n  in  a s tro n g  o c ta h e d ra l f ie ld  th is

p ro m o tio n a l e n e rg y  is  (15B+10C ) o r  ( 15F2+275F^) . T h is  is  n o t th e  same

fo r  an 

3 ,2 9 ,3 0

as th e  s ta b il iz a t io n  e n e rg y .  S ta b il iz a t io n  e n e rg y  fo r  an n d ^  io n  in  a

s tro n g  o c ta h e d ra l c r y s ta l  f ie ld  is  -2 0  D q  ( o r  2 A ) .
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Free-
ion
terms

Weak
crystal
field

Intermediate Strong- Strong-
crystal field field
field terms configurations

(g)etc. etc.
(g)

120 (ODq)26 2(g)

Kg)Kg)

2(g)1(g)

(g)
2(g)20

eO(-lODq) (-A)
Kg) 2(g)

1(g)
2(g)36

1(g)

1(g)
6 6(-20Dq) (-2A)

Figure (2.5). Correlation diagram for.
free-ion terms ->■ strong octahedral .field 
configuration, for an nd^ ion
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E/B

70-

30*

2 0 -

10 -

Dq/B2 30 1

Figure (2.6). Splitting of states of the nd configuration
by an octahedral field (Tanabe-Sugano diagram) 
B = 860Cv*irIc/B = 4.48
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2 . 2 . C  TH E  " s p in  C R O S S -O V E R "P O IN T  FO R  AN  n d ^  IO N  IN  AN 

O C T A H E D R A L  C R Y S T A L  F IE L D

5
F o r  sm all va lu e s  o f A , (10  D q ) , th e  g ro u n d  te rm  o f th e  n d

io n  in  an o c ta h e d ra l com p lex  is  ^ A ^ ^ .  H o w e v e r, as A in c re a s e s  th e

2 2 
T ^ g  p ro g e n y  o f th e  I  f re e  io n  te rm  is  p ro g re s s iv e ly  s ta b il iz e d

r e la t iv e  to  th e  te rm , a n d  in  due  c o u rs e  as A c o n tin u e s  to  in c re a s e

th e  e n e rg y  o f th e  ^ T ^ g  te rm  fa l ls  b e lo w  th a t  o f ^ A ^ ^ .  T h e  v a lu e  o f A 

a t w h ic h  th e  s p in  o f th e  g ro u n d  te rm  c h a n g e s , is  c a lle d  th e  " S p in  c ro s s 

o v e r  p o in t " .

A t  th e  " s p in  c ro s s -o v e r  p o in t " ,  th e  e n e rg ie s  o f th e  h ig h - s p in  

a n d  lo w -s p in  te rm s  a re  th e  sam e, th e re fo re ,  fro m  s e c tio n s  2 . 2 , a a n d

2 . 2 .b

E ( ^ A ig )  = E ( 4 ^ g )

lOA -  35B = lOA -  2OB + IOC -  2A (2 .3 7 )

H e n ce , a t th e  " s p in  c ro s s -o v e r  p o in t " , th e  c r y s ta l  f ie ld  p a ra m e te r .  A , 

a n d  th e  fre e  io n  p a ra m e te rs  B a n d  C a re  re la te d  b y

A = ^  B + 5C (2 .3 8 )

T h e  re la t iv e  fa l l  o f  th e  te rm  r e la t iv e  to  th e  te rm  is  sh o w n  in

th e  le f t - h a n d  s ide  o f F ig u re  ( 2 . 5 ) .
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6 3 2
T h e  te rm  b e lo n g s  to  th e  c o n f ig u ra t io n  ^2g^g

2 5 I 5 2
w h e re a s  th e  T ^ ^  te rm  b e lo n g s  to  th e  t ^ ^  c o n f ig u r a t io n  | t ^ ^ ,  ^ 2g '^ S ^ "

T h e  ch a n g e  in  th e  g ro u n d  s ta te  a t th e  " s p in  c ro s s -o v e r  p o in t " ,  th e re fo re

in v o lv e s  ta k in g  tw o  e le c tro n s  o u t o f th e  e ^  o r b i ta ls ,  p la c in g  them  in to

t^ g  o r b i ta ls ,  a n d  in v e r t in g  th e ir  s p in  o r ie n ta t io n s .  T h e  cha n g e  in

e le c tro s ta t ic  e n e rg y  in  th is  p ro c e s s , 15B+10C , m ay u s e fu l ly  be re g a rd e d

as a p a ir in g  e n e rg y  a n d  o n e -h a lf  o f t h is ,  th e n ,  becom es th e  mean p a ir in g

e n e rg y ,  II, w hen  one o f these  e le c tro n s  is  t r a n s fe r r e d  fro m  e^ to  t^ g

o r b ita ls ,  th e re fo re  II = ^  B +5C, fo r  an n d ^  io n ,  i . e .  H = A a t th e  " s p in

c ro s s -o v e r  p o in t " :  w hen  A < ÎI, th e  co m p le x  is  in  th e  h ig h - s p in  s ta te

^ A ^ ^ C t^ g C ^ ) : w hen  A > II, th e  co m p le x  is  in  th e  lo w -s p in  s ta te ,

2 5
T_ ( t ^  ) w ith  one u n p a ire d  e le c tro n . II is  a th re s h o ld  v a lu e  ab o ve  w h ic h  

2g 2g

A m u s t lie  in  o rd e r  to  lo w e r th e  s p in  s ta te .

I t  is  im p o r ta n t  to  n o te  th a t  a q u a r te t  s p in  s ta te  can n e v e r  be

th e  lo w e s t s ta te  o f an n d ^  co m p le x . T h e  lo w e s t q u a r te t  tu r n s  o u t to  be

4 4 4 _T ,  te rm  o f th e  t_, e c o n f ig u ra t io n ,  a n d  i t s  e n e rg y  is  E( T ,  )= 1 0 A -Ig 2g g ^ Ig
2 5 B + 6 C -A . T h e  mean e n e rg y  o f th e  ^T« a n d  ^ A , te rm s , l is te d  in2g Ig
( 2 .3 7 ) ,  is

I  [ E ( 4 ^ g )  + E (^ A  ) ]  = 1 0 A - ^ B + 5 C - A

= - | b -C
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T h u s  th e  ^ T ^ ^  te rm  can  n e v e r  be  th e  g ro u n d  te rm  because  o n e , a t le a s t,

o f th e  T 2g te rm s  m u s t lie  ^ B + C  o r m ore be low  th is  lo w e s t

4
q u a r te t .

5
T h e  c o r re la t io n  d ia g ra m  fo r  th e  n d  io n  on g o in g  fro m  th e  

fre e  io n  th ro u g h  th e  w e a k , in te rm e d ia te ,  and  th e  s t ro n g  o c ta h e d ra l f ie ld  

cases , is  show n in  F ig u re  ( 2 . 5 ) .  I t  s h o u ld  be  n o te d  th a t  th e  io n  g a in s  

an am oun t o f e n e rg y  o f 2A ( o r  20 D q ) on g o in g  fro m  th e  h ig h - s p in  

( lo w  f ie ld )  to  th e  lo w -s p in  ( h ig h  f ie ld )  c o n f ig u ra t io n .

2 .3  TH E  T A N A B E -S U G A N O  D IA G R A M  FOR AN  n d ^  IO N  IN  AN  

O C T A H E D R A L  C R Y S T A L  F IE L D

T h e  e n e rg ie s  o f th e  te rm s  o f th e  n d ^  io n  as i t s  e n v iro n m e n t

v a r ie s  fro m  th e  f r e e - io n ,  s e c tio n  I . 2 .c ;  to  th e  w e a k -c ry s ta l f ie ld ,

se c tio n  2 . 2 . a . 2 ; to  th e  " c ro s s -o v e r  p o in t " ,  s e c tio n  2 . 2 .c ;  a n d  th e n  to

th e  s tro n g  c r y s ta l  f ie ld ,  s e c tio n  2 . 2 . b . 2 , can be su m m a rize d  in  th e  so -

I  4 27
c a lle d  "T a n a b e -S u g a n o  d ia g ra m " show n  in  F ig u re  ( 2 .6 ) .  ' I n  th is

d ia g ra m  th e  te rm  e n e rg ie s  a re  p lo t te d  on th e  v e r t ic a l  c o o rd in a te , in  u n its  

o f th e  in te r  e le c tro n ic  re p u ls io n  p a ra m e te r ,  B , and  th e  c r y s ta l  f ie ld  

s t r e n g th  is  p lo t te d  a lo n g  th e  h o r iz o n ta l c o o rd in a te  in  u n its  o f ( D q / B ) .

I t  s h o u ld  be n o te d  th a t  th e  u s e fu ln e s s  o f th is  d ia g ra m  is  r e s t r ic te d  s in ce  

i t  re q u ire s  tw o  p a ra m e te rs  B a n d  C to  d e s c r ib e  th e  e le c tro n ic  re p u ls io n .  

F ig u re  (2 .6 )  is  d ra w n  f o r  a s p e c if ic  r a t io  o f ( C /B )  o f 4 .4 8  , h o w e v e r 

th e  d ia g ra m  is  n o t  v e r y  s e n s it iv e  to  th is  ra t io .

In  th e  T a n a b e -S u g a n o  d ia g ra m  th e  ze ro  e n e rg y  is  a lw a ys  ta k e n  

to  be th e  e n e rg y  o f  th e  lo w e s t te rm , a n d  s ince  th e  g ro u n d  te rm  o f th e
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n d ^  c o n f ig u ra t io n  c h a n g e s , th e  d ia g ra m  show s a d is c o n t in u ity  a t th e

" c ro s s -o v e r  p o in t " , w h ic h  ta k e s  th e  fo rm  o f an in c re a s e  in  th e  s lo p e  o f

2g
te rm  e n e rg ie s  above th e  c ro s s -o v e r  v a lu e  o f ( D q /B ) .  T h e  ^T _  p ro g e n y

o f th e  f re e  io n  te rm  has a v e r y  la rg e  n e g a tiv e  s lope  b e fo re  ( D q /B )

= 2 .9 9 , i . e .  ( A /B )  = 2 9 .9 . I t  th e re fo re  fo llo w s  th a t  th e  p ro g e n y

o f th e  f re e  io n  te rm  has a v e r y  la rg e  p o s it iv e  s lope  a f te r  ( D q /B )

= 2 .9 9 .

T h e  T a n a b e -S u g a n o  d ia g ra m  em phasizes th e  c h a n g e  in  th e

6 3 2
g ro u n d  s ta te  fro m  th e  h ig h - s p in  A ^ ^  te rm  o f th e  H u n d 's  r u le  t^ ^ e ^ ,

c o n f ig u ra t io n  to  th e  lo w -s p in  g ro u n d  s ta te  ^ '^ 2g o f th e  t ^ ^  c o n f ig u r 

a tio n  in  a s tro n g  o c ta h e d ra l c r y s ta l f ie ld .  T h is  c ro s s -o v e r  p la y s  a 

c ru c ia l ro le  in  u n d e rs ta n d in g  th e  chem ica l s t a b i l i t y ,  th e  th e rm o d y n a m ic s , 

th e  s p e c tro s c o p y , and  th e  m a g n e tic  p ro p e r t ie s  o f th e  n d ^  io n s .  A t  th e  

"c ro s s -o v e r  p o in t"  th e  h ig h - s p in  a n d  lo w -s p in  c o n f ig u ra t io n s  a re  in  

e q u il ib r iu m ,  a n d  sm all ch a n g e s  o f A , o r  I  ODq, can h a ve  a m a rk e d  e f fe c t  

on th is  e q u il ib r iu m ,  s h i f t in g  i t  in  one d ire c t io n  o r  a n o th e r .  Sm all 

ch a n g e s  in  te m p e ra tu re , in  p re s s u re ,  in  s o lv e n t in te ra c t io n s ,  o r  in  

l ig a n d  in te ra c t io n s ,  o r  in  a ll o f th e s e , can  h a ve  q u ite  d ra m a tic  e f fe c ts  

a n d  can s w itc h  th e  c o n f ig u ra t io n  fro m  a h ig h  to  low  s p in  c o n f ig u r a t io n  

an d  v ic e  v e rs a . F u r th e rm o re ,  sm a ll change s  in  th e  e n v iro n m e n t o f th e  

io n  in  th e  re g io n  o f th e  " c ro s s -o v e r  p o in t "  m a rk e d ly  e f fe c t  th e  s p a t ia l 

d is t r ib u t io n  o f th e  f iv e  n d -e le c t ro n s ,  a n d  th e re fo re  m a rk e d ly  e f fe c t  th e  

s p a t ia l p ro p e r t ie s  o f th e  o p t ic a l,  m a g n e tic , c a ta ly t ic ,  a n d  ch e m ica l
5

p ro p e r t ie s  o f th e  n d  com p lexes  in  th is  re g io n .
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2 .4  TH E  J A H N -T E L L E R  E FFE C T  AND TH E  n d ^  IO N S

T h e  T a n a b e -S u g a n o  d ia g ra m  can be  u s e d  to  p r e d ic t  w h e th e r

o r  n o t th e  n d ^  io n  u n d e rg o e s  J a h n -T e lle r  d is t o r t io n . V a n  V le c k ^ ^

show ed th a t  io n s  in  o r b i ta l ly  d e g e n e ra te  a n d  T ^ ^  g ro u n d  s ta te s

a re  u n s ta b le  in  th e  s y m m e tr ic a l c o n f ig u ra t io n ,  a n d  th a t  in  o c ta h e d ra l

- 1
c r y s ta l  f ie ld s ,  s u c h  io n s  s h o u ld  ga in  a b o u t 100 cm o f e n e rg y  b y  

d is to r t in g  th e  o c ta h e d ro n  a n d  th e re b y  re m o v in g  th e  e le c tro n ic  o rb i ta l  

d e g e n e ra c y . Io n s  in  n o n -d e g e n e ra te  o r b i ta l  s ta te s  a re , o f c o u rs e , 

s ta b le  in  th e  s y m m e tr ic a l c o n f ig u ra t io n ,  th e  h ig h - s p in  w eak f ie ld  g ro u n d  

s ta te , ^ A ^ ^ , th e re fo re  does n o t u n d e rg o  J a h n -T e l le r  d is to r t io n ,  b u t  th e  

g ro u n d  s ta te  o f th e  s t ro n g  f ie ld  co m p le x , ^ T ^ ^ , m u s t e x h ib i t  a J a h n -  

T e lle r  e f fe c t .  M ore  d e ta ile d  c o n s id e ra tio n s  o f th e  e n e rg e t ic s  and  

d is to r t io n s  in v o lv e d  show  th a t  th e  h ig h - s p in  n d ^  co m p le xe s  a re  r e la t iv e ly
5

s ta b le  com pa red  to  th e  lo w -s p in  n d  com p lexes  to w a rd s  o x id a t io n - re d u c t io n  

re a c t io n s .

2 .5  COM PLEXES OF TH E  4d^ IO N , Ru^"^

5 3+F o r  th e  fre e  4d io n  R u  , th e  R acah  p a ra m e te rs , B a n d  C ,

a re  929.21 cm ^ a n d  3744 .9  cm T a b le  ( 1 . 5 ) ,  i . e .  ( C /B )  = 4 .0 3 ,

I f  th e se  v a lu e s  a re  a p p ro p r ia te  to  a R u ^ ^  co m p le x  th e n  th e  c r y s ta l  f ie ld

p a ra m e te r A a t th e  h ig h - s p in  lo w -s p in ,  " c ro s s -o v e r  p o in t "  is
_ I

p re d ic te d  to  be  25 ,700 cm . H o w e v e r, w ith  s u c h  a la rg e  p o s it iv e  

c h a rg e  on th e  c e n t ra l m e ta l io n ,  c o v a le n t e f fe c ts  o u g h t  to  b e  a llo w e d  fo r ,  

a n d  th e  v a lu e s  o f B a n d  C w o u ld  th e n  be r a th e r  s m a lle r  th a n  th o se  o f 

th e  f re e  io n  a n d  v a lu e s  o f B ^  a n d  a p p ro p r ia te  th e  com p lex  s h o u ld  be
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r e a l ly  use d  in  th e  re la t io n s h ip  A = ^  + 5 C ^ . I f  B ^  a n d  a re

lo w e re d  to  743 cm ^ and  2995 cm ^ r e s p e c t iv e ly ,  i . e .  a b o u t 80% o f th e

fre e  io n  v a lu e s , th e n  th e  A v a lu e  a t th e  " c ro s s -o v e r  p o in t "  w o u ld  be

-1
p re d ic te d  to  be 20 ,500 cm

T he  o n ly  h ig h - s p in ,  w e a k - f ie ld  com p lex  c o n ta in in g  th e  R u ^

io n  re p o r te d  in  th e  l i t e r a tu r e  a p p e a rs  to  be th e  m o le c u la r  com p lex

33
am monium  p e n ta c h lo ro n it r o s y l ru th e n iu m  ( I I I ) , N H ^ [R u (N O )C  ,

A l l  o th e r  R u ^ ^  "o c ta h e d ra l com p lexes" a p p e a r to  be lo w -s p in

fo rm s . T h e  o p t ic a l a n d  m a g n e tic ^^  p ro p e r t ie s  o f  th e  re d  spec ies

3- 3- 5[R u C £ ^ ] a n d  [R u B r ^ ]  show  th a t  th e se  a re  lo w -s p in  t ^ ^  co m p le x e s ,

2 5
so th e i r  g ro u n d  s ta te s  a re  "^2g ^^2g ^ ’ a n d  th e  lo w e s t e x c ite d  d o u b le t

le v e ls  a re  ^A ^  ( t ^  e ) ,  a n d  ^ T . ( t ^  e ) ,  r e s p e c t iv e ly .  T h e  f i r s t  
2g 2g g Ig  2g g

3- - 1a b s o rp t io n  b a n d  o f [R u C £ ^ ]  , fo u n d  a t 19,200 cm , can  th e re fo re  be

2 2 2a s s ig n e d  to  th e  t r a n s i t io n  T ^ ^  — T ^ ^ , A ^ ^ .  A s s u m in g  th e  h ig h

f ie ld  l im it  to  be  v a l id ,  i . e .  assum ing  p u re  ̂ 2g' H ^ a n tiz a t io n s , th is

e n e rg y  d if fe re n c e  s h o u ld  am oun t to  I 0D q - 3F 2~ 20F ^ ,  o r  lO D q -B -C :

c f .  se c tio n  2 .2 .b .2 .  I f  F ^^ IO F ^  is  ta k e n  to  be 1000 cm ^ (o r  7B=C is

_ I
ta k e n  to  be 1000 cm ) th e n  these  o p t ic a l t r a n s it io n s  p r e d ic t  a v a lu e  o f

- 1 - 1 D q  o f 2400 cm , i . e .  A = 24,000 cm . T h e  c o r re s p o n d in g  e x p e r im e n ta l

3 -  -X
v a lu e  fo r  [R u B r^ J  tu r n s  o u t to  be 15,300 cm

T h e  o p t ic a l t r a n s it io n  e n e rg ie s  fo r  s e v e ra l o th e r  lo w -s p in  R u ^ ^

com p lexes a re  l is te d  in  T a b le  ( 2 . 8 ) .

I t  s h o u ld  b e  n o te d  th a t  th e  T a n a b e -S u g a n o  d ia g ra m , show n in

F ig u re  ( 2 .6 ) ,  p re d ic ts  th e  f i r s t  s p in -a llo w e d  d o u b le t b a n d  to  be a t

18,000 cm ^ and  th e  s p in - fo rb id d e n  q u a r te t  b a n d  ^T _  ( t ^  ) — ^ T,  ( t ^  e )
2g 2 g  l g \  2g  g



T a b le  (2 .8 )
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C om p lex , ^ T ,  t r a n s it io n  
2g 2g Ig

R e fe re n c e

3-
[R u C £ ^ ] 19,200 35

[ R u B r ^ ] ^ ~ 15,300 35

R u (a c a c ) ^ 19,600 36

*
R u (b a c a c )  ^ 19,100 36

R u (d b m ) 2 18,500 36

R u C ^ ^ A s P h ^ 20,00 0 37

acac = a c e ty la c e to n e ; bacac = b e n z o y la c e to n e ; dbm  = d ib e n z o y l-  

m e th a n e .
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to  be  a t 11 ,800 cm ^ fo r  th e  p a ra m e te rs  l is te d  ab o ve  fo r  [R u C £ ^ ]

2 .6  S P IN -O R B IT  C O U P LIN G  IN  T R A N S IT IO N  M E T A L -IO N  CO M PLEXES

In  com p lexes  o f th e  f i r s t  s e r ie s  o f t r a n s it io n  e le m e n ts , s p in -  

o r b i t  c o u p lin g  in te ra c t io n s ,  in  g e n e ra l, a re  so sm a ll in  c o m p a riso n  w ith  

c r y s ta l  f ie ld  e f fe c ts  th a t ,  as a lre a d y  m e n tio n e d  on p a g e  47, a n d  e q u a tio n s  

(2 .1 5 )  a n d  ( 2 .1 6 ) ,  i t  m ay be  n e g le c te d  to  a f i r s t  a p p ro x im a tio n .

H o w e v e r, s p in - o r b i t  c o u p lin g  in  com p lexes o f th e  second  a n d  t h i r d  

t r a n s it io n -m e ta l s e r ie s  a re  m uch la rg e r  th a n  in  th e  f i r s t  s e r ie s  a n d  

th e r e fo r e ,  s p in - o r b i t  in te ra c t io n s  th e n  o u g h t to  be  c o n s id e re d .

A s  in  th e  case o f th e  fre e  io n ,  s e c tio n  1 .3 ; w h e n  s p in - o r b i t  

c o u p lin g  is  m uch  la r g e r  th a n  th e  c r y s ta l  f ie ld  s p l i t t in g  th e n  th e  to ta l 

o r b i ta l  a n g u la r  m om entum  L ,  coup les  w ith  th e  to ta l s p in  a n g u la r  m om entum  

S, to  p ro d u c e  s ta te s  w h ic h  can be  la b e lle d  b y  th e  to ta l o rb i ta l  a n g u la r  

m om entum  q u a n tu m  n u m b e r ,

In  th e  t r a n s it io n -m e ta l io n  s e rie s  th is  e x tre m e  s itu a t io n  is  

n e v e r  e n c o u n te re d , b u t  n e v e r th e le s s  to  a f i r s t  a p p ro x im a tio n  th e  s p l i t t in g  

b y  s p in - o r b i t  c o u p lin g  o f th e  e n e rg y  le v e ls  in  a c u b ic  c r y s ta l  f ie ld  m ay 

be o b ta in e d  b y  u s in g  L a n d e - ty p e  fo rm u la e  s im ila r  to  e q u a tio n s  (1 .4 7 )  a n d

( 1 .4 8 ) ,  w ith  a f ic t i t io u s  L -v a lu e ,  L ' ,  w h e re  L ' = 1 f o r  T ^  o r  T ^  s ta te s . 

A ^ ,  A 2 , a n d  E s ta te s  a re  n o t s p l i t  b y  s p in - o r b i t  c o u p lin g .  T h e  c o n t r i 

b u t io n  o f s p in - o r b i t  iCOUplm^ to  th e  e n e rg ie s  o f T ^  o r  T ^  s ta te s  is  

th e n  g iv e n  b y

E . = a [ J '( J '  + 1) -  L ' ( L '  + 1) -  S (S  + 1 ) ]  (2 .3 9 )
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w h e re

^ 2
a = i  À and  J ' = |L ' +S | , |L ' +S - 1 1, .  . , .  , |L -S  j , a n d  th e  c o n s ta n t

(t »a m u s t be d e te rm in e d  in  each p a r t ic u la r  case .

2 .6 . a S P IN -O R B IT  C O U P LIN G  IN  CO M PLEXES OF TH E  n d ^  IO N S

T he  e ffe c ts  o f s p in - o r b i t  c o u p lin g  on th e  e ig e n v a lu e s  a n d

e ig e n fu n c t io n s  o f ,  f o r  exa m p le , th e  lo w e s t ^ T ^ ^  s ta te , can  be e s tim a te d  in  

21
th e  fo l lo w in g  w a y . A s  o u t l in e d  in  s e c tio n s  2 . 2 . a . l ,  2. 2 .a . 3, a n d

4
e q u a tio n s  (2 .2 9 ) ,  b a s is  w ave  fu n c t io n s  f o r  th e  s ta te s  o f th is  te rm , T ^ ^ ,

in c lu d in g  th e  e f fe c t  o f te rm - in te ra c t io n s  can be c o n s tru c te d  fro m  d a ta

g iv e n  in  T a b le  ( 2 .3 ) .  T h u s ,  fo r  e x a m p le , th e  b a s is  w ave  fu n c t io n ,  n o t

4 3in c lu d in g  s p in - o r b i t  in te ra c t io n s ,  f o r  th e  T ^ ^  ( l , ^ ^  is  g iv e n  b y

( 1 , | )  = N " [ 0  - 8 . ( 4 ? )  + g (2 .4 0 )
^  E( P ) -E  E( F ) -E

w h e re  E is  th e  e n e rg y  o f th e  lo w e s t ro o t  o f th e  s e c u la r e q u a tio n s , a n d

N " ^ ( l+ a 'p +  a 'p ) = 1 , a n d  , a n d  =
2 /5D q

E ( " P ) - E  " E ( % ) - E

4 3 4
S im ila r  w ave fu n c t io n s  can be c o n s t ru c te d  fo r  th e  T ^ ^  (0 ,^ 0  a n d  T ^ ^

3
( - l , ^ - )  b a s is  fu n c t io n s ,  and  th e se  b a s is  fu n c t io n s  a re  th e n  u se d  in  p e r t u r 

b a t io n  c a lc u la t io n s  to  com pu te  th e  m a tr ix  e lem en ts  o f th e  s p in - o r b i t  i n t e r -
5 4

a c tio n  u s in g  th e  o p e ra to r  \  V ( i )  o f p a g e  29* T h e  T  le v e l is  th re e -
i= l  ■‘■g

fo ld  o r b i ta l ly  d e g e n e ra te  and  f o u r - f o ld  s p in  d e g e n e ra te , so th a t  th is

s e c u la r  d e te rm in a n t is  o f th e  o rd e r  12x12. D ia g o n a liz a tio n  o f th is

4 21
p ro b le m  ’ le a d s  to  th e  s p in - o r b i t  c o u p lin g  e n e rg ie s  w h ic h  t u r n  o u t to  

b e , c f .  e q u a tio n  (2 .3 9 )
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EgQ = 3a( 6- f o ld ) ,

o r  = -2 a (  4 - fo ld ) ,

o r  = - 5 a ( 2 - fo ld ) *

w h e re

a n d  Ç j  . ç ( r ) r ^  d r ,  com pare  w ith  e q u a tio n  ( 1 .4 5 ) .
0 4

I t  s h o u ld  be n o te d  th a t  th e  s p in - o r b i t  s p l i t t in g  o f th e  te rm  d e p e n d s

on b o th  a n d  F u r th e rm o re ,  s in ce  Ç in  e q u a tio n  (2 .4 1 )  is  p o s it iv e ,

i t  fo llo w s  t h a t 'V  m u s t be n e g a tiv e  fo r  an  n d ^  io n  on an o c ta h e d ra l s ite

w ith  p o s it iv e  D q , a n d  hence  th e  s ix - f o ld  le v e ls ,  th e re fo re ,  l ie  lo w e s t in

th a t  case . I f  D q  is  k n o w n  then'^^a" can  be c a lc u la te d . T h e  tw e lv e - fo ld

4
d e g e n e ra c y  o f th e  lo w e s t T l e v e l  o f F ig u re s  (2 .3 )  a n d  (2 .4 )  is  

th e re fo re  re s o lv e d  b y  s p in - o r b i t  c o u p lin g  in to  a s e x te t ,  a q u a r te t ,  a n d  

a d o u b le t ,  as show n in  F ig u re  ( 2 .7 ) .

-5 a/ -------------
/

/
/

/
/

/

- 2a

/
/

4 t  ( 12 )
ig  % X X

X
X

X
X

X

^^ X  (6 ) 3a
F ig u re  (2 .7 )



B y  s im ila r  a rg u m e n ts  i t  can  be  show n  th a t  s p in - o r b i t  in t e r 

a c tio n s  s p l i t  th e  e n e rg ie s  o f b o th  th e  ^ and  ^ te rm s  in to

th re e - le v e ls  w ith  d e g e n e ra c ie s  ( 2 S -1 ) ,  (2 S + 1 ), a n d  (2 S + 3 ), r e s p e c t iv e ly .

T h e  g ro u n d  s ta te  o f  th e  h ig h  s p in  n d ^  c o n f ig u ra t io n  has

n o  o r b i ta l  a n g u la r  m om entum . In  p r in c ip le  s p in - o r b i t  c o u p lin g  can  m ix  

some o f th e  e x c ite d  s ta te s  in to  t h is ,  a n d  th e n c e  re in s ta te  some o r b i ta l  

a n g u la r  m om entum , b u t  th e o re t ic a l c a lc u la t io n s  show  th a t ,  th e  e f fe c t  is  

v e r y sm a ll. V an  V le c k  a n d  P e n n y , f o r  exa m p le , h a v e  fo u n d

th a t  i t  is  n e c e s s a ry  to  go to  h ig h e r  o r d e r  p e r tu rb a t io n s  in  o rd e r  to  

rem ove  th e  s p in  s ix - fo ld  d e g e n e ra c y  o f th e  te rm  a n d  th is  w i l l  be

c o n s id e re d  in  m ore d e ta il in  c h a p te r  th re e .  D e ta ile d  c a lc u la t io n s  o f  th e
g

e n e rg y  le v e ls  o f n d  c o n f ig u ra t io n  in c lu d in g  th e  e f fe c t  o f s p in - o r b i t  

p e r tu r b a t io n s ,  fo r  io n s  in  c u b ic  c r y s ta l  f ie ld s  can be  fo u n d  in  re fe re n c e s  

41 a n d  42.

2 .7  C R Y S T A L  F IE LD S  OF LOWER SYM M ETRY

M any t r a n s it io n - io n  co m p le xe s  a re  n o t o c ta h e d ra l.  I t  has 

a lre a d y  been p o in te d  o u t ,  eve n  w h e n  s ix  lig a n d s  a re  id e n t ic a l,  s e v e ra l 

fa c to rs  can  d e s tro y  th e ir  m ost r e g u la r  a rra n g e m e n t a ro u n d  th e  c e n t ra l 

m e ta l- io n , and  su ch  com p lexes e x h ib i t  b o th  o p tic a l and  m a g n e tic  a n is o 

t r o p y .  D e v ia tio n  fro m  o c ta h e d ra l s y m m e try  can o fte n  be t r e a te d  as a 

p e r tu rb a t io n  su p e rim p o se d  u p o n  th e  h ig h e r  s y m m e try , a n d  th e  e f fe c ts  

o f some o f th e  m ost common d is to r t io n  o f th e  o c ta h e d ra l f ie ld  w il l  now  be 

c o n s id e re d . T he  c o r re la t io n  T a b le  ( 2 . 9 ) , ^ ^  l is ts  th e  re la t io n s h ip s  

b e tw e e n  th e  ir r e d u c ib le  re p re s e n ta t io n s  o f th e  d i f fe r e n t  p o in t  g ro u p  

s y m m e tr ie s .
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T a b le  (2 .9 ) 19

° h
0 T d ° 4 h <=4v C zv ° 3

* l g * 1 A l A l

^ 2 g ^ 2 ^ 2 B l g * 2 A z

E
g

E E
^ l g * ^ l g

A l + B i A l+ A g E

^ I g T l A g + B i + B g

^ 2 g ^ 2 ^ 2 B^^E A l + B i + B ^ A^+E
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2. 7 .a TH E n d ^  IO N  IN  A  T E T R A G O N A L , OR O R T H O R H O M B IC

C R Y S T A L  F IE L D

In s p e c t io n  o f T a b le  (2 .9 )  show s th a t ,  e x c e p t f o r  ^ A ^ ^ ,  th e  

s ym m e try  spec ies  o f th e  o c ta h e d ra l te rm s  a re  a lte re d  b y  te t ra g o n a l 

d is to r t io n s .  T h e  H a m ilto n ia n  fo r  an io n  in  a s ite  p o s s e s s in g  t e t r a 

g ona l sym m e try  can  be w r i t te n  in  th e  fo rm

5 5 5
I  V  ( i )  + I  V  ( r  ) 4. I  V  ( i )  (2 .4 2 )

i  = I  ^  i  = I   ̂ i= I

w h e re  a n d  ha ve  a lre a d y  been  d is c u s s e d  in  c h a p te r  o n e , a n d

se c tio n  2 .6 . a , r e s p e c t iv e ly .  T h e  c r y s ta l  f ie ld  c o n t r ib u t io n  can  be 

decom posed in to  tw o  com ponen ts

\  \  (2 .4 3 )
1=1 1=1 1=1

oc t ^
w h e re  ( r  ) is  th e  c o n t r ib u t io n  fro m  a p e r fe c t  o c ta h e d ra l c r y s ta l

f ie ld  th a t  has a lre a d y  been  d is c u s s e d  in  le n g th  in  s e c tio n s  2 . 2 . a

and  2 . 2 .b , and  V ^ ^ ( r  ) is  th e  te tra g o n a l p e r tu r b a t io n  e n e rg y

t 0
o p e ra to r .  P ro v id e d  "V ^ ^ ( r  ) is  la rg e  com pa red  to  th e n ,  fo r

th e  m om ent, s p in - o r b i t  c o u p lin g  e f fe c ts  in  (2 .4 2 )  ca n  be n e g le c te d  a n d
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V ^ ^ ( r  ) can be  c o n s id e re d  to  p e r tu r b  th e  s ta te s  o f th e  o c ta h e d ra l 

c r y s ta l f ie ld .  T o  f i r s t  o rd e r  th e  does n o t d is to r t  th e  o c ta h e d ra l

o rb i ta ls ,  b u t  o n ly  ch a n g e s  th e ir  e n e rg ie s .

T h e  p e r tu r b a t io n  c a lc u la tio n s  can be c a r r ie d  o u t u s in g  e ith e r  

th e  w e a k - f ie ld  o r  s t r o n g - f ie ld  w ave  fu n c t io n s .  F o r  te tra g o n a l co m p le xe s , 

th e  m a tr ix  e le m e n ts  o f V ^ ^ ( r  ) can be  e x p a n d e d  o u t in  th e  fo rm  l is te d  

in  T a b le  ( 2 .1 ) ,  a n d  a re  m ost e a s ily  e v a lu a te d  u s in g  th e  o p e ra to r  

te c h n iq u e , d e s c r ib e d  in  re fe re n c e  3, page  100.

F o r  th e  m ore g e n e ra l com p lexes o f lo w e r p o in t  g ro u p  s y m m e try , 

i . e .  f o r  o r th o rh o m b ic  c r y s ta l  f ie ld s ,  th e  n o n -c u b ic  p a r t  o f th e  c r y s ta l  

f ie ld  c o n t r ib u t io n  to  th e  H a m ilto n ia n  can  be  e x p a n d e d  to  g iv e ^ ^ ’ ^^

• H t e .  = j ,1=1

w here

y î i  ^ x & ( ^   ̂  ̂ ^ 2 , 0 ^  ^ 2 , 0  ''JtZ ^ 4 , 0 ^  ^ 4 , 0  24 ^ 4 , 4 ^  ^"^4, 4'^"^4,-4^

+ ^ 2 , 2  ̂ ^^2, 2"^^2 , - 2  ̂ ^ 4 , 2  ̂ ^^4 , 2'^^4 , - 2^

( 2 . 4 5 )

an d  ^  a re  s u ita b le  fu n c t io n s  o f R th a t  s a t is fy  th e  re la t io n s h ip

(co m p a re  w ith  e q u a tio n  2 .3 ) .  F o r  te tra g o n a l com p lexes  B ^  2”^ 4  

b u t  th e se  a re  d i f f e r e n t  from  ze ro  fo r  o rth o rh o m b ic  d is to r t io n s .  I t  can

be show n th a t  th e  e f fe c ts  o f te tra g o n a l a n d  o r th o rh o m b ic  d is to r t io n s  ,

'g
4 4fo r  e xam p le , th e  th re e  o rb ita l s ta te s  A ,  , E , th a t  o r ig in a te  from  th e

^g g
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fre e  io n  le v e l can be sum m arized  in  th e  fo llo w in g  s ta te m e n ts  :

( i )  N e ith e r  te tra g o n a l n o r  o r th o rh o m b ic  d is to r t io n s  a f fe c t  th e  

s ta te .

(Ü ) I f  th e  d is to r t io n  is  te tra g o n a l th e n  o n ly  th e  e n e rg y  o f te rm ,

c f .  T a b le  ( 2 . 3 ) ,  is  d e p re s s e d .

( ü i)  F o r  o r th o rh o m b ic  d is to r t io n  th e  e n e rg y  o f  o n ly  one o f ^E ^^^ o r

4 „ ( b )  . , ,E IS d e p re s s e d ,
g

T he  w eak f ie ld  g ro u n d  s ta te , ^ A ^ ^ ,  is  n o t a ffe c te d  b y  e ith e r  te tra g o n a l

39 41 43o r o r th o rh o m b ic  d is to r t io n s .  ’ ’

I f  th e  s p in - o r b i t  c o u p lin g  in te ra c t io n s  in  e q u a tio n s  (2 .4 2 )  is  now

ta k e n  in to  a c c o u n t th e n  i t  can  be show n th a t  th e re  a re  no  m a tr ix

e lem ents th a t  c o n n e c t b a s is  fu n c t io n s  w ith in  th e  m a n ifo ld s  ^ A ^ ^ (^ S )  a n d

{ ^ A ^ ^ ,^ E  }("^G ). H e n ce , in  o rd e r  to  w o rk  o u t th e  e f fe c ts  o f s p in - o r b i t

25c o u p lin g ,  s e c o n d -o rd e r  p e r tu r b a t io n ,  o r  even  h ig h - o r d e r  p e r tu r b a t io n  ’

38 ,39 ,4 1   ̂  ̂ .te c h n iq u e s  m ust be u s e d .

2 .7 .b  TH E  n d ^  IO N  IN  A  T R IG O N A L  C R Y S T A L  F IE L D

When th e  o c ta h e d ro n  is  d is to r te d  a lo n g  a t r ig o n a l a x is ,  th e  

p o in t g ro u p  s y m m e try  w i l l  be  re d u c e d  fro m  to  D ^ ^ ,  D ^ , o r  C ^ .

T he  s y m m e try  sp e c ie s  o f th e  re s u lta n t  le v e ls  a re  as l is te d  in  T a b le  ( 2 . 9 ) ,  

an d  th e  c r y s ta l  f ie ld  c o n t r ib u t io n  to  th e  e n e rg y  o f th e  com p lex  can  be 

decom posed in to  i t s  co m p o n e n ts .

( 2 . 4 7 )
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w h e re  V ^ ^ ( r  ) is  th e  c o n t r ib u t io n  fro m  th e  t r ig o n a l p e r tu r b a t io n .  E q u a tio n

( 2 . 47 ) can  be re c a s t in  th e  n o rm a l w a y  in  te rm s  o f n o rm a liz e d  s p h e r ic a l

h a r m o n i c s , a n d  in  th is  p ro c e s s  th e  o p e ra to rs  fo r  t r ig o n a l s y m m e try , 

r e s u l t  in  th e  in t r o d u c t io n  o f  th e  p a ra m e te rs  D S IG , D Q , a n d  D T A U , d e f in e d  

b y  th e  re la t io n s h ip s

D a  = D S IG //7 Ô  , D q  = i ^ y ^ D Q  + D T A U  ,

D t = - ( Yo") D T A U  , ( 2 . 4 8 )

w h e re  th e  c r y s ta l  f ie ld  p a ra m e te rs  D a  a n d  D t a re  re la te d  to  th e  ra d ia l 

p o te n t ia l fo rm s  b y

= < I  >
( 2 . 4 9 )

D x = - i |  I  < >

T h e  p a ra m e te rs  DSIG  and  D T A U  r e f le c t  th e  t r ig o n a l  com ponen t o f th e  

e le c tro s ta t ic  f ie ld s  due to  th e  p re s e n c e  o f th e  lig a n d s .

T h e  e n e rg ie s  fo r  com p lexes  D ^ s y m m e try  h a ve  been  c a lc u la te d , 

u s in g  re p re s e n ta t io n  o f th e  H a m ilto n ia n , show n in  ( 2 . 4 2 )  i . e .  u s in g  

s y m m e try  a d a p te d  b a s is  fu n c t io n s ,  j d ^ , J  >. T hese  c a lc u la t io n s

can a lso  be u s e d  fo r  p o in t  g ro u p  s y m m e tr ie s  D ^ , D ^ ^ ,  a n d  b y  

m a k in g  a p p ro p r ia te  c o r re la t io n s  o f th e  ir r e d u c ib le  re p re s e n ta t io n s  o f th e s e  

p o in t  g ro u p s . T he  re s u lts  o f su ch  c a lc u la t io n s  a re  show n sc h e m a ti

c a lly  in  F ig u re s  ( 2 . 8 )  a n d  ( 2 . 9 )  a n d  th e se  s h o u ld  be com pared  w ith  F ig u re  

( 2 . 4 ) .  T r ig o n a l d is to r t io n  s p l i ts  th e  o c ta h e d ra l o r b i ta l  t r ip le t  s ta te s ,  T ,  

in  F ig u re  ( 2 . 4 ) ,  in to  an o r b i ta l ly  d e g e n e ra te , E d o u b le t p lu s  an
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CQî
(U
s

DTAU/DSIG = +250
(F)

T (P) 
50

E(D)

E(G)

(G)

30 
T, (G)

X. l_x 1A S -5 -10
DSIG/B

Figure (2.8). Trigonal ligand field splitting diagram for
the quartet states of the nd system, B=670gwv

_ iC/B=5.4, DQ=26,291 cm and DTAU/DSIG=+2. 
symmetry
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ü)
S

DTAU/DSIG = -2
(F?

T (P) 
50

E(D)

T (D) 
40

E(G)

T„(G)

30 
T, (G)

A^ (S)
0 + 5 + 10 0 -5 -10

DSIG/B
Figure 2.9). Trigonal ligand field splitting diagram for

the quartet states of the nd^ system, B=670Cw '
- 1C/B=5.4, DQ=26,291 cm and DTAU/DSIG= -2.

D^ symmetry
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o r  an o r b i t a l  s in g le t :  c f .  T a b le  ( 2 . 9 ) .  T h e  e n e rg ie s  o f  th e

q u a r te t  s p in  T - s ta te s  c a lc u la te d  fo r  D T A U /(D S IG )  = ± 2 f o r  v a r y in g  

va lu e s  o f th e  r a t io  D S IG /B  a re  sh o w n  in  F ig u re s  ( 2 . 8 )  a n d  ( 2 . 9 ) .

T h e  fo l lo w in g  o b s e rv a t io n s  em erge  fro m  s tu d ie s  o f th e  d e ta ile d  

re s u lts  o f  s u c h  c a lc u la t io n s .^ ^

( i )  W hen |D T A U /D S IG  | > a n d  w h e n  D T A U /D S IG  = o r  -  ^  th e  

f i r s t  e x c ite d  ^T^ ( " ^G)  s ta te  a lw a ys  s p l i t s ,  so th a t  th e  '^A^ c o m p o n e n t 

is  lo w e r  in  e n e rg y  i f  D T A U  is  p o s it iv e ,  as in  F ig u r e  ( 2 . 8 ) .

4
H o w e v e r , th e  E co m p o n e n t is  lo w e r  in  e n e rg y  i f  D T A U  is  n e g a t iv e ,  

as in  F ig u r e  ( 2 . 9 ) .  T h e  r e la t iv e  o rd e r in g  o f th e  e n e rg ie s  o f 

th e s e  c o m p o n e n ts  is  re v e rs e d  w h e n  D T A U / D S IG  = + YQ

( i i )  T h e  s p l i t t in g  o f  th e  ^A ^  a n d  ^E( ^G) le v e ls  is  la r g e s t  f o r  a g iv e n

p a ra m e te r  s e t w h e n  D T A U  a n d  D S IG  h a ve  o p p o s ite  s ig n s  a n d  in

4
s u c h  cases th e  E s ta te  is  a lw a y s  s h if te d  to  lo w e r  e n e r g y .

( i i i )  T h e  e n e rg ie s  o f  th e  ^ A ^ ( ^ G ) a n d  ^ A ^ ( "^F) s ta te s  a re  fo u n d  to  be

in d e p e n d e n t  o f th e  t r ig o n a l l ig a n d  f ie ld  s t r e n g th .

( iv )  W hen h ig h e r  o r d e r  p e r tu r b a t io n  t re a tm e n ts  a re  u s e d , th e  s p l i t t in g s  

o f th e  ^ A ^ ( ^ S )  g ro u n d  s ta te  o f  th e  n d ^  sys te m  b y  a t r ig o n a l  

d is to r t io n  t u r n  o u t to  be  a s e n s it iv e  fu n c t io n  o f th e  s ig n  a n d  

m a g n itu d e  o f  D T A U ,  b u t  n o t o f D S IG . S uch  s p l i t t in g s  a re  

fu n c t io n s  o f  DQ o n ly ,  in  so fa r  as th e  DQ p a ra m e te r  is  a fu n c t io n  

o f th e  e n e rg y  o f  th e  f i r s t  e x c ite d  s ta te  r e la t iv e  to  th e  g ro u n d  s ta te .

48C a lcu la tio n s  show th a t s p in -o rb it  coup ling  m ixes on ly  the  

doublet s ta tes  o f th e  nd^ co n fig u ra tio n  in to  the  g ro u n d  sta te  ^ A ^ (^ S ). 

T h e re fo re , th e  z e ro - f ie ld -s p lit t in g  calcu lations fo r  com plexes w h ich  h ave
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t r ig o n a l s y m m e tr ie s  m ay be  r e s t r ic te d  to  th e  q u a r te t  a n d  s e x te t  m a n ifo ld : 

c f .  c h a p te r  th re e .

2 . 7 .C t h e  n d  IO N  IN  C R Y S T A L  F IE L D S  OF P O IN T  GROUP SYM M ETR IES

T h e  s y m m e try  sp e c ie s  o f th e  te rm s  th a t  a re  o b ta in e d  w h e n  an 

o c ta h e d ra l co m p le x  is  p e r tu r b e d  b y  c r y s ta l  f ie ld  co m p o n e n ts  o f  p o in t  

g ro u p  s y m m e try  o r  a re  l is te d  in  T a b le  ( 2 . 9 ) ,  a n d  com p le te

e ig e n fu n c t io n s  fo r  th e  n d ^  e n e rg y  le v e ls  o f su ch  com p lexes  h a v e  b een

49
co m p u te d  u s in g  as a b a s is  th e  252 |S L J M ^> k e ts . I n  th e s e  c a lc u la t io n s

th e  c r y s ta l  f ie ld  H a m ilto n ia n  was w r i t te n  in  th e  fo rm

H e  -  ( 2 - 5 0 )
i , k ,  ct

w h e re  ^  th e  s o -c a lle d  "W y b o u rn e  p a ra m e te rs ' ',^ ^  a re  re la te d  to  D q ,

fo r  e xa m p le , B .  ^ = B .  . $  = 21D q. T h e  c o e ff ic ie n ts  C l a re  fu n c t io n s
4 , U  4 , 4 ' / 5  k , a

o f s p h e r ic a l h a rm o n ic s .

49
S u ch  c a lc u la t io n s  show  th a t  th e  z e r o - f ie ld - s p l i t t in g  o f th e

h ig h -s p in  g ro u n d  s ta te  in  C ^ ^  s y m m e try  a r is e s  th r o u g h  s p in - o r b i t  a n d

c ry s ta l f ie ld  m ix in g  o f th e  e x c ite d  s ta te s ,  w ith  n o n -z e ro  L -v a lu e s  in to

the  g ro u n d  s ta te :  c f .  re fe re n c e  50, c h a p te r  one . In  th e  n e ig h b o u rh o o d

of th e  c ro s s -o v e r  l im i t ,  th e  s p l i t t in g  a r is e s  m a in ly  th r o u g h  m ix in g  o f th e  

4 4e x c ite d  P s ta te s ,  b u t  G s ta te s  a re  a lso  in d i r e c t ly  m ix e d  as a r e s u l t  o f 

4 4c o u p lin g  b e tw e e n  ^ a n d  G c o m p o n e n ts . T h e  z e r o - f ie ld - s p l i t t in g  o f

the  te rm  is  sh o w n  s c h e m a tic a lly ,  as a fu n c t io n  o f th e  v a lu e s  o f th e

p a ra m e te rs  B ^  ^ a n d  B ^  in  F ig u re  ( 2 . 1 0 ) .
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± 5/2

E,'0

± 3/2

± 1/2

1B B cm

Figure (2.10)

2 . 7 . d  T H E  n d ^  IO N  IN  A  T E T R A H E D R A L  C R Y S T A L  F IE L D

5
D e ta ile d  c a lc u la t io n s  on n d  io n s  in  te t r a h e d r a l f ie ld s  a p p e a r to  

have b e e n  n e g le c te d  in  th e  l i t e r a tu r e .  H o w e v e r , C u r ie  e t h a v e

used  th e  c o v a le n c y  p a ra m e te rs  in t r o d u c e d  b y  K o id e , P ry c e ^ ^  a n d  

P a p p a la rd o ^^  a n d  h a v e  r e p o r te d  c a lc u la t io n s  o f  th e  e n e rg y  le v e ls  o f  n d ^

ions in  te t r a h e d r a l l ig a n d  f ie ld s .



-  C H A P T E R  TH R E E  -

T H E  M A G N E T IC  P R O P E R T IE S  OF n d ^  IO N S  IN

T R A N S IT IO N  M E T A L -IO N  CO M PLEXES
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3.1 M A G N E T IC  P R O P E R TIE S  OF E LE C T R O N S  A N D  N U C L E I IN  

CO M PLEXES 1 ' 52, 53- 59

E le c tro n s ,  p ro to n s ,  and  n e u tro n s  u n d e rg o  v a r io u s  k in d s  o f 

c lo s e d - lo o p  l ik e  m o tio n s , a n d  th e  r e s u l ta n t  a n g u la r  m om entum  v e c to r ,  J ,  

in  u n i t s  o f  k ,  a s s o c ia te d  w ith  a n y  o f  th e s e  p a r t ic le s  can  be decom pose d  

in to  i t s  c o m p o n e n ts , J ^ ,  J ^ ,  a n d  J ^ .

J ^ = J J  + J J  + J J  ( 3 . 1 )
-  X X  y  y  z z

a long  th re e  m u tu a lly  p e rp e n d ic u la r  d ire c t io n s  x ,  y , a n d  z . Some o f 

th e  q u a n tu m  m e ch a n ica l p ro p e r t ie s  o f a n g u la r  m om entum  o p e ra to rs  h a v e  

a lre a d y  been  d is c u s s e d  in  C h a p te rs  one a n d  tw o . W hen a c h a rg e d  

p a r t ic le  has an a n g u la r  m om entum  i t  p o sse sse s  a p e rm a n e n t m a g n e tic  

d ip o le  m om en t, a n d  g e n e ra lly  b o th  o r b i ta l  a n d  s p in  a n g u la r  m om enta 

c o n t r ib u te  to  th e  m a g n e tic  m om ent o f an  e le c tro n .  E ach  o f th e  i n d iv i 

dua l c o m p o n e n ts  o f th e  m a g n e tic  m om ent is  p ro p o r t io n a l to  th e  m a g n itu d e  

o f th e  c o r re s p o n d in g  a n g u la r  m om entum , i . e .  ^  = y J , w h e re  y  is  th e  

a p p ro p r ia te  m a g n e to g y r ic  r a t io  o f th e  m o tio n  in  q u e s t io n .  I t  can  be 

show n th a t  y  = g ^ e / ( 2 m c ) ,  w h e re  g^ is  th e  a p p ro p r ia te  L a n d e  g - fa c to r  

and  g ^  = 1 o r  2.00232 fo r  e le c tro n ic  o r b i ta l  a n d  s p in  m o tio n s , r e s p e c t

iv e ly ,  F o r  a s in g le  e le c tro n  in  an is o la te d  atom  w h e re  th e  s p in  a n d  

o r b ita l a n g u la r  m om enta a re  c o u p le d  to g e th e r ,  th e  to ta l a n g u la r  m om entum  

is

L  = [ j ( i  + 1 ) ] H  ( 3 . 2 )
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w h e re  j = | & + s | , | & + s - l | , ...........   | & - s | ,  a n d  th e  g - fa c to r  is

= 1 + ( 3 . 3 )

In  c h e m ic a lly  in te r e s t in g  s itu a t io n s  atom s a re  n o t  is o la te d .

T h e n  th e  e le c tro n ic  o r b i ta l  m o tio n  is  p e r tu r b e d  b y  th e  a s y m m e tr ic  e le c t r ic  

f ie ld s  g e n e ra te d  b y  th e  p re s e n c e  o f n e ig h b o u r in g  a to m s . S u c h  f ie ld s  

te n d  to  u n c o u p le  th e  s p in  a n d  o r b i ta l  a n g u la r  m om enta , a n d  i f  th e  

e le c tr ic  f ie ld s  a re  la rg e  th e n  th e  o r b i ta l  c o n t r ib u t io n  to  e le c t ro n ic  a n g u la r  

mom entum  is  a lm os t c o m p le te ly  re m o v e d , a n d  th e  g - fa c to r  th e n  is  v e r y  

n e a r ly  th e  s p in - o n ly  v a lu e ,  2 . 00232.  In  cases w h e re  th e  g ro u n d  s ta te  

sp in  e ig e n fu n c t io n  has o n ly  a s e c o n d -o rd e r  c o n t r ib u t io n  fro m  o r b i t a l  

p a ra m a g n e tis m , th e  e le c tro n ic  m a g n e tic  m om ent m ay be  w r i t t e n  as

= -  g^^^ /S (S  + 1) e t i/ (2 m c )  ( 3 . 4 )

= -  /S (S  + 1) 6^ ( 3 . 5 )

-2 0
w he re  is  th e  e le c tro n ic  B o h r  m a g n e to n , 0.92731 x  10 e rg /G a u s s ,  

th e  o r b i ta l  c o n t r ib u t io n  is  ta k e n  in to  th e  e f fe c t iv e  g - fa c to r ,  a n d  th e  

m agne tic  m om ent is  assum ed  to  a r is e  fro m  th e  " s p in "  o f th e  e le c tro n  o n ly , 

g e ff  is  a te n s o r .

T h e  co m p o n e n t o f th e  e le c tro n 's  d ip o le  m om ent a lo n g  th e  

d ire c t io n  o f an a p p lie d  m a g n e tic  f ie ld ,  z , can  be w r i t t e n  in  th e  fo rm

p -J (L  + 28 ) B ( 3 . 6 a )z z z e
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o r in  m ore g e n e ra l te rm s

T h e  z -c o m p o n e n t o f  a n g u la r  m om entum  a n d  th e r e fo r e  th e  v a lu e s  

a llow ed  fo r  a re  q u a n tiz e d . T h e  m a g n e tic  c o n t r ib u t io n  to  th e  e n e rg y  

o f th e  e le c tro n ,  H , is  th e re fo re  q u a n tiz e d . T h e  d ir e c t in g

in f lu e n c e  o f an a p p lie d  m a g n e tic  f ie ld  com petes a g a in s t th e  ra n d o m iz in g  

th e rm a l e n e rg y  k T  o f  th e  d ip o le s  a n d  th e  m a g n e tiz a tio n , M , i . e .  th e  

m agne tic  m om ent p e r  u n i t  v o lu m e , a n d  th e n ce  th e  vo lu m e  s u s c e p t ib i l i t y ,

, o f an a sse m b ly  o f e le c tro n ic  m agne ts  can e a s ily  be c a lc u la te d  u s in g  

s ta n d a rd  s ta t is t ic a l  m e ch a n ics  te c h n iq u e s . S uppose  th a t  u n i t  vo lu m e  

c o n ta in s  N ' s im ila r  io n s ,  a ll w ith  id e n t ic a l v a lu e s  o f J ,  a n d  th a t  an  atom  

o r io n  in  th e  s ta te  i  has  a m om ent com p o n e n t h i th e  f ie ld  d ir e c t io n ,

th e n

M = ^ ( p ) . X ( th e  n u m b e r o f spec ies  w hose e n e rg y  is  E .) 
i

= I ( w ^ ) j  X ^ '  E x p ( - E . / k T )  ( 3 . 7 )

w here  f  is  th e  p a r t i t io n  fu n c t io n  f o r  th e  assem b ly  = Z E x p ( - E . / k T ) , i . e .
i

M = i N ' ( y ^ ) .  E x p ( - E . / k T ) / [ ^  E x p ( - E . / k T ) ]  ( 3 . 8 )
i  i

P ro v id e d  a ll a tom ic  m a g n e ts  h a ve  th e  same J v a lu e , th is  la s t  e x p re s s io n  

can be re c a s t in to  th e  fo rm
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N ' g 3 Z (M ). E x p [ (M  ) x ]
J  e i  J  1 J  1 ( 3 .9 )

M = -----------------------------------------------------------
Z E x p [ (M ). x ]
i  ^ ‘

w h e re  x  = H / k T .

T h is  ca n  now  be  e x p a n d e d  o u t u s in g  s ta n d a rd  m e th o d s ^ ^  to  g iv e

M = N ' p ( p  H / k T )  (3 .1 0 )
m J  m

w h e re  p ^  = g j3 ^  J ,  a n d  B ^ (Y )  is  k n o w n  as th e  B r i l lo u in  fu n c t io n  o f 

th e  v a r ia b le  Y  a n d  is  g iv e n  b y

B j ( Y )  -  2J 2J ^  2J 2J ( 3 . 1 1 )

a t a ll b u t  th e  lo w e s t te m p e ra tu re s  a n d  th e  h ig h e s t  f ie ld s ,  

g ^ jB e ^ l  ( (  k T  a n d  e q u a tio n  (3 .1 0 )  becom es

M ^  N ' p jp 3 ^ H / ( 3 k T )

T h u s , th e  vo lu m e  s u s c e p t ib i l i t y  o f th e  a sse m b ly  o f e le c tro n ic  m agne ts  

X y .  is

= P  = N 'Q k .^ (3 k T )  = C /T

w h e re  C is  th e  C u r ie  c o n s ta n t.  p^^^ a n d  th e  m o la r m a g n e tic  s u s c e p t i

b i l i t y  a re  c o n n e c te d  b y  th e  re la t io n s h ip
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  2, 1/2 I
P e ff = ( 3 k /N  e^) ( X „  T ) ^

= 2 .828  Æ ~ T  (3 .1 2 )M

w h e re  N is  A v o g a d ro 's  n u m b e r .

M a g n e tic  in te ra c t io n s  o f an a sse m b ly  o f n o n - in te r a c t in g  io n s  in  

th e rm a l e q u i l ib r iu m  can  a lso  be e v a lu a te d  u s in g  s ta n d a rd  p e r tu r b a t io n  

te c h n iq u e s . I f  d ia m a g n e tic  te rm s  a re  o m it te d , w h e n  c a r r ie d  th r o u g h  to  

second  o r d e r ,  t h is  le a d s  to

2

h '   .........  (3.13)
n  n  ]

w h e re  p . = f li;* u il. dT  is  a m a tr ix  e lem en t o f th e  p e rm a n e n t m a g n e tic  
n j  ̂ ^n  z

d ip o le  m om ent o p e ra to r  p^ = (L ^  + 2S ^) 3^ a n d  is  a m easu re  o f th e  

a d m ix tu re  o f  s ta te  n  in  th e  f ie ld - in d u c e d  p e r tu r b a t io n  o f  T h e  v a lu e

o f th e  z -a x is  c o m p o n e n t o f th e  m a g n e tic  d ip o le  m om ent in  th is  s ta te  is  

th e re fo r e ,

3E , 4 |u  / h

< %  > = -  F Î T  = + I  E - E . -  "  ......... (3.14)J 1 n  3

A rg u m e n ts  e x a c t ly  a n a lo g o u s  to  th o s e  a lre a d y  p re s e n te d  th e n  le a d  to  

th e  re la t io n s h ip ^ ^

n . / h

S [ E x p ( - E / k / T ) l  ( p  . + V  4 )

M = ^  Ï L _ i _  (3 .1 5 )
E E x p ( -E Z k T )
j
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N u c le a r  m a g n e tic  b e h a v io u r  can  be d e s c r ib e d  b y  se ts  o f 

e q u a tio n s  a n a lo g o u s  to  th e  re la t io n s  ( 3 . 2 ) - ( 3 . 5 ) ,  b u t  u s in g  g ^  a n d  I  

fo r  th e  n u c le a r  g - fa c to r  a n d  n u c le a r  s p in  q u a n tu m  n u m b e r , r e s p e c t iv e ly .

3 .2  T H E  M A G N E T IC  P R O P E R TIE S  OF n d ^  SYSTEM S

3. 2. a T H E  W EAK F IE L D  CASE

T h e  g ro u n d  te rm  in  a w eak o c ta h e d ra l f ie ld ,  ^ A ^ ^ , a r is in g  fro m  

th e  f re e  io n  te rm  ^S is  an o r b i ta l  s in g le t  a n d  c o n s e q u e n tly  i t  has  n o  

o r b i ta l  a n g u la r  m om entum . S p in - o r b i t  c o u p lin g  th e re fo re  can n o t ra is e  

th e  d e g e n e ra c y  o f th is  te rm , a n d  s in c e  th e re  is  no  e x c ite d  te rm  w i th  

th e  same m u l t ip l ic i t y  as th e  g ro u n d  te rm  th e re  can  be  no  s e c o n d -o rd e r  

m ix in g  d u e  to  s p in - o r b i t  c o u p lin g ,  n o r  can  th e re  be  a n y  s e c o n d -o rd e r  

Zeeman e f fe c t .  ^ T h e  m a g n e tic  d ip o le  m om ent o f  th e  ^ A ^ ^  te rm  to  t h is  

d e g re e  o f  a p p ro x im a t io n  is  th e re fo re  s im p ly  d u e  to  th e  s p in  c o n t r ib u t io n  

and

P e ff ^  [ 4 S ( S  + 1 ) ] ^  e le c tro n ic  B . M .

( 3 . 1 6 )
V'

= 5 .92  e le c tro n ic  B . M .

T h is  v a lu e  o f  is  in d e p e n d e n t o f  te m p e ra tu re ,  i . e .  th e re  is  no

" te m p e ra tu re  in d e p e n d e n t p a ra m a g n e tis m " c o n t r ib u t in g  to  th e  m a g n e tic  

m om ent o f  th e  ^ A , te rm .

6
E x p e r im e n ta l ly ,  i t  can be show n  th a t  in  fa c t  th e  A ^ ^  te rm  

does s p l i t .  Weak in te ra c t io n s  a r is in g  fro m  v a r io u s  s o u rc e s  can  cause  

th is  s p l i t t in g ,  in c lu d in g  h ig h e r - o r d e r  s p in - o r b i t  in te r a c t io n ,  p a r t ic u la r ly
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w hen c o m b in e d  w ith  J a h n -T e l le r  d is to r t io n , S p in - s p in  in t e r 

a c t io n , s e c tio n  3 . 4 .  a,  can  a lso  cause  e x tre m e ly  sm a ll z e r o - f ie ld

s p l i t t in g s  in  a p e r fe c t ly  o c ta h e d ra l n d ^  s y s te m .

A x ia l ly  d is to r te d  o c ta h e d ra l sys te m s  e x h ib i t  z e r o - f ie ld - s p l i t t in g

52and  th re e  K ra m e rs ' d o u b le ts  th e n  a p p e a r. T h e  co m b in e d  e f fe c ts  o f

s p in - o r b i t  in te r a c t io n  a n d  th e  lo w  s y m m e try  f ie ld  th e n  c o m p le te ly

41d om in a te  th e  s p in - s p in  c o u p lin g  in te ra c t io n s ,  a n d  s p in - o r b i t  c o u p lin g

6 4th e n  m ixe s  th e  f r e e  io n  g ro u n d  s ta te  S w ith  P , s e c t io n  1 . 3 .  F u r t h e r 

m ore , in  a c o m p le x  w h ic h  p o sse sse s  le ss  th a n  c u b ic  s y m m e try ,  s p in -

4
o r b i t  c o u p lin g  to  th e  l ig a n d - f ie ld - s p l i t  co m p o n e n ts  o f  th e  P te rm  re m o ve s  

a ll b u t  th e  K ra m e rs ' d e g e n e ra c y  o f th e  g ro u n d  te rm .

T h e  z e r o - f ie ld - s p l i t t in g  o f th e  g ro u n d  te rm  ^ A u n d e r  th e  

in f lu e n c e  o f a te t ra g o n a l f ie ld  is  show n in  F ig u re  ( 3 . 1 ) .  G r i f f i t h  has 

s h o w n t h a t  th e  z e r o - f ie ld - s p l i t t in g  p a ra m e te r ,  D , in  th is  f ig u r e ,  is  

re la te d  to  th e  s p in - o r b i t  c o e f f ic ie n t  and  th e  low  s y m m e try  s p l i t t in g

o f th e  ^P te rm  b y  e x p re s s io n  ( 3 . 1 7 )

°  (3 .1 7 )

4 4w h e re  a n d  E ^ r e fe r  to  th e  e n e rg ie s  o f  th e  A ^  a n d  E co m p o n e n ts  o f 

th e  o r ig in a l  ^P ( ^ T ^ ) te rm  o f  th e  f re e  io n ,  see T a b le  ( 2 . 7 ) .
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Free ion ° h 'L h
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coupling

Figure (3.1). Zero-field-splitting of the ground term of
an nd^ ion, under the influence of a tetragonal 
field and spin-orbit coupling
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3 . 2 , b  T H E  S TR O N G  F IE L D  CASE

3 . 2 . b . l  S P L IT T IN G  B Y  S P IN -O R B IT  C O U P L IN G

In  g e n e ra l,  m a g n e tic  m om ents f o r  co m p le xe s  w ith  T  g ro u n d  

s ta te s  a re  o b ta in e d  b y  sum m ing  th e  f i r s t -  a n d  s e c o n d -o rd e r  Zeem an 

e f fe c ts ,  i . e .  th e  te rm s  on th e  r ig h t - h a n d - s id e  o f e q u a tio n  ( 3 . 1 3 ) ,  

o u t l in e d  in  s e c tio n  3 . 1 ,  o v e r  th e  s ta te s  th a t  a r is e  a f te r  th e  te rm s  h a v e  

been  s p l i t  b y  s p in - o r b i t  c o u p lin g .  T h e  e f fe c t  o f s p in - o r b i t  c o u p lin g  on 

T - te rm s  can  b e  o b ta in e d  b y  o p e ra t in g  w ith  X L . S . ,  e q u a tio n  ( 1 . 3 9 )  on

th e  a p p ro p r ia te  w a v e  fu n c t io n s  g iv e n  in  s e c tio n  ( 2 . 6 . a ) ,  o r  an

a lte rn a t iv e  p ro c e d u re ,  th a t  d e p e n d s  on th e  o b s e rv a t io n  th a t  th e re  is  a 

c o rre s p o n d e n c e  b e tw e e n  th e  w ave  fu n c t io n s  o f th e  T - te rm s  a n d  th o s e  o f  

fre e  io n  P - te rm s ,  can  be  u s e d . S p in - o r b i t  s p l i t t in g s  o f  ^ T ^ ^  te rm s  can  

be o b ta in e d  b y  in v e r t in g  th o se  fo r  th e  P - te rm s  a r is in g  fro m  th e  same

n u m b e r o f  p -e le c t r o n s  as th e re  a re  d - e le c t r o n s ,  i . e .

^T_ ( n d ^ , t ^  ) = th e  in v e rs e  o f  ^P (p ^)
2g

T h e  s p l i t t in g s  o f th e  ^ T ^ ^  te rm  o f th e  n d ^  c o n f ig u ra t io n  b y  s p in - o r b i t  

c o u p lin g  is  show n  in  F ig u re  ( 3 . 2 ) .  T h e  d e r iv a t io n  o f th e  d ia g ra m  is  

c o n s id e re d  in  m ore  d e ta i l  in  s e c tio n  ( 3 . 2 .b . 2 ) .
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3 . 2 . b . 2  E S T IM A T IO N  OF TH E  g -F A C T Q R , TH E  M O LA R  M A G N E T IC

S U S C E P T IB IL IT Y , A N D  T H E  M A G N E T IC  D IP O L E

M O M E N T , g OF TH E ^T _  TER M  
--------------------^ e f f - ---------------------2g -------------

I f  th e  f re e  io n  p ^ ,  P - te rm s ,  a re  u se d  to  e s tim a te  th e  f i r s t -

and  s e c o n d -o rd e r  Zeeman e f f e c t s  fo r  te rm s  in  a c u b ic  f ie ld  th e n
2g

th e  o r b i t a l  a n g u la r  m om entum  o p e ra to r  becom es - A ' L ^ ,  r a th e r  th a n  L ^ .

T h e  m in u s  s ig n  a llo w s  fo r  th e  in v e r s io n  o f th e  s p in - o r b i t  c o u p lin g

s p l i t t in g  on g o in g  fro m  th e  p ^  to  th e  t ^ ^  c o n f ig u r a t io n ,  a n d  A* is  a

fa c to r  w hose  v a lu e  lie s  b e tw e e n  1 .0  a t th e  s t ro n g  f ie ld  l im i t  a n d  1 .5  a t

th e  w e a k  f ie ld  l im i t .  T h e  fre e  io n  e x p re s s io n ,  e q u a tio n  ( 3 . 3 )  can  n o t

1 4
be u s e d  f o r  th e  g - fa c to r .  In s te a d ,  th is  e x p re s s io n  becom es ’

g = 1 -  i  a ' + (2+a ' ) [ S ( S + 1 )  - 2 ] / [ 2 J ( J + 1 ) ]  ( 3 . 1 8 )

T h e  c o e f f ic ie n t  o f  th e  s e c o n d -o rd e r  Zeem an e f f e c t ,  i . e .  th e  c o e f f ic ie n t  

o f H ^ in  e q u a t io n  ( 3 . 1 3 ) ,  is  g iv e n  b y

F ^  ^ , = [ ( 2 + a ' ) 4 À ]  ^ ( 3 . 19 )
J  ,  j  +  l  J , J + 1

w h e re  th e  s e c o n d -o rd e r  Zeeman c o e f f ic ie n t  fo r  th e  f re e  io n  is  g iv e n  b y

F ^  ^ , = - (  J+L+S+2) ( -J + L + S ) ( J -L + S + I)J , J+l

X (J + L -S + I)  / [ 1 2 ( J + 1 ) Z  A] ( 3 . 20 )
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E q u a tio n s  ( 3 . 1 8 ) - (  3-20)  w e re  u se d  to  o b ta in  th e  r e s u lts  d e p ic te d  on 

F ig u re  ( 3 , 2 ) .

T h e  g - v a lu e s ,  th e  J -v a lu e s ,  a n d  th e  s e c o n d -o rd e r  Zeem an 

c o e ffic ie n ts ;s h o w n  in  F ig u re  ( 3 . 2 )  can be  s u b s t i tu te d  in to  e q u a t io n  ( 3 . 1 5 )  

to  g iv e  th e  m a g n e tiz a tio n  a n d  th e n c e  th e  s u s c e p t ib i l i t y  o f  th e  ^ T ^ ^  te rm  

and i t  can  be  sh o w n  ̂  in  th is  w a y  th a t

I L + S l  2.
N I  [g  J ( J + l ) ( 2 J + l ) / ( 3 k T - 2 F ^  J ] E x p ( - E  / k T )

[ X j S j  Ü

| l + s 1 _
I  (2J+ 1 ) E x p ( -E  / k T )

J = | l - s | ( 3 . 2 1 )

T h e  c o r re s p o n d in g  e x p re s s io n s  fo r  th e  m a g n e tic  d ip o le  m om ent

o f a ^ T t  te rm  tu r n s  o u t to  be 
2g

2 ^ 8 + [ 3 X / ( k T ) - 8 ]  E x p ( - 3 A / ( 2 k T ) ] ^ 2 )

À / ( k T ) [ 2 + E x p ( - 3 A / ( 2 k T ) ]
" e f f

K o ta n i^ ^  has  c o n s id e re d  in  g re a t d e ta il th e  e f f e c t s  o f  v a r y in g  

te m p e ra tu re  a n d  v a r y in g  s p in - o r b i t  in te ra c t io n  on th e  e f fe c t iv e  m a g n e tic

5
moment o f th e  t ^ ^  c o n f ig u r a t io n .  H is  t re a tm e n t assum ed  ( i )  t h a t  th e  

lig a n d  f ie ld  in te ra c t io n s  a re  m uch  g re a te r  th a n  th e  m u tu a l re p u ls io n s  

be tw een  e le c tro n s  in  d - s h e l ls ,  ( i i )  th a t  th e  e le c tro n ic  re p u ls io n s  in  t u r n  

are la r g e r  th a n  th e  s p in - o r b i t  c o u p lin g  in  th e  io n ,  ( i i i )  th a t  th e  l ig a n d  

f ie ld  has p e r fe c t  c u b ic  s y m m e try ,  a n d  ( i v )  th a t  th e re  a re  n o  i n t e r 

ac tions  b e tw e e n  n e ig h b o u r in g  p a ra m a g n e tic  io n s ,  i . e .  a n t i- fe r r o m a g n e t ic  

and fe r ro m a g n e t ic  in te r a c t io n s  do n o t need  to  be ta k e n  in to  a c c o u n t.
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5
H is  c a lc u la t io n s  show  th a t  th e  e f fe c t iv e  m agne tic  m om ent f o r  th e  t ^ ^  

c o n f ig u ra t io n  is  m a rk e d ly  d e p e n d e n t on te m p e ra tu re  a n d  on  th e  s p in -  

o r b i t  in te r a c t io n s .

3 . 2 . b . 3  LOW SYM M ETR Y C R Y S T A L  F IE L D  CO M PO NENTS A N D  

M A G N E T IC  P R O P E R T IE S  OF n d ^  lO N S ^

L ig a n d  f ie ld  co m p o n e n ts  o f lo w e r th a n  c u b ic  s y m m e try  l i f t  

th e  o r b i ta l  d e g e n e ra c y  o f T - te rm s  a n d  m a rk e d ly  a f fe c t  t h e i r  m a g n e tic  

p ro p e r t ie s  b e ca u se  th e y  a l te r  th e  a rra n g e m e n ts  o f th e  e n e rg y  le v e ls  

o v e r  w h ic h  th e  io n s  a re  th e rm a lly  d is t r ib u te d .  I t  is  d i f f i c u l t  to  d is c u s s  , 

g e n e ra lly ,  th e  m a g n e tic  p r o p e r t ie s  in  th e  p re s e n c e  o f s u c h  c r y s ta l  f ie ld s  

s in ce  th e y  d e p e n d  on th e  r e la t iv e  m a g n itu d e  o f th e  s p in - o r b i t  c o u p lin g  

on th e  one h a n d  a n d  th e  low  s y m m e try  l ig a n d  f ie ld  co m p o n e n ts  on th e  

o th e r .  W hen th e  a d d it io n a l l ig a n d  f ie ld  com ponen t is  sm a ll in  c o m p a r i

son w ith  s p in - o r b i t  c o u p lin g  th e n  i t s  e f f ec t s  on th e  e a r l ie r  d is c u s s io n  

o f th e  m a g n e tic  p r o p e r t ie s  a re  s m a ll, b u t  as th e  low  s y m m e try  l ig a n d  

f ie ld  co m p o n e n t becom es la r g e r  th a n  th e  s p in - o r b i t  c o u p lin g  in te r a c t io n ,  

th e  e f fe c t iv e  m a g n e tic  m om ent o f th e  ^ T ^ ^  s ta te  te n d s  to w a rd s  th e  s p in -  

o n ly  v a lu e , a n d  th e  te m p e ra tu re  d e p e n d e n ce  te n d s  to  d e c re a s e . W hen 

th e  low  s y m m e try  co m p o n e n t o f th e  c r y s ta l  f ie ld  becom es v e r y  la r g e ,  

th e  m a g n e tic  m om ent becom es th e  s p in - o n ly  v a lu e  a n d  i t  is  th e n  

in d e p e n d e n t o f te m p e ra tu re .  T h e se  e f f e c t s  o c c u r  b e ca u se  th e  lo w  

s y m m e try  f ie ld  co m p o n e n t f u r t h e r  q u e n ch e s  th e  o r b i ta l  a n g u la r  

m om entum  b y  d e s t ro y in g  th e  d e g e n e ra c y  o f th e  o i 'b ita l s e t .

T hese  e f f e c t s  o f th e  low  s y m m e try  l ig a n d  com ponen t a re  sh o w n  in  

F ig u re  ( 3 . 3 )  in  w h ic h  is  p lo t te d  as a fu n c t io n  o f k T / [ A |  f o r



112

2
m

2
-P
U0)1-4
(U
M-lm
OJ

2.6

2.4

2 . 2

2.0

1.8

1.0 1.5 2 . 00.5

/X = 0
_1

-3
5

-1 0

kT/ I X

Figure (3.3). The effect of a low-symmetry ligand-field component
on the magnetic moment of the term. X is

negative, except for the dashed curve. The 
component is expressed as the ratio of the splitting 
of the t^g orbitals, A to the spin-orbit coupling 
constant, X
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s e v e ra l r a t io s  o f th e  s p l i t t in g  o f th e  o r b i ta l  e n e rg y  le v e ls .  A ',  to

th e  s p in - o r b i t  c o u p lin g  c o n s ta n t ,  X.

3o2 . b . 4  E L E C T R O N  D E L O C A L IZ A T IO N  A N D  M A G N E T IC  P R O P E R T IE S  

OF ^ T ^  TERM S
----------- 2g --------------

W h e n e v e r m e ta l- io n  o r b i ta ls  m ix  w ith  l ig a n d  o r b i ta ls  to  fo rm  

m o le c u la r o r b i ta ls  b e lo n g in g  to  th e  co m p le x  as a w h o le , th e n  d e lo c a liz 

a tio n  o f th e  d -e le c t r o n s  ta k e s  p la c e , a n d  i t  becom es n e c e s s a ry  to  ta k e  

a cc o u n t o f th e  e f fe c t iv e  re d u c t io n  o f th e  o r b i ta l  a n g u la r  m om entum  o f 

th e  e le c tro n s .  I t  is  c u s to m a ry  to  su ppose  th a t  th e  m a t r ix  e le m e n ts  o f 

th e  o r b i ta l  a n g u la r  m om entum  a re  re d u c e d  b y  th e  fa c to r  k ' so t h a t ,  f o r  

exa m p le , th e  o p e ra to r  f o r  o r b i ta l  a n g u la r  m om entum  in  th e  z - d ir e c t io n

becom es k 'L  r a t h e r  th a n  L  . k ' is  a n u m b e r w hose  v a lu e  is  u n i t y  z z

w hen th e re  is  n o  d e lo c a liz a t io n , b u t  i t  is  in  g e n e ra l som ew hat le s s  th a n  

u n i t y .

E le c tro n  d e lo c a liz a tio n  in  th e  t ^ ^  c o n f ig u r a t io n  has  tw o  m a jo r 

e f f e c t s .  F i r s t ,  i t  b r in g s  th e  e f fe c t iv e  m a g n e tic  m om ent c lo s e r  to  th e  

s p in -o n ly  v a lu e ,  s in c e  i t  causes a d d it io n a l q u e n c h in g  o f th e  o r b i ta l  

a n g u la r  m om en tum . S e co n d , i t  re d u c e s  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t 

fo r  th e  T - te rm  b e lo w  th e  v a lu e  X^ o f th e  f r e e  io n . T h e  s p in - o r b i t  

c o u p lin g  c o n s ta n t  X, fo r  th e  T - te rm  in  e q u a tio n  ( 3 . 2 2 )  becom es 

X = k ' X p .  I t  h a s ,  a lre a d y ,  been  n o te d  th a t  in t r o d u c t io n  o f th e  r e d u c t 

ion  fa c to r ,  k ’ , n o rm a lly  causes th e  e f fe c t iv e  m a g n e tic  m om ent, to

be n e a re r  to  th a t  o f th e  s p in - o n ly  v a lu e , h o w e v e r ,  ca re  is  n e e d e d  

because  c o m p le te  c a lc u la t io n s  show  th a t  in  some cases ,  as sh o w n  in  

F ig u re  ( 3 . 4 ) ,  t h is  is  n o t t r u e .
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Figure (3.4). The effect of t„ electron delocalization on the
29 2magnetic moment of the T^^ term, X is negative. 

A ' / X  = - 1 0  means a highly distorted arrangement.
X is the spin-orbit coupling constant value which 
is effective in the coraplexed metal ion
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3 .2 .3  SP IN  F R E E -S P IN  P A IR E D  E Q U IL IB R IA  IN  A N

n d ^  S Y S T E M ^ '

I n  s e c t io n  2 . 2 . c ,  i t  was p o in te d  o u t th a t  f o r  c e r ta in  c r i t ic a l  

lig a n d  f ie ld  v a lu e s  th e  c ro s s -o v e r  p o in t  is  re a c h e d  in  F ig u r e  ( 2 . 5 ) ,  a n d

at th is  p o in t  th e r e  is  a ch a n g e  in  th e  g ro u n d  te rm . I n  th is  case i f  th e

6 2 —  
e n e rg ie s  o f th e  tw o  te rm s  a n d  do n o t d i f f e r  b y  m ore  th a n  k T

then  t h e i r  r e la t iv e  p o p u la t io n s  becom e o f co m p a ra b le  m a g n itu d e , a n d  v a r y

w ith  te m p e ra tu re .  T h e  m a tr ix  e lem en t o f th e  s p in - o r b i t  c o u p lin g

c o n n e c tin g  th e s e  tw o  te rm s  is  z e ro . T h e  s u s c e p t ib i l i t y  in  th is  case is

th e n  th e  p o p u la t io n -w e ig h te d  a v e ra g e  o f  th e  s u s c e p t ib i l i t ie s  o f th e

in d iv id u a l te rm s  a n d  u n d e r  th e se  c irc u m s ta n c e s  i t  can  be  show n  th a t

the  e q u il ib r iu m  s u s c e p t ib i l i t y  is  g iv e n  b y

(2S'  + 1) + (2S'  + 1) x „ 2  E x p ( - Y )
X =    ^ -  — ------------------  ( 3 . 2 3 )

"  (2 S 'j + 1) + ( 2S^  + 1) E x p ( - Y )

w here  S' is  th e  " f ic t i t io u s  s p in "  q u a n tu m  n u m b e r ( in  m any  in s ta n c e s  

s ' is  th e  same as J a n d /o r  S ) ,

Y  = (E  -  E ) /  k T  
^2 ^1

E , a n d  E , a re  th e  e n e rg ie s  o f th e  te rm s  w hose d e g e n e ra c ie s  a re  
1 ^2

( 2S^ + 1 ) a n d  ( 2 8 ^  + 1) .  a n d  x^2  th e  re s p e c t iv e  a tom ic

s u s c e p t ib i l i t ie s  o f th e s e  te rm s  a n d  th e y  th e m s e lv e s  ma y ,  a ls o , be 

fu n c t io n s  o f  te m p e ra tu re .  In  th is  case e q u a tio n  ( 3 . 2 3 )  becom es
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X( A  ) + x (  T  ) E x p ( - Y )
X „  = ---------^ ^ --------------------------------------  ( 3 . 2 4 )

1 + E x p ( - Y )

w h e re  x (  i t s e l f  a fu n c t io n  o f  te m p e ra tu re  a n d  m ay be  in t r o d u c e d

in to  (So 24) as a c a lc u la te d  q u a n t i t y  o r  as an e x p e r im e n ta l r e s u l t  

o b ta in e d  fro m  a c o m p le x  w ith  s im ila r  l ig a n d  atom s s u r r o u n d in g  th e

same m e ta l- io n ,  d u e  a llo w a n ce  b e in g  made f o r  th e  e f fe c ts  o f e le c tro n  

d e lo c a liz a tio n  a n d  low  s y m m e try  l ig a n d  f ie ld  co m p o n e n ts .
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3 . 2 . 4  TH E  M A G N E T IC  P R O P E R T IE S  OF C O M PLEXES OF R u ^ *

A s  a lre a d y  m e n tio n e d  in  s e c tio n  ( 2 . 5 ) ,  N H ^ [ R u N O C a p p e a r s

to  be th e  o n ly  R u ^ ^  com p lex  r e p o r te d  to  c o n ta in  h ig h - s p in  R u ^ ^ .  I t s

m e a su re d  m a g n e tic  m om ent is  5 . 86 e le c tro n  B . M .  a n d  th is  v a lu e  does n o t

33cha n g e  w hen  th e  te m p e ra tu re  is  a l t e r e d .

34 3 +
A l l  o th e r  re p o r te d  m a g n e tic  m e a su re m e n ts  c a r r ie d  o u t on  R u

2 5
c u b ic  co m p le xe s  in v o lv e  th e  lo w -s p in  T ^ ^  g ro u n d  s ta te  f o r  th e  4d io n .

5
T h e  e f fe c t iv e  m a g n e tic  m om ent f o r  s e v e ra l lo w -s p in  n d  io n s ,  p lo t te d  v s .  

k T / IÀ 1 is  show n  in  F ig u re  ( 3 . 5 ) ,  a n d  i t  s h o u ld  be  n o te d  once  m ore  th a t  

th e se  Ug££ v a lu e s  d i f f e r  o n ly  s l ig h t ly  fro m  th e  s p in - o n ly  v a lu e ,  a n d , 

fu r th e rm o r e ,  th a t  th e y  do n o t c h a n g e  v e r y  m uch  w ith  c h a n g in g  te m p e r 

a tu re .  I t  s h o u ld  a lso be n o te d  th a t  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t  

fo r  R u ^ ^ ,  s e c tio n  1 . 3 ,  is  so la rg e  th a t  com pound s  c o n ta in in g  R u ^ ^  a p p e a r 

c lose to  th e  e x tre m e  le f t - h a n d  edge  o f th is  F ig u re .

M e a su re m e n ts  o f U^££ v s .  te m p e ra tu re  f o r  K ^ R u C j i g . H ^ O ,

( N H ^ )  ^R uC  jig . H ^ O , a n d  fo r  K 2RUC jig  a re  p lo t te d  in  F ig u re  ( 3 . 6 ) .

D ata  fo r  th is  la s t  co m p le x  e x tra p o la te d  b a c k  to  T  = 0 in d ic a te  an e x t r a 

p o la te d  Ug££ o f 0 . 85  e le c tro n  B . M . ,  in d ic a t in g  th e  p re s e n c e  o f  a n t i 

fe r ro m a g n e tic  m e ta l-m e ta l in te r a c t io n s  in  th is  c o m p o u n d .

4+
A  c o r re s p o n d in g  p lo t  fo r  th e  R u  sp e c ie s  K ^R u C J lg  is  a lso  

g iv e n  in  F ig u re  ( 3 . 6 )  fo r  c o m p a r is o n .

V a lu e s  o f th e  s p in - o r b i t  c o u p lin g  p a ra m e te rs , o b ta in e d ^*^

b y  f i t t i n g  m e a su re d  room  te m p e ra tu re  m om ents to  K o ta n i 's  c u r v e ^ ^  f o r  
5

n d  sys te m s  a re  l is te d  in  T a b le  ( 3 . 1 )  fo r  s e v e ra l t r iv a le n t  ru th e n iu m  

com p lexes . T h e se  v a lu e s  a re  o f th e  c o r re c t  o r d e r  o f m a tn itu d e  b u t  i t
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Figure (3.5). The magnetic moment of some nd^ ions in cubic 
stereochemistries as a function of temperature, 
A is negative
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s h o u ld  be n o te d  th a t  th is  m e th o d  fo r  o b ta in in g  v a lu e s  is  in a c c u ra te

s ince  ch a n g e s  o n ly  s lo w ly  w ith  k T / | Ç ^ ^ | .  T h e  d a ta  f o r

R u ( N H g ) j i g  in  th is  T a b le  is  c o n s is te n t  w ith  F ig u re  ( 3 . 5 )  •

T a b le  ( 3 . 1 )

C o m p o u n d
^ e f f  

B . M .  ,80K
^ e f f

B . M . , 3 0 0 K

r cm 1 
^ 4 d

/4 S (S + 1 )

R u ( N H ^ ) ^ C & ^ 1.73 1.85 2 . 1 3 ( 2 . 1 0 ) * 1000

[ R u ( N H ^ ) ^ ] ( N O ^ ) ^ . 3H ^0  1.73 - 2.17 1100

K ^ R u C & g .H ^ O 1.73 - 2 . 1 0 870

(N H ^ )R u C ll^ .H ^ O 1.73 - 2 . 00 610

[ R u D ^ C & ^ j C & O ^ 1.73 - 1.95 -

* c a lc u la te d  e m p lo y in g  th e  s p in - o r b i t  c o u p lin g  c o n s ta n t o f th e  f r e e - io n ,  

a n d  ig n o r in g  e le c tro n  d e lo c a liz a tio n  and lo w -s y m m e try  l ig a n d  f ie ld  

c o m p o n e n ts .

S in ce  th e  m a g n e tic  m om ent o f lo w -s p in  R u ^ ^  is  v e r y  c lo se  to  

th e  s p in - o n ly  v a lu e ,  a n d  s in c e  i t  v a r ie s  o n ly  s l ig h t ly  o v e r  la rg e  ra n g e s  

o f te m p e ra tu re ,  i t  fo llo w s  th a t  b u lk  m a g n e tic  m ea su re m e n ts  in  th e s e  

com p lexes a re  to o  im p re c is e  to  p ro v id e  m uch  u s e fu l in fo rm a t io n  a b o u t 

e le c tro n  d e lo c a liz a tio n  a n d  a b o u t lo w  s y m m e try  l ig a n d  f ie ld  c o m p o n e n ts  

in  th e s e  s y s te m s .
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3 .3  A D D IT IO N A L . W EAKER , C O N T R IB U T IO N S  TO  T H E  G E N E R A L 

"T H E O R E T IC A L  H A M IL T O N IA N "

So f a r ,  th is  th e s is  has e s s e n t ia lly  been  c o n c e rn e d  w ith  th e  

f i r s t  th re e  m a jo r c o n t r ib u t io n s  to  th e  g e n e ra l " th e o re t ic a l H a m ilto n ia n " ,  

e q u a tio n  ( 1 . 1 ) .  H o w e v e r, th e  fo l lo w in g ,  w e a k , c o n t r ib u t io n s  a lso  o u g h t  

to  be  ta k e n  in to  a c c o u n t.

( i )  T h e  Zeem an in te r a c t io n ,  V ^ .  T h is  a r is e s  fro m  th e  in te r a c t io n  

b e tw e e n  an a p p lie d  m a g n e tic  f ie ld  a n d  th e  v a r io u s  m a g n e tic  m om ents  o f 

e le c tro n s  a n d  n u c le i.  S p in  m om ents c o n t r ib u te  an a m o u n t

2.00232 3 H E s. -  g^ 6 ^̂  H . Z  I  
e . 1  N .1 .11 1 1

= 2 .00232 3 H . S  -  g^ 8 ,, H E X  e °N N .1 .11 1

(3.25)

w h e re  3 ^  is  th e  n u c le a r  B o h r  m a g n e to n . E le c tro n ic  o r b i ta l  a n g u la r  

m om entum  a lso  in te r a c ts  w ith  a m a g n e tic  f ie ld  a n d  c o n t r ib u te s  an a m o u n t

g H .Z  I .  + Z (x .^ + y h  ( 3 . 2 6 )
® i  '  Stnc i

to  th e  H a m ilto n ia n , w h e re  th e  x y - p la n e  is  p e rp e n d ic u la r  to  H , a n d  th e  

la s t te rm  in  ( 3 . 2 6 )  is  u s u a lly  v e r y  sm a ll com p a re d  to  th e  f i r s t  te rm  a n d  

u s u a lly  can  be n e g le c te d . C o m b in in g  ( 3 . 2 5 )  and  ( 3 . 2 6 ) ,  th e n  le a d s  to  

the  fo rm  fo r  to ta l Zeem an in te ra c t io n  g iv e n  in  ( 3 . 2 7 )

= 3 g ( L  + 2.00232 S ) . H -  g ^ 3 ^  H . E  I  _ ( 3 . 2 7 )
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( i i )  T h e  e le c tro n -e le c tro n  d ip o la r  in te r a c t io n ,  V g g . T h is  is  th e  sum 

o f th e  in te ra c t io n s  b e tw e e n  p a ir s  i ,  j o f m a g n e tic  d ip o le s  s e p a ra te d  b y  a 

d is ta n c e  r _ , a n d  is  g iv e n  b y

= (2 . 00232  g T [ r . ^ . ( s . . s . ) - 3 ( s . . r . . ) ( s . . r . . ) ]  r..®  ( 3 . 2 8 )SS e 1 ] 1 ] 1 1] ] 1] 1]

( i i i )  T h e  e le c tro n  s p in -n u c le a r  s p in  h y p e r f in e  in te r a c t io n ,  V g ^  55,58 

w h ic h  w i l l  b e  d is c u s s e d  in  d e ta i l  in  th e  n e x t  c h a p te r .

O th e r  s t i l l  w e a k e r , in te ra c t io n s  a lso  c o n t r ib u te  to  th e  m a g n e tic

p ro p e r t ie s  o f com p lex  io n s ,  in c lu d in g  th e  n u c le a r  qua  d r  u p  o le  in te r a c t io n ,  

- 3  -1
V q 1 0  cm ; th e  n u c le a r  s p in - o r b i t  in te r a c t io n ,  , w h ic h  p ro v id e s  

s e c o n d -o rd e r  c o n t r ib u t io n s  to  th e  h y p e r f in e  in te ra c t io n s  ; n u c le a r  s p in -  

n u c le a r  s p in  d ip o la r  in te r a c t io n ;  a n d  n u c le a r  c h e m ic a l- s h if t  e f fe c ts .

T o  o b ta in  in fo rm a t io n ,  e x p e r im e n ta l ly ,  a b o u t a ll  th e s e  in t e r 

a c tio n s , i t  is  n e c e s s a ry  to  t u r n  to  e le c tro n  p a ra m a g n e tic  re s o n a n c e  

e x p e r im e n ts ,  w h ic h  a re  u s u a lly  p e r fo rm e d  a t te m p e ra tu re s  a t w h ic h  o n ly  

e n e rg y  le v e ls  le ss  th a n  100 cm above  th e  g ro u n d  s ta te  a re  o c c u p ie d .



-  C H A P T E R  FO U R  -

E LE C T R O N  P A R A M A G N E T IC  R ESO N A N C E  OF n d ^  IO N S

IN  T R A N S IT IO N  M E T A L -IO N  CO M PLEXES
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4 .1  TH E  G E N E R A L  S P IN -H A M IL T O N IA N

70A b ra g a m  a n d  P ry c e  show ed  th a t  th e  c o m p lic a te d  th e o re t ic a l 

H a m ilto n ia n , in c lu d in g  a ll th e  w eak  in te ra c t io n s  m e n tio n e d  in  th e  la s t  

c h a p te r ,  c o u ld  be  r e c a s t  in to  th e  fo rm  o f th e  e x p e r im e n ta lly  u s e fu l 

s o -c a lle d  " s p in -H a m ilto n ia n " ,  T h e y  d is t in g u is h e d  b e tw e e n  s itu a t io n s  

in v o lv in g  an o r b i t a l  s in g le t  g ro u n d  s ta te  on one h a n d  a n d  s itu a t io n s  

in v o lv in g  o r b i t a l ly  d e g e n e ra te  g ro u n d  s ta te s  on th e  o th e r .  T h e ir  r e s u l t s ,  

c a r r ie d  th r o u g h  to  s e c o n d -o rd e r  p e r tu r b a t io n ,  fo r  o r b i t a l ly  s in g le t  

g ro u n d  s ta te s ,  s h o w e d ^ ^  th a t  in  su c h  cases th e  s p in -H a m ilto n ia n  ta k e s  

th e  fo rm

"14  g = 3^ E H . g . S  + E S . D . S  + E S . A . I  + E I . Q . I

-  Y3 Z H . I .  -  E H . R . I .  -  3^ H . A . H  ( 4 . 1 )
N — e —

w h e re  th e  sum s a re  o v e ra l l  a p p ro p r ia te  e le c t ro n -e le c t ro n  a n d  e le c tro n -  

n u c le a r  in te r a c t io n s .  In  e q u a tio n  ( 4 . 1 ) ,  g is  th e  g - te n s o r ,  w hose 

com ponen ts  in  g e n e ra l d i f f e r  fro m  th e  " s p in - o n ly " ,  v a lu e  o f 2.00232 

because  o f th e  p re s e n c e  o f o r b i ta l  c o n t r ib u t io n s  fro m  e x c ite d  s ta te s .

(D ) is  th e  " z e r o - f ie ld - s p l i t t in g "  te n s o r ,  a n d  th e  lo w  s y m m e try  l ig a n d  

f ie ld ,  s p in - o r b i t  c o u p l in g ,  a n d  s p in -s p in  in te ra c t io n s  d is c u s s e d  in  

se c tio n  3 . 2 . a a n d  e q u a tio n  ( 3 . 1 7 )  c o n t r ib u te  to  i t s  c o m p o n e n ts . T h e  

(A )  te n s o r  c h a ra c te r iz e s  th e  m a g n e tic  in te ra c t io n s  b e tw e e n  th e  u n p a ire d  

e le c tro n s  a n d  m a g n e tic  n u c le i th a t  g iv e  r is e  to  th e  h y p e r f in e  s t r u c tu r e  

o b s e rv e d  in  e . p . r .  s p e c tra .  T h e  (Q ) te n s o r  d e s c r ib e s  th e  q u a d ru p o le  

in te ra c t io n s .  T h e  f i f t h  te rm  on th e  r ig h t - h a n d  s id e  o f e q u a tio n  ( 4 . 1 )
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ta ke s  th e  n u c le a r  Zeem an in te ra c t io n s  in to  a c c o u n t.  T h e  s ix th  te rm  is  a 

second  o rd e r  " e le c t r o n - n u c le a r  Zeem an" c o n t r ib u t io n  w h e re  th e  te n s o r  

(R )  = 2 Q 3 ^ ( A )  a n d  th e  i j t h  e lem en t o f A is  d e f in e d  b y

< 0 | L .  |n X  n | L .  |0 >
A = I  ---------;------------------   ( 4 . 2 )

'  : n  -  S

w h e re  |0 > is  a g ro u n d  s ta te  w ave fu n c t io n  a n d  ]n>  is  an e x c ite d  s ta te  w ave  

fu n c t io n .  T h e  la s t  tw o  te rm s  in  e q u a tio n  ( 4 . 1 )  a re  o n ly  im p o r ta n t  in  

p ro b le m s  in v o lv in g  m a g n e tic  s u s c e p t ib i l i t y  c a lc u la t io n s ,  th e  la s t  te rm  b e in g  

re s p o n s ib le  f o r  te m p e ra tu re  in d e p e n d e n t p a ra m a g n e tis m . T h e se  la s t  tw o  

te rm s  a re  n o rm a lly  too  sm a ll to  be  c o n s id e re d  a n d  th e  s p in -H a m ilto n ia n ,  

e q u a tio n  ( 4 . 1 ) ,  becom es

= 3 E H . g . S  + E S . D . S  + E S . A . I  

+ E I . Q . I  -  y 3 ^ E  H . I  ( 4 . 3 )

T h e  s p in -H a m ilto n ia n  m u s t possess th e  lo c a l s y m m e try  p r o p e r t ie s  

a t th e  c r y s ta l  s i te  o f  th e  p a ra m a g n e tic  io n . W hen i t  is  m u lt ip l ie d  o u t ,  i t  

is  q u ite  e a s ily  sh o w n  th a t  fo r  a x ia l s y m m e try , ( 4 . 3 )  ta k e s  th e  fo l lo w in g  fo rm

9 ^  S = S l l 6 e H , S , ^ g j _ 6 ^ ( H ^ S ^ . H y S y ) . D [ s X s ( S ^ l ) ]

F o r an o r th o rh o m b ic  c r y s ta l  f ie ld  i t  becomes

" M s  = S (S +1) ]

.  E( s 2 - s j ) .  S y ly  .  ( 4 . 5 )

+ O t l ^ - j K I + l ) ]  + O V l ^ - I y )  -  Y 6^  H . I
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w h e re  Q ' is  th e  "o r th o rh o m b ic  q u a d ru p o le  p a ra m e te r " .  I t  s h o u ld  be 

n o te d  th a t ,  in  g e n e ra l,  th e  p r in c ip a l  a xe s  o f th e  d i f f e r e n t  te n s o rs  in  

e q u a tio n  ( 4 . 3 )  do n o t c o in c id e .

T h e  e le c tro n ic  Zeeman in te r a c t io n  b y  i t s e l f  p ro d u c e s  (2S +1) 

e q u a lly  s p a c e d , e f fe c t iv e  s p in  le v e ls  w h ic h  le a d  to  2S a llo w e d  t r a n s i t io n s  

( A M g = ± l ) ,  th a t  c o in c id e  a t th e  same a p p lie d  m a g n e tic  f ie ld  H = h v /

( ge f f B e )  g iv in g  g^^^ = 21.4 178/HA. , w h e re  H is  in  k i lo  gauss  a n d  A is  

th e  w a v e le n g th  o f th e  m ic ro w a ve  ra d ia t io n  u s e d  in  th e  e le c tro n  p a ra 

m agne tic  re s o n a n c e  e x p e r im e n t,  in  cm .

( g )  is  a te n s o r ,  so g^££ is  u s u a lly  d i f f e r e n t  f o r  d i f f e r e n t  

d ire c t io n s  o f  H , Sg££ possesses  th e  s y m m e try  p ro p e r t ie s  o f th e  l ig a n d  

f ie ld  a n d  f o r  a g e n e ra l d ire c t io n  s p e c if ie d  b y  th e  d ire c t io n  c o s in e s ,

£, m, a n d  n  w i th  re s p e c t to  th e  p r in c ip a l  axes  x , y , z  o f th e  g - te n s o r .

T h e  se co n d  te rm  on th e  r ig h t - h a n d - s id e  o f e q u a tio n  ( 4 . 3 )  is  

re s p o n s ib le  f o r  th e  f in e  s t r u c tu r e  o b s e rv e d  in  e le c tro n  p a ra m a g n e tic  

re so n a n ce  s p e c tra  a n d  a lso  f o r  th e  in i t ia l  s p l i t t in g  o f th e  e f fe c t iv e  s p in  

le v e ls  w h e n  H=0.

T h e  t h i r d  te rm , S . A . I  on  th e  r ig h t - h a n d - s id e  o f e q u a tio n  

( 4 . 3 )  is  re s p o n s ib le  fo r  th e  h y p e r f in e  s t r u c tu r e  in  e le c tro n  p a ra m a g n e tic  

re s o n a n c e , e . p . r .  s p e c tra .  I t  s p l i t s  each  e . p . r .  a b s o rp t io n  l in e  in to  

(21+1) h y p e r f in e  c o m p o n e n ts . In  g e n e ra l b o th  is o t r o p ic ,  F e rm i, i n t e r 

ac tion  a n d  a n is o tro p ic  d ir e c t  d ip o la r  in te r a c t io n  c o n t r ib u te  to  th e  

e lem ents o f th e  h y p e r f in e  te n s o r  ( A ) .  T h e  is o t r o p ic ,  F e rm i, i n t e r -
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a c tio n

F e r  = T  êe Sn 6e 6 », « ( r V  I - S .  ( 4 - 7 )

(w h e re  ô ( r ' ^ )  is  th e  D ira c  d e lta  fu n c t io n )  a r is e s  fro m  e le c tro n s  in  

o r b i ta ls  p o s s e s s in g  a, o r  s - c h a ra c te r ,  o r  f ro m  s ig n if ic a n t  p o la r iz a t io n s  

o f in n e r  p a ir  s -e le c tro n s  n e a r th e  n u c le u s  b y  u n p a ire d  v a le n c e  e le c tro n s .

T h e  a n is o tro p ic  c o n t r ib u t io n  to  (A )  is  due  to  d ir e c t  m a g n e tic  

d ip o la r  c o u p lin g  b e tw e e n  th e  m a g n e tic  m om ents o f th e  e le c tro n  a n d  th e  

n u c le u s . I f  th e  m a g n e tic  f ie ld  is  v e r y  s t ro n g  th e n  th e  e le c tro n  a n d  

n u c le a r  s p in  v e c to rs ,  S a n d  I ,  a re  e f fe c t iv e ly  f u l l y  d e -c o u p le d  a n d  each  

is  q u a n t iz e d  s e p a ra te ly  w ith  re s p e c t to  th e  a p p lie d  f ie ld .  I f  0 is  th e  

a n g le  b e tw e e n  th e  v e c to r ,  r ' , jo in in g  th e  e le c t ro n -n u c le a r  d ip o le s  a n d  

th e  m a g n e tic  f ie ld  v e c to r  th e n  th is  d ir e c t  d ip o le  c o n t r ib u t io n  becom es

d ip o le  = ( 4 . 8 )

I f  th e  o r b i ta l  c o n ta in in g  th e  u n p a ire d  e le c tro n  is  s p h e r ic a l ly  s y m m e tr ic  

o r  i f  th e  o r ie n ta t io n  d e p e n d e n t te rm  has  a s p h e r ic a l ly  s y m m e tr ic a l tim e  

a v e ra g e , f o r  exa m p le , as in  th e  B ro w n ia n  m o tio n  in  f lu id  th e n  th is  

d ir e c t  d ip o le  c o n t r ib u t io n  to  th e  e le m e n ts  o f (A )  te n s o r  v a n is h e s .

D ir e c t  d ip o la r  in te ra c t io n  b e tw e e n  th e  e le c tro n ic  o r b i ta l  

m a g n e tic  m om ent a n d  th e  n u c le a r  m a g n e tic  m om ent a lso  c o n t r ib u te s  to  

th e  h y p e r f in e  c o u p l in g , b u t  in  t r a n s it io n -m e ta l com p lexes  s u c h  o r b i t -  

n u c le u s  in te ra c t io n  is  to o  sm all to  be c o n s id e re d .
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I t  s h o u ld  be n o te d  th a t  u n p a ire d  e le c tro n s  in  co m p le x e s  can  

a lso in te r a c t  w ith  m a g n e tic  n u c le i in  l ig a n d s .  T h is  in te r a c t io n  le a d s  to  

f u r t h e r  s p l i t t in g s  o f each  h y p e r f in e  l in e  in  e le c tro n  p a ra m a g n e tic  re s o n 

ance s p e c tru m  a n d  g iv e s  r is e  to  s o -c a lle d  " s u p e r h y p e r f in e  c o u p l in g " .

4 .2  TH E  E LE C T R O N  P A R A M A G N E T IC  R ESO N AN C E P A R A M E T E R S  OF 

H IG H  S P IN , S = 5 / 2 ,  n d ^  IO N S

A s  p o in te d  o u t e a r l ie r ,  in  se c tio n  3 . 2 . a,  in  th e  ^ A ^  s ta te ,  th e

5
g ro u n d  s ta te  o f  h ig h  s p in  o c ta h e d ra l a n d  te t r a h e d ra l n d  io n s ,  th e  to ta l 

e le c tro n ic  a n g u la r  m om entum  is  z e r o ,  a n d  so to  f i r s t - o r d e r ,  n e i th e r  

l ig a n d  f ie ld  n o r  s p in - o r b i t  c o u p lin g  in te r a c t io n s  b y  th e m s e lv e s  ca n  re m o ve  

th e  s ix - f o ld  s p in  d e g e n e ra c y . I t  was a lso  p o in te d  o u t th a t  s p in - o r b i t  

c o u p lin g  in te ra c t io n s  cause  th e  "^T^ te rm  to  be  m ix e d  in  w i th  th e  g ro u n d  

^A ^ te rm  to  f i r s t  o r d e r ,  c f .  p .  34. A lth o u g h  to  f i r s t - o r d e r  s p in - o r b i t  

c o u p lin g  c a n n o t rem ove  th e  s ix - f o ld  d e g e n e ra c y  o f th e  g ro u n d  s ta te  

n e v e r th e le s s  th e  s ix - fo ld  d e g e n e ra c y  can be s u b d iv id e d  in to  a tw o - fo ld  

d e g e n e ra te  p a ir  o f le v e ls ,  P ^ a n d  a f o u r - f o ld  d e g e n e ra te  q u a r te t  o f  

le v e ls ,  F g , o f th e  same e n e rg y .  A s  fa r  b a c k  as 1934 V a n  V le c k  a n d  

P e n n y f o u n d  th a t  th e i r  c a lc u la t io n s  on n d ^  sys te m s  h a d  to  be  e x te n d 

ed to  f i f t h - o r d e r  in  p e r tu r b a t io n ,  in v o lv in g  s im u lta n e o u s ly  a l ig a n d  

f ie ld  o f  c u b ic  s y m m e try  a n d  s p in - o r b i t  c o u p lin g ,  b e fo re  th e y  w e re  ab le  

to  re m o ve  th is  s ix - f o ld  d e g e n e ra c y . T h e ir  c a lc u la t io n s  e n a b le d  them  

to  in t r o d u c e  th e  H a m ilto n ia n  f o r  a g ro u n d  s ta te  io n  in  a c u b ic

f ie ld  in  th e  fo l lo w in g  fo rm
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V . H 2  = s G g H .S + l a ' [ s L s L s X s ( S + l ) ( 3 s W l ) ]

+ A S . I  -  Y 3^  H . I  ( 4 . 9 )

w h e re  th e  se co n d  te rm  on th e  r ig h t - h a n d - s id e  a r is e s  as a r e s u l t  o f 

th e s e  h ig h e r  o rd e r  in te ra c t io n s .  V a n  V le c k  a n d  P e n n y  fo u n d  th a t  th e  

c o n s ta n t a' in  e q u a tio n  ( 4 . 9 )  is  g iv e n  b y

k '
a ' -  ^  ( 4 . 1 0 )

E ( ^ P ) - E ( ^ S )

I I o c t , . . - 1
w h e re  K is  th e  l ig a n d  f ie ld  m a tr ix  e le m e n t, < n d j V ^ ^  | n d / ,  À is  in  cm j

a n d  ^P a n d  a re  te rm s  o f th e  f r e e  io n .  In  fa c t  th e  se co n d  te rm  on

th e  r ig h t - h a n d - s id e  o f  e q u a tio n  ( 4 . 9 )  is  an o p e ra to r  w h ic h  is  e q u iv a le n t

to  th e  p o te n t ia l te rm  o f th e  fo u r th  d e g re e  w ith  c u b ic  s y m m e try  th a t

4 4 4 3 4
s a t is f ie s  L a p la c e 's  e q u a tio n , i . e .  x  + y  + z  -  - ^ r  o f e q u a tio n  ( 2 . 9 ) .

W hen th e  s ix - f o ld  d e g e n e ra c y  is  re m o ve d  in  th e  ze ro  m a g n e tic

f ie ld ,  th e  e n e rg ie s  o f th e  tw o - fo ld  d o u b le t ,  T rj, a n d  th e  f o u r - f o ld

q u a r te t ,  Fg , s t a t es  a r e  -2a'  a n d  +a' r e s p e c t iv e ly .^ ^  T h e  f o u r - f o ld

d e g e n e ra te  le v e l m ay show  a f u r t h e r  s p l i t t in g  due  to  J a h n - T e l le r

52 5d is to r t io n .  H o w e v e r, su ch  z e r o - f ie ld - s p l i t t in g  fo r  o c ta h e d ra l n d

io n s , S=5 / 2 ,  is  v e r y  sm a ll even  in  th e  s o lid  s ta te . A n  a p p lie d  m a g n e tic

f ie ld  p r iz e s  th e  s ix - f o ld  d e g e n e ra c y  a p a r t  a n d  g iv e s  r is e  to  s p in  e n e rg y

le v e ls  a t ± y  g3  H , ± y  g3  H , a n d  ± ^  g3  H , a n d  th e n c e  a s in g le
^ 0  w G w 0

is o t r o p ic  e le c tro n  p a ra m a g n e tic  re s o n a n c e  a t g = 2 w h ic h  is  v e r y  e a s ily  

52
d e te c te d .
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70M uch  la t e r ,  A b ra g a m  and  P ry c e  p o in te d  o u t th a t  s p in - s p in

c o u p lin g  in te r a c t io n  ca n  a lso  c o n t r ib u te  sm a ll a m o u n ts  to  th e  o b s e rv e d

s e p a ra tio n s  o f th e s e  le v e ls  b u t  to  f i r s t - o r d e r ,  o n ly  i f  th e  a c tu a l g ro u n d

te rm  d e v ia te s  fro m  s p h e r ic a l s y m m e try . T h e y  in t r o d u c e d  a n o th e r  z e ro -

2 1
f ie ld - s p l i t t in g  te rm  o f th e  fo rm  D { S ^  -  ^  S ( S + 1 ) }  in to  th e  s p in -H a m ilto n ia n

and  s u g g e s te d  th a t  i t  a r is e s  because  sm a ll l ig a n d - f ie ld  c o m p o n e n ts  o f

te t ra g o n a l a n d  t r ig o n a l  s y m m e tr ie s  cause a s l ig h t  d is to r t io n  o f th e  e le c tro n

d is t r ib u t io n  w i th in  th e  n d ^  s y s te m . T h e  s p in - s p in  in te r a c t io n  e n e rg y

th e n  d e p e n d s  on  th e  s p in  o r ie n ta t io n .  T h e y  fo u n d  th a t ,  to  s e c o n d -

2 35
o r d e r ,  in te r a c t io n s  fro m  th is  so u rce  c o n t r ib u te  an  a m o u n t D ( ) , 

c f .  s e c tio n  3 . 2 . a ,  e q u a tio n  ( 3 . 1 7 ) ,  to  th e  s p in -H a m ilto n ia n , w h e re

U ( 6^ /
D  v—  (4 .1 1 )

E ( ^ D ) - E ( " S )

w h e re  U = < 3d |U ^  |4s >, U® = ^  ^ 2  0 ( 3 % ^ " ^ ^ ) ,  a n d  E I^ ’D ) in  th e

e n e rg y  o f th e  te rm  a r is in g  fro m  th e  e x c ite d  [ n d ^ ( n + l ) s ]  c o n f ig u ra t io n .

5
F o r  an n d  io n  in  an a x ia l ly  s y m m e tr ic  s ite ,  co m p le te  c a lc u la t

io n s  show  th a t  o th e r  te rm s  a lso  c o n t r ib u te  to  th e  s p in -H a m ilto n ia n .

T h e  m ost g e n e ra l s p in -H a m ilto n ia n ,  fo r  th e  n d ^  io n s  th e n  becom es^^

"Hs = S llW z  ' Sl̂ e'HxSx ' V y ' 

+ i  a '[S^+S^+S^ - i  S(S+1)(3S^+3S-1)]0 X y  z 5

+ y f ^ [ 3 5  -30S(S+1)S^ +25S^ -6S(S+1)+3S^(S + 1)
J. o u z z z

+ D [S ^  - 4  S(S+1)] + A  S I  + B(S  I  + S I  ) z 3 z z X X  y  y

+ Q [ l ^  1(1 + 1 ) ]  -  H . I  . ( 4 . 1 2 )
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in  t h is ,  th e  z -a x is  is  th e  a x is  o f d is to r t io n ,  a n d  th e  te rm s  in  D a n d  F

c o r re s p o n d  to  a x ia l f ie ld  co m p o n e n ts  o f th e  second  a n d  f o u r t h  d e g re e ,

re s p e c t iv e ly .  W hen a ll th e  in te ra c t io n s  a re  now  ta k e n  in to  a c c o u n t,  th e

te rm  is  f in a l ly  re s o lv e d  in to  th re e  K ra m e rs ’ d o u b le ts ,  u s u a lly

_ 1
s e p a ra te d  b y  le s s  th a n  1 cm , i . e .  th e re  a re  sm a ll z e r o - f i e ld - s p l i t t i n g s .

5 4 71
On in s e r t in g  th e  v a lu e  S = e q u a tio n  (4 .1 2 )  becom es '

s  = + i  a' ( s 4  + s 4  + + D (S ^  -  § )

+ + A  S . I  . ( 4 .1 3 )

T h e  e n e rg y  le v e l d ia g ra m  d e ve lo p s  as sh o w n  in  F ig u r e  ( 4 . 1 ) .  

E x p e r im e n ta l ly ,  g is  is o t r o p ic  a n d  is  v e r y  c lose  to  2, a n d  A  is  is o t r o p ic ,  

a' a n d  D a re  u s u a l ly  v e r y  sm a ll a n d  F is  a lm os t n e g l ig ib le .  T h e  f in a l  

e n e rg y  le v e ls  a re  g iv e n  b y  th e  re la t io n s h ip s ,  ( 4 .1 4 ) ,  ( 4 .1 5 ) ,  a n d  (4 .1 6 )

(4 .1 4 )

E 3 = ± I  gB ^H  -  ^  (4 .1 5 )

~2

V  = f  (4 .1 6 )
-2

I t  s h o u ld  be n o te d  th a t  b e ca u se  o f th e  z e r o - f ie ld - s p l i t t in g  in te r a c t io n s  

th e  t r a n s i t io n s  = ± 1 , now  no  lo n g e r  ha ve  id e n t ic a l e n e rg ie s ,  a n d

e le c t ro n -e le c t ro n  in te r a c t io n s ,  f in e  in te ra c t io n s ,  cause  f iv e  f in e  

s t r u c tu r e  co m p o n e n ts  to  be  o b ta in e d  in  th e  e le c tro n  p a ra m a g n e tic
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4D
+—
" 2,

2D

+—
" 2

m = -

4h s p in -o r b it H ->

F igu re ( 4 . 1 ) . Lowest energy l e v e l s  fo r  nd io n s  in  0^ and symmetry.

The e f f e c t  o f  s p in -o r b it  c o u p lin g  and an a p p lied  m agnetic  

f i e l d  i s  in d ic a te d , a long w ith  th e  e . p . r .  t r a n s i t io n s
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re s o n a n c e  s p e c tru m . N a tu r a l ly  o c c u r r in g  ru th e n iu m  c o n ta in s  a n u m b e r  

o f m a g n e tic  n u c le a r  is o to p e s  fo r  w h ic h  I  = 5 /2 , so th a t  in  p r in c ip le ,  

h y p e r f in e  in te r a c t io n s  cause  th e se  f iv e  f in e  s t r u c tu r e  co m p o n e n ts  to  

s p l i t  f u r t h e r  g iv in g  r is e  in  g e n e ra l to  a c o m p le x  e le c tro n  p a ra m a g n e tic  

re s o n a n c e  s p e c tru m  p a t te rn .

I f  th e  S = 5 /2  io n  lie s  in  a s ite  o f  o r th o rh o m b ic  s y m m e try  o r  

lo w e r ,  th e n  th e  s p in -H a m ilto n ia n  o f e q u a t io n  (4 .1 3 )  m u s t be  m o d ifie d  to

^  a'

. D(s 2 . 35) , E(s2_s2) + (4.17)

w h e re  E is  th e  o r th o rh o m b ic  s p l i t t in g  p a ra m e te r .  I n  m any  S = 5 /2  

sys te m s  th e  se co n d  a n d  f i f t h  te rm s  on th e  r ig h t - h a n d - s id e  o f  e q u a tio n  

(4 .1 7 )  a re  sm a ll a n d  in  s u c h  cases th e  s p in -H a m ilto n ia n

- H °  = g B ^ H .S + D [S ^  -  I  S (S  + D ]  + E ( S ^ - s h  (4.18)
w 6 Z D  X y

th e n  s u f f ic e s .  M any  s tu d ie s  in v o lv in g  th is  s p in -H a m ilto n ia n  h a ve  b e e n

c a r r ie d  o u t , ^ ^ '^ ^  a n d  e n e rg y  le v e l schem es d e r iv e d  a n d  g -v a lu e s

m e a s u re d . T h e  r e s u l ts  o f th e se  s tu d ie s  show  th a t  i t  is  u s e fu l to

5 5re c o g n is e  th re e  l im it in g  s itu a t io n s  fo r  h ig h  s p in ,  S = ^ ,  n d  sys te m s 

a n d  th e s e  th re e  cases a re  su m m a rize d  in  F ig u r e  ( 4 . 2 ) .  In  th e  f i r s t  

l im it in g  s itu a t io n  th e  z e r o - f ie ld - s p l i t t in g  p a ra m e te rs  D a n d  E a re  m uch  

s m a lle r th a n  th e  m a g n e tic  f ie ld  e n e rg y ,  g 3 ^H  a n d  th e n  th e  g - fa c to r  is  

2 a n d  th e  s p e c tru m  a lre a d y  d e s c r ib e d  is  o b ta in e d .
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gB ^H » D ,E D »g 3 g H ,E E>>gB^H,D

9=2

g ' =( 0 , 0 , 1 0 ) g ' = ( 0 . 6 1 , 9 . 7 , 0 . 8 6 )

g ' = ( 4 . 2 9 )

g ' = ( 9 . 7 , 0 . 6 1 , 0 . 8 6 )

H

F igu re  ( 4 . 2 ) . Energy levels and apparent g-values assuming that the 
Zeeman term (left), the axial fine structure term 
(centre), and the orthorhombic fine structure term 
(right) are much larger than the other terms. 
Spin-Hamiltonian, = gB^H.S+DS^+E(S^-S^)
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When D > > g 3 ^H , th e n  th e  g ro u n d  d o u b le t is  w e ll s e p a ra te d  

fro m  th e  e x c ite d  d o u b le ts  so th a t  i f  o n ly  th o s e  te rm s  in  th e  s p in -  

H a m ilto n ia n  th a t  d e p e n d  on Zeeman in te ra c t io n s  a re  c o n s id e re d  th e n  th e  

H a m ilto n ia n

n s  ( | )  = g g ^ H .s

w ith  s ix  b a s is  s ta te s ,  , M ^> , m ay be  re p la c e d  b y  a new  e f fe c t iv e  

s p in -H a m ilto n ia n  w ith  S' = -^

th is  h a s  tw o  b a s is  s ta te s  I t  fo llo w s ^ ^  fro m

< 1 I Is'n̂êẑz I I ?  ̂  ̂I J Is I I I ^
< H  i s i =  I s

th a t  g'^^ = g Cb-2 a n d  g ^  = 3 g — 6 as n o te d  on F ig u re  ( 4 . 2 ) .

A  n u m b e r  o f a p p lic a t io n s  c o n c e rn in g  th e  g ' fa c to r  h a ve  

r e c e n t ly  a p p e a re d ^ ^  in  th e  l i t e r a tu r e  f o r  s e v e ra l n d ^  io n s  d o p e d  in to  

Z rF ^  g la s s e s . A ls o  s e v e ra l re v ie w s  c o n c e rn in g  e le c tro n  p a ra m a g n e tic

5
re s o n a n c e  s tu d ie s  o f  h ig h  s p in , S = 5 /2 ,  n d  co m p le xe s  h a v e  b e e n  

r e p o r te d  b y  P o r te ^ ^  a n d  G a t te s c h i.^ ^
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4 .3  TH E  E LE 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  P A R A M E T E R S  OF 

L O W -S P IN , S = 1 /2 ,  n d ^  IO N S

In  th e  p re s e n c e  o f a s t ro n g  o c ta h e d ra l c r y s ta l  f ie ld ,  th e  f iv e  

5
d -e le c tro n s  in  an n d  io n  o c c u p y  th e  th re e  o r b i t a l ly  d e g e n e ra te  ^2g~ 

o rb ita ls  le a d in g  to  an S = ^  g ro u n d  s ta te  w hose  s p in -H a m ilto n ia n ^ ^ *  

can be w r i t te n  e x p e r im e n ta lly  in  th e  fo rm  (4 .1 8 )

” t - ( = 3 [ g  H S + g  H S + g  H S ] + A  I S + A  I S + A  I S  1. e ^ x x  X X ^ y y  y  y  ° z z  z z x x  x  x  y y  y  y  z z z  z

^  (4 .1 8 )

In  th e  o c ta h e d ra l l im i t  th e  th re e  t^ g -  o r b i ta ls  a re  d e g e n e ra te  so th a t  th e  

u n p a ire d  e le c tro n  th e n  p o ssesses  th r e e - fo ld  o r b i ta l  d e g e n e ra c y . T h e  n d ^  

io n  in  t h a t  l im it  th e re fo re  has a s t ro n g  o r b i ta l  co m p o n e n t in  i t s  m a g n e tic  

p r o p e r t ie s ,  w h ic h  e n a b le s  i t  to  c o u p le  s t r o n g ly  w ith  th e  v ib r a t io n a l  modes 

o f b o th  th e  co m p le x  a n d  i t s  la t t ic e .  I n  th is  l im i t ,  t h e r e fo r e ,  th e  g - fa c to r  

d i f fe r s  m a rk e d ly  fro m  th e  s p in - o n ly  v a lu e , 2 .0023 2 , e le c tro n  s p in -  

re la x a t io n  tim es  a re  v e r y  s h o r t  a n d  e . p . r .  s p e c tra  a re  v e r y  b ro a d ,  so 

th a t  v e r y  low  te m p e ra tu re s  a re  n eede d  in  o rd e r  to  s tu d y  th e  e . p . r .  

phenom ena o f th e s e  s y s te m s . T h e se  e x p e r im e n ta l o b s e rv a t io n s  e s s e n t ia l ly  

s t i l l  h o ld  fo r  a x ia l ly  d is to r te d  o r  even  o r th o rh o m b ic a l ly  d is to r te d  "o c ta 

h e d ra l"  n d ^  lo w -s p in  io n s . T h e o re t ic a l e s tim a tio n s  r e la t in g  s p in -

H a m ilto n ia n  p a ra m e te rs  to  e le c tro n  d is t r ib u t io n s  in  s u c h  c o m p le x e s , w e re

8 3c a r r ie d  o u t b y  S te v e n s , a n d  th e n  in  m ore co m p le te  fo rm  b y  B le a n e y

and O 'B r ie n ,  a n d  f u r t h e r  e x te n d e d  b y  G r i f f i t h , T h o r n le y ^ ^  a n d

87 5o th e rs ,  w ho a ll u s e d  th e  ho le  fo rm a lis m  in  w h ic h  th e  n d  lo w -s p in

system  is  t r e a te d  as a s p h e r ic a l ly  s y m m e tr ic  t ^ ^  c o n f ig u ra t io n  c o n ta in in g
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one p o s it iv e  h o le , i . e .  th e  n d ^  sys te m  is  fo rm a lly  e q u iv a le n t  to  an n d ^

h o le .

5
T h e o re t ic a l s tu d ie s  o f th e  g - te n s o rs  o f lo w -s p in  n d  s y s te m s

whose s y m m e tr ie s  a re  lo w e r th a n  o c ta h e d ra l,  a n d  e ven  te t r a g o n a l,  h a v e

been c a r r ie d  o u t b y  s e v e ra l a u t h o r s , a n d  t h e i r  w o rk

108has b e e n  e x te n d e d  b y  H i l l  to  in c o rp o ra te  e ffe c ts  o f c o n f ig u r a t io n

4
in te r a c t io n s ,  in  w h ic h  th e  e x c ite d  s ta te  c o n f ig u ra t io n  t^ e  is  m ix e d  in to

5
th e  g ro u n d  s ta te  c o n f ig u ra t io n  t ^ .

I f  an  o c ta h e d ro n  is  co m p re sse d  a lo n g  i t s  z -a x is  th e n  th e  a x ia l

c o n t r ib u t io n .  A ',  to  th e  c r y s ta l  f ie ld  in te r a c t io n  lo w e rs  th e  e n e rg y  o f th e

d - o r b i t a l  r e la t iv e  to  th e  d  a n d  d  d e g e n e ra te  p a i r ,  a n d  e ve n  th is  
x y  x z  y z  °  ^

d e g e n e ra c y  is  re m o v e d  b y  an o r th o rh o m b ic  c o n t r ib u t io n ,  V " ,  to  th e  o c ta 

h e d ra l f ie ld .  O fte n  in  t ^  com p lexes  th e  c r y s ta l  f ie ld  p a ra m e te rs  A ',  V "  

and th e  s p in - o r b i t  c o u p lin g ,  6̂ ^ ,  a re  a ll o f  th e  same o rd e r  o f  m a g n itu d e  

so th a t  r a th e r  th a n  use  b a s is  fu n c t io n  ç ( x y ) ,  r t ( x z ) ,  a n d  Ç (y z )  in  

p e r tu r b a t io n  c a lc u la t io n s  le a d in g  to  s p in -H a m ilto n ia n  p a ra m e te rs , l in e a r  

c o m b in a tio n s  o f th e s e  o f th e  fo rm

| l>  = - ( ^ )  | iq (x z )+ iÇ (y z )> ,  | - 1 > = ^  |n ( x z )  -  iÇ ( y z ) > ,  a n d  ç ^ = iC ( x y ) ,

are u s e d  in s te a d  as b a s is . When th e  f iv e  t ^  e le c tro n s  a re  fe d  in to  th e s e  

o r b ita ls ,  th e  fo l lo w in g  s ix  b a s is  o r b i ta l  w ave  fu n c t io n s ,  e ig e n fu n c t io n s  o f 

th e  f r e e - io n  a n d  o c ta h e d ra l c r y s ta l  f ie ld  in te ra c t io n s ,  a n d  o f th e  fo rm  

I^ T zM ^M l )  a re  o b ta in e d ^ ^ ^
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I
+

l l>
+ ± ± 
1 -1 = l l>  =

—  + +

|1 - 1  ç^>

S i>:

± ± + 
1 -1 ' ? 2- |  ®>

± ± -  
q > =  |1 - 1  ç^> (4 .1 9 )

' ^ 2  r i >  =

+ ± + ±
| - 1>= |1 - 1  q >

-  +
^ T 2- f  1> = | - 1>= |1 - 1  Ç j>

P e r tu r b a t io n  o f th e s e  s im u lta n e o u s ly  b y  lo w  s y m m e try  co m p o n e n ts  o f  th e  

l ig a n d  f ie ld  in te r a c t io n s  a n d  th e  s p in - o r b i t  c o u p lin g  le a d s  to  tw o  id e n t ic a l  

3 x 3  m a tr ic e s

+
± 1 >

_+
+ 1)

+
I±1 >

2 A ' . ( S „ ^ / 2 )

V " / 2

A'

I; I >

v ” / 2

2 A ' - ( 5 ^ , / 2 ) ( 4 .2 0 )

I t  s h o u ld  be  n o te d  th a t ,  i f  th e  o n e -h o le  fo rm a lis m  is  u s e d  th e n  th e

p e r tu r b a t io n  m a tr ic e s  th a t  a re  th e n  o b ta in e d , a re  th e  same as in  ( 4 .2 0 )

b u t  2A* is  s u b t r a c te d  fro m  th e  e le m e n ts  c o n ta in in g  i t .

D ia g o n a liz a t io n  o f th e  tw o  id e n t ic a l m a tr ic e s , ( 4 .2 0 ) ,  th e n  le a d s

to  e ig e n v a lu e s  a n d  e ig e n fu n c t io n s  o f th e  f re e  io n  c o n t r ib u t io n ,  a ll th e

c r y s ta l  f ie ld  c o n t r ib u t io n s ,  a n d  th e  s p in - o r b i t  c o n t r ib u t io n  to  th e

H a m ilto n ia n  o f  th e  t ^  c o n f ig u ra t io n .  In  th is  w a y  th e  s ix - f o ld  d e g e n e ra c y

o f th e  te rm  is  re s o lv e d  in to  th re e  w e ll s e p a ra te d  K ra m e rs ' d o u b le ts .

E ig e n fu n c t io n s  o f each o f th e s e  K ra m e rs ' d o u b le ts  m u s t 

94o b v io u s ly  h a v e  th e  fo rm
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Il , +  II -  H +

= A  1 1 > + B I > + C | -1  >

* ", -  " , + ", -  
t|»̂  = A |-1 > -  B I Çj > + C 1 1 > (4 .21)

" " " "2 "2 " 2 
w h e re  A  , B , a n d  C a re  re a l a n d  A  + B  + C  = 1 .  I n  th e  case

o f a x ia l s y m m e try  c "  = 0. T h e  d e v e lo p m e n t o f th e  e n e rg y  le v e l schem e

fo r  th e s e  c a lc u la t io n s  is  sh o w n  in  F ig u re  ( 4 .3 ) .

A s  show n  in  th e  la s t  s ta g e  in  th e  d e v e lo p m e n t o f F ig u re  ( 4 . 3 ) ,  

th e  g - te n s o r  co m p o n e n ts  f o r  th e  S = -  ̂ s ys te m  in  th e  lo w e s t K ra m e rs ' 

d o u b le t a re  o b ta in e d  b y  c a r r y in g  o u t  a s ta n d a rd  p e r tu r b a t io n  c a lc u la t io n  

in v o lv in g  th e  Zeem an in te r a c t io n  = 3 ^ H (g ^ S  + k ’L ) ,  w h e re  k '  is  th e  

o r b i ta l  re d u c t io n  fa c to r  w h ic h  ta k e s  a c c o u n t o f c o v a le n t in te r a c t io n s  in  

th e  c o m p le x . F in a l r e s u l ts  f o r  th e  g - te n s o r  co m p o n e n ts  t u r n  o u t  to  be  

as sh o w n  in  (4 .2 2 )

g ^ ^  = 2 [2 A " c " -  b " ^  + /2  k ' b " ( C "  -  A " ) ] ,

g = - 2 [ 2A " c "  + b " ^  + / I  k ' B " ( A "  + C " ) ] ,

®zz -  b " ^  + C " ^  + k ' ( A " ^  -  C " ^ ) ]  (4 .2 2 )

4 II f  c o n f ig u ra t io n  in te r a c t io n s ,  in  w h ic h  th e  t ^ (  T ^ ) e  a n d

4 3 5
tg ( T ^ )e  c o n f ig u ra t io n s  a re  m ix e d  in  w ith  th e  g ro u n d  t ^  c o n f ig u r a t io n ,

a re  ta k e n  in to  a c c o u n t,  th e n  th e  o r b i ta l  r e d u c t io n  fa c to r  is  m o d if ie d  to

becom e K " ,  w h e re

k " = (1  + i ^ )  k ' (4 .2 3 )
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lODq (or  A)

V /

2g A'

V

free ion + A'

Figure (4.3). Energy level diagram for the term under the
combined influence of the low symmetry field, spin-
orbit, and magnetic field perturbations. The
positive A' value means that the d^^ ( A singlet)
lies lower than d and d (^E doublet) xz yz
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B is  a R a ca h  p a ra m e te r  a n d  E is  th e  a v e ra g e  v a lu e  o f th e  d - d  t r a n s it io n  

e n e rg ie s .

E x p e r im e n ta l d e te rm in a t io n  o f th e  p r in c ip a l  co m p o n e n ts  o f th e

g - te n s o r ,  w h e n  c o m b in e d  w ith  th e  n o rm a liz in g  c o n d it io n  a " ^ + B " ^ + C "^=1

th e n  le a d s  to  s o lu t io n s  fo r  a " ,  B " ,  C " ,  a n d  k " a n d  th e n c e  to  th e

*
a n a ly t ic a l fo rm s  o f th e  e ig e n fu n c t io n s  a n d  in  ( 4 .2 1 ) .  T h e se  in

99 104
th e ir  t u r n  th e n  e n a b le  th e  s e c u la r  e q u a tio n s  (4 .2 4 )  ’

v " / ( 6 i ^ ^ ) = - [ ( A " / 2  + b " ) / 3 v̂ ] [ C " / ( C " ^  -  a " ^ ) ]

=-a " / { B " v̂ )  -  i  + (3A " / c " ) ( V " / 6 Ç ^ j,)

(4 .2 4 )

c o r re s p o n d in g  to  (4 .2 0 )  to  be s o lv e d , a n d  th e n c e  v a lu e s  o f 

V " / Ç ^ ^ ,  a n d  E /Ç ^ ^  to  be d e d u c e d  fro m  e le c tro n  p a ra m a g n e tic  re s o n a n c e  

m e a su re m e n ts . T h e se  e le c tro n  p a ra m a g n e tic  re s o n a n c e  m e a su re m e n ts  

th e re fo re  le a d  to  e x p e r im e n ta l d e te rm in a t io n s  o f th e  s e p a ra t io n s  in  th e  

e n e rg y  le v e l d ia g ra m  on F ig u re  ( 4 . 3 ) .

I t  s h o u ld  be n o te d  th a t  p a ra m a g n e tic  re s o n a n c e  m e a su re m e n ts  

g ive  o n ly  th e  m a g n itu d e  o f th e  p r in c ip a l  co m p o n e n ts  o f th e  g - te n s o r .

T h e y  do n o t  g iv e  th e  s ig n s  o f  th e se  c o m p o n e n ts , n o r  do th e y  c o r re la te  

g ^ , g g , a n d  g^  w ith  g ^ ^ ,  g y ,  a n d  g ^ ^ . I f  th e  co m p le x  p o ssesses  

th r e e - fo ld  o r  h ig h e r  s y m m e try  a x e s , h o w e v e r ,  th e  g ^^  c o m p o n e n t may 

be a s s ig n e d  to  th e  u n iq u e  co m p o n e n t o f th e  m e a su re d  g - te n s o r ,  a n d  

th e n  e ig h t  p o s s ib le  s ig n  p e rm u ta t io n  c o m b in a tio n s  n e e d  to  be  c o n s id e r e d f^ '^ ^
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IT • -n .  • .5  . , , 8 4 ,9 3 ,1 0 9 ,F o r  an a x ia l ly  s y m m e tr ic  c o m p le x , i t  can  be  s h o w n ,

th a t  th e  e x p re s s io n s  f o r  th e  g - te n s o r s ,  e q u a tio n  ( 4 .2 2 ) ,  becom e

S l l  = - 1+  : 8 l  = ( 4 . 25 )

w h e re  X = [ ( A ' - ^ Ç  . ) ^  + E lim in a t io n  o f th e  r a t io  a '/Ç  « ̂ n  X/ ri 36 n 36

y ie ld s  th e  th e o re t ic a l p lo t^ ^ ^  o f th e  g ^^  v e rs u s  sh o w n  in  th e  s o lid

c u rv e  in  F ig u re  ( 4 . 4 ) .  T h e  e x p e r im e n ta l p o in ts  sh o w n  f o r  R u ^ ^  a n d

I r ^  f i t  th e  th e o re t ic a l c u rv e  q u ite  w e ll a n d  in d ic a te ,  c f .  e x p re s s io n  ( 4 .2 1 ) ,

th a t  in  th e s e  co m p le xe s  th e  u n p a ire d  e le c tro n  lie s  e s s e n t ia l ly  in  a m e ta l 
10?

io n  d ^ y  o r b i ta l  : E x p re s s io n s  (4 ,2 2 )  show  th a t  a p o s it iv e  g ^ ^  v a lu e

a ris e s  i f  b " ^  > a "^  + C " ^  + k ' ( A " ^  -  C " ^ )  i . e .  th e  u n p a ire d  e le c tro n

lie s  in  a m e ta l- io n  d  o r b i ta l .
x y

M o re  co m p le te  a n a ly s e s , ’ ’ w h ic h  c o n s id e r  th e  h y p e r -

f in e  c o u p lin g  te n s o r  co m p o n e n ts  A  A  , and A  a lso  e n a b le  in fo rm a t io n  ^  ® ^  XX, y y  zz

to be o b ta in e d  a b o u t th e  m ix in g  c o e ff ic ie n ts  in  e q u a tio n s  ( 4 .2 1 ) .  F o r

a x ia l s y m m e try  A  = A  , and  
 ̂  ̂ XX y y

= P " [4  _ ( i& )  a " 2  .  a " b "  + k "  ( a " 2  -  b ' ' 6 ]

A j_ = P " [ ^  - ( i 5 ^ )  A " b " + k " B ' '^ ]  (4 .2 6 )

w h e re  th e  c o n s ta n t  P " is

P " = > (4 .2 7 )
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Figure (4.4). Experimental (• and o) and theoretical 
(— ) g-values for the configurations 4d' 
and 5d^ in strong crystal fields of 
approximately octahedral symmetry
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a n d  k "  is  th e  s o -c a lle d  c o re -p o la r iz a t io n  c o n s t a n t . T h e  p o la r 

iz a t io n  a n d  d ir e c t  c o n ta c t c o n t r ib u t io n s ,  th e  F e rm i c o n t r ib u t io n ,  to  th e  

h y p e r  f in e  c o u p lin g  can  now  be s e p a ra te d  b y  means o f th e  re la t io n s h ip

x "  = - ( | )  k "  < r '  ^ > (4 .2 8 )

w hen  x "  is  th e  c o re -p o la r iz a t io n  h y p e r f in e  f ie ld  p e r  u n i t  s p in .  F o r

m ost t r a n s it io n - m e ta l io n s  in  h ig h ly  s y m m e tr ic a l e n v iro n m e n ts ,  th e  m a in

c o n t r ib u t io n  to  x "  comes fro m  p o la r iz a t io n  o f f i l le d  in n e r  s - o r b i t a l

e le c tro n s  b y  e x c h a n g e  in te ra c t io n s  w ith  u n p a ire d  e le c tro n s  in  d - o r b i t a ls  

114o f th e  c o m p le x .
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4 .4  T H E  E LE C T R O N  P A R A M A G N E T IC  R E SO N AN C E S P E C T R A  OF 

T H E  n d ^  IO N S  N E A R  TO  T H E  "SP IN  C R O SS-O VE iC  P O IN T

T h e  m a g n e tic  p ro p e r t ie s  o f o c ta h e d ra l n d ^  co m p le xe s  in  w h ic h  

th e  c r y s ta l  f ie ld  is  c lose  to  th e  h ig h  s p in ,  —► lo w  s p in ,  ^ T ^ ^ ,

c ro s s -o v e r  p o in t  a re  v e r y  d e p e n d e n t on te m p e ra tu re ,  on p re s s u re ,  a n d  

on m in o r  m o d if ic a t io n s  to  l ig a n d s ,  o r  to  th e  c r y s t a l - la t t i c e , o r  to  s o lv e n t  

e f fe c ts ,  . . .  .e tc .  , as a lre a d y  m e n tio n e d  in  s e c tio n  2 . 2 . c ,  I n  m any  w a ys  

th e  s itu a t io n  is  now  v e r y  s im ila r  to  th a t  e n c o u n te re d  in ,  f o r  e xa m p le , 

p ro to n  e x c h a n g e  p ro b le m s  in  n u c le a r  m a g n e tic  re s o n a n c e  s p e c tro s c o p y ,  

and  e s s e n t ia l ly  tw o  k in d s  o f c ro s s -o v e r  s itu a t io n s  can  be  v is u a liz e d .

On e i th e r  s ide  o f th e  c ro s s -o v e r  p o in t  one o f th e  s p in - is o m e rs  

has a lo w e r  e n e rg y  th a n  th e  o th e r ,  a n d  in  th is  s i tu a t io n  th e rm a l e q u i l i 

b r iu m ,  w h ic h  m ay o r  m ay n o t be r a p id ,  is  se t u p  b e tw e e n  th e  h ig h - s p in  a n d  

th e  lo w -s p in  s ta te s . In  th is  case a t a n y  te m p e ra tu re  th e  o b s e rv e d

m a g n e tic  p r o p e r t ie s  a re  a p p ro x im a te ly  th e  w e ig h te d  a v e ra g e  o f th e

4
c o r re s p o n d in g  h ig h - s p in  a n d  lo w -s p in  p r o p e r t ie s .  I n  th e  o th e r  s i tu a t 

ion a t th e  p re c is e  c ro s s -o v e r  p o in t  th e  h ig h - s p in  a n d  lo w -s p in  fo rm s  h a ve  

id e n t ic a l e n e rg ie s  a n d  th e n  a s in g le  "m ix e d -s p in  s ta te "  e x is ts .  T h e  s p in  

s ta te  a t th is  p o in t  is  th e n  some l in e a r  c o m b in a tio n  o f a ll th e  p o s s ib le  

s ta te s  f o r  w h ic h  S = 5 /2  a n d  S = 1 /2 , a n d  th e  s p in  q u a n tu m  n u m b e r o f 

the  co m p le x  is  now  no  lo n g e r  a good q u a n tu m  n u m b e r .
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4 . 4 . a H IG H  SPIN  * - »  LO W -S P IN  E Q U IL IB R IU M  IN  P L A N A R  n d  

C O M PLEXES

T h e  th e o re t ic a l fo rm u la t io n  o f th e  b e h a v io u r  o f n d ^  s y s te m s  a t ,

4 79
and  n e a r  to ,  th e  c ro s s -o v e r  p o in t  w e re  d e v e lo p e d  b y  G r i f f i t h .  ’

D u r in g  th e  c o u rs e  o f  th is  w o rk ,  he  d is c u s s e d  th e  m a g n e tic  p r o p e r t ie s  o f

5
some o f th e  p la n a r  n d  co m p le x e s , s u c h  as th e  h y d r o x id e ,  f lu o r id e ,  a n d  

a q u o -c o m p le x e s .

He assum ed  th a t  in  th e s e  com p lexes  th e  d - o r b i ta ls  a re  s p l i t  b y  

th e  c r y s ta l  f ie ld  in to  fo u r  se ts

E ( d  ) = E (d  )x z  yz
= 0

E (d  g) =

2 2 )
X -y

= c

(4 .29)

w h e re  0 < b < c . T h e n  in  z e ro - f ie ld  th e  e ig e n s ta te s  a re

(4.30)

4  "  %2i- ¥  -  ¥

w h e re  a^ a n d  a^ a re  re a l.  T h e se  a re  th e n  p e r tu r b e d  b y  th e  s p in -  

H a m ilto n ia n , r e fe r r e d  to  th e  above  e n e rg y  ze ro  o f th e  fo rm ^ ^ ^
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" H  = 2 e ^ ( Y iH ^ S ^ n ' iH y S ^ n ^ H ^ S ^ ) . a ( s L s L s ^ S . b s 2 ^ c S ^  (4 .3 1 )

w h e re  y 2 a n d  y 2 a re  c o e f f ic ie n ts ,  re la te d  to  o r b i ta l  r e d u c t io n  fa c to r  a n d  

th e ir  v a lu e s  a re  a p p ro x im a te ly  u n i t y .  I f  th e  s ta te s  (4 .3 0 )  h a ve  e n e rg y  

s e p a ra t io n s  th a t  a re  la rg e  co m p a re d  w ith  th e  in te ra c t io n s  due  to  (4 .3 1 )  

th e n  th e  g - te n s o r  co m p o n e n ts  fo r  th e  th re e  K ra m e rs ' d o u b le ts  t u r n  o u t 

to  be

2 .  2 , . 2 , ,  _2 _ 3   ..
1 2 ' '

® I I  ^ 2 |y '2 ( 5a ^ - 3a 2 ) I ,  = Y f  la ,a

:22 = 2 |y '2 (5 a 2 -3 a ^ ) | .  (4 .3 2 )

In  a s u f f ic ie n t ly  s t r o n g  c r y s ta l  f ie ld  g ^^  “  2 y^  a n d  gj^ = 6y ^ .

G r i f f i t h  assum ed th a t  f o r  p la n a r  n d ^  co m p le xe s  o f h a e m o g lo b in ,

4" — 2
is  lo w e s t f o r  v e r y  la rg e  ze ro  f ie ld  s p l i t t in g s  ( a t  le a s t 10 cm ) .  T h is

v e r y  la rg e  z e r o - f ie ld - s p l i t t in g  m ig h t o r ig in a te  fro m  a d m ix tu re s  o f e x c ite d

c o n f ig u ra t io n s  fo r  w h ic h  S = 5 /2  ( in  p a r t ic u la r  [ n d ^ ( n + I ) s ]  a n d

[n d ^ ( n  + I ) p ]  b y  th e  in tra m o le c u la r  f ie ld )  o r  fro m  a d m ix tu re  o f s ta te s  o f 

5
nd  h a v in g  S -  3 /2  b y  th e  f ie ld  and  th e  s p in - o r b i t  c o u p lin g  in te r a c t io n s .

G r i f f i t h ,  a lso  p o in te d  o u t th a t  th e  z e r o - f ie ld - s p l i t t in g  m ig h t a r is e  fro m

p a r t ia l d e lo c a liz a t io n  o f d a n d  d e le c tro n s  in to  e m p ty  TT-orb ita ls  onyz  xz

th e  l ig a n d .

E x p e r im e n ta l m easu rem en ts  c a r r ie d  o u t on th e  a c id ic  f e r r i -

117 118h a e m o g lo b in  a n d  th e  c o r re s p o n d in g  f lu o r id e  co m p le xe s  ’ a g re e d  w ith  

th is  a n a ly s is  a n d  th e ir  e . p . r .  s p e c tra  gave  gj^ = 5 .90  a n d  g ^ ^  ~ 2 .5  w ith  

= 0 .9 8  a n d  y ^  < 1 .2 5 .
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I t  has  a lre a d y  been  p o in te d  o u t ,  in  s e c tio n  2 .2 .c ,  th a t  th e  

te rm  o f th e  f re e  n d ^  io n  can n e v e r  come lo w e s t in  e n e rg y  in  o c ta -

4
h e d ra l c o m p le x e s . H o w e v e r, in  p la n a r  c o m p o u n d s , G r i f f i t h  v e r y

4
in te r e s t in g ly  p o in te d  o u t th a t  n e a r to  t h e i r  c r o s s - o v e r  p o in t ,  th e

te rm  o f th e  t^ e  c o n f ig u r a t io n  can  becom e th e  g ro u n d  s ta te  f o r  a ra n g e  o f

A ( o r  lO D q ) v a lu e s .  A s  show n  in  F ig u re  ( 4 . 5 ) ,  a c r y s ta l  f ie ld  s p l i ts

4 4 4th e  te rm  in to  a lo w e r  a n d  an u p p e r  s e t o f le v e ls .  T h e se

a re  s e p a ra te d  b y  C ' , w h e re

C  = ------ —  (4.33)
/ Î 4 Î  ^ 1 4 / f  ^

T he  z e r o - f ie ld  in te r a c t io n s  th e n  le a d  to  K ra m e rs ' d o u b le ts  E ' ,M ^  = ± 

th e  lo w e r  o f th e  tw o  d o u b le ts ,  a n d  E " ,M ^  = ± th e  h ig h e r  in  e n e rg y .  

To  s e c o n d -o rd e r  p e r tu r b a t io n ,  th e  e n e rg ie s  o f th e  tw o  K ra m e rs ' d o u b le ts  

tu r n  o u t to  be

5(E^-E4>

2 ^2

5(E^-E4> 2 ( E 2- E 4

(4 .3 4 )

w h e re  E ^ , £ 2 » a n d  E^ a re  th e  e n e rg ie s  o f th e  ^ T ^ , 2 ’ ^A ^  te rm s ,

re s p e c t iv e ly .  I t  fo llo w s  fro m  (4 .3 4 )  th a t  th e  ~ -  \  d o u b le t  l ie s  lo w e r  

in  e n e rg y  i f  2 ( E 2"E ^ )  > 5 (E ^ -E ^ )  , a n d  th is  c o n d it io n  is  c le a r ly  s a t is f ie d  

n e a r th e  ( ^ A ^ - ^ T ^ )  c ro s s -o v e r  p o in t .  I t  is  n o t  s a t is f ie d  n e a r  th e  

( 4 t ^ _ 2 t ^ )  c r o s s -o v e r  p o in t .
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15B+10C-2A

10B+6C-A

< A : .

e '  , e "

Figure (4.5). First-order electrostatic, crystal-field and 
spin-orbit coupling energies of the sextet, 
quartet and doublet states
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T h e se  re s u lts  a re  show n  s c h e m a tic a lly  in  F ig u re  ( 4 . 6 ) .  T h e  

g ro u n d  d o u b le t  passes  fro m  b e in g  p u re  th r o u g h  b e in g  n e a r ly  p u re  

'^T^ a t th e  re g io n  o f  th e  d ia g ra m  w h e re  E " p a sse s  b e lo w  E ' , a n d  f in is h e s  

u p  as p u re  ^ T ^ . T h is  f ig u r e  h o ld s  th e  c lu e  to  u n d e rs ta n d in g  th e  c o m p li

ca te d  m a g n e tic  p ro p e r t ie s  o f th e se  s p e c ie s .

S e v e ra l a u th o rs  have  s tu d ie d  th e  th e rm a l e q u il ib r iu m  b e tw e e n  

h ig h - s p in  a n d  lo w -s p in  s y s t e m s . N i s h i d a  a n d  h is  c o w o rk e rs  

have  e x a m in e d , ( i )  h ig h  s p in ,  ( i i )  lo w  s p in ,  a n d  ( in )  com p lexes  n e a r to

5
th e  c r o s s -o v e r  p o in t  o f d i f f e r e n t  n d  s y s te m s  w ith  d i f f e r e n t  p o in t - g r o u p

s y m m e tr ie s . T h e ir  s tu d ie s  o f th e  e le c tro n  p a ra m a g n e tic  re s o n a n c e  s p e c tra

o f h ig h - s p in  co m p le xe s  c o v e r  th e  ra n g e  1000 ^  H 3000 g a u s s . S p e c tra

o f lo w - s p in  co m p le xe s  a re  o b s e rv e d  a t 3000 g a u s s , s p e c tra  o f co m p le xe s

n e a r to  th e  c r o s s -o v e r  p o in t  have  s ig n a ls  in  th e  ra n g e  1000 H ^  2700

g a u s s , a n d  a t a b o u t 3000 gauss. F o r  th is  la s t  ty p e  o f co m p le x  N is h id a

e t a l.  o b s e rv e d  th a t  as th e  te m p e ra tu re  is  lo w e re d , th e  r e la t iv e  in te n s it ie s

o f th e  d i f f e r e n t  a b s o rp t io n  re g io n s  ch a n g e  d ra m a t ic a l ly ,  b u t  t h e i r  r e s o n a n t

f ie ld  v a lu e s  do n o t c h a n g e . T h e  in te n s it ie s  o f th e  a b s o rp t io n s  a t a b o u t

3000 gauss  a re  n o t ic e a b ly  e n h a n ce d  w h e n  th e  te m p e ra tu re  is  lo w e re d .

T he  r e la t iv e  p o p u la t io n s  in  th e  h ig h  a n d  low  s p in  fo rm s  can be  o b ta in e d

fro m  in te n s i t y  m e a su re m e n ts  o f th e se  e le c tro n  p a ra m a g n e tic  re s o n a n c e  

123s p e c tra ,  a n d  s u c h  s tu d ie s  show  th a t  th e  p o p u la t io n  o f th e  lo w -s p in  

2
g ro u n d  s ta te  T ^  in c re a s e s  as th e  te m p e ra tu re  d e c re a s e s . A n  u p p e r  l im i t  

fo r  th e  f r e q u e n c y  o f f l ip p in g  b e tw e e n  th e  h ig h - s p in  a n d  lo w -s p in  fo rm s  

can be  o b ta in e d  w h e n  d is t in c t  e le c tro n  p a ra m a g n e tic  re s o n a n c e  s ig n a ls  a re  

o b s e rv e d  f o r  b o th  th e  ^A ^  and  ^T ^  s p e c ie s .
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A (1 ODq)

Figure (4.5). Schematic representation of the details of the
* 5cross-over in planar nd complexes. At

the left-hand side of the diagram the term energies
are ordered as in octahedral, O complexes. Under

* 6 I II 4 4the influence of A^ E + 2E , A^( T^) ->
e ' + e ", and e ' + 2e "
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4 .4 .b  "M IX E D -S P IN "  SYSTEM S

T h e  th e o re t ic a l tre a tm e n ts  o f m ix e d -s p in  sys te m s  w e re  

d e v e lo p e d  b y  H a r r is .  He assum ed th a t  th e  w ave  fu n c t io n  f o r  a n y

m ix e d -s p in  s y s te m  o r ig in a t in g  fro m  th e  z e r o - f ie ld  K ra m e rs ' d o u b le ts  o f

5
an n d  c o n f ig u ra t io n  c o u ld  be w r i t t e n  as a l in e a r  c o m b in a tio n  o f  th e  

tw e lv e  s e x te t ,  q u a r te t ,  a n d  d o u b le t te rm s , l is te d  in  T a b le  ( 4 , 1 ) .  T h e  

p re c is e  d e ta ils  o f H a r r is 's  c a lc u la t io n s  a re  to r tu o u s  a n d  c o m p lic a te d .

H is  p a p e rs ^ ^ ^  a re  65 pages  lo n g  a n d  th e  re a d e r  is  r e fe r r e d  to  th e m  fo r  

f u l l  d e ta i ls .  E ach  o f th e  tw o  co m p o n e n ts  o f th e  z e r o - f ie ld  d o u b le ts  does 

n o t m ix  w ith  th e  o th e r  in  th e  m ix e d -s p in  s y s te m , a n d  H a r r is  sh o w e d  th a t  

th e  tw o  s e ts  o f 12 x  12 m a tr ic e s  each fa c to r iz e  in to  l in e a r  c o m b in a tio n s

7

" i i  (4 .3 5 )

in v o lv in g  th e  seven  b a s is  fu n c t io n s  l is te d  u n d e r  th e  h e a d in g , "E  7 x 7  

m a tr ix "  sh o w n  in  T a b le  ( 4 . 1 ) ,  a n d  f u r t h e r  l in e a r  c o m b in a tio n s

Xy = (4 .3 6 )

l is te d  u n d e r  th e  h e a d in g  " e ' 5 x 5 m a tr ix "  in  th e  same T a b le .

T h e  d e g e n e ra c ie s  o f  th e se  tw e lv e  d o u b ly  d e g e n e ra te  l in e a r  

c o m b in a tio n s  s p l i t  u n d e r  an a p p lie d  m a g n e tic  f ie ld ,  a n d  c a lc u la t io n s  o f  

g - te n s o r  co m p o n e n ts  fo r  each o f  th e  l in e a r  c o m b in a tio n s , can  th e n  be  

c a r r ie d  o u t  u s in g  th e  g e n e ra l te c h n iq u e s  d e s c r ib e d  e a r l ie r .
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e " ( 7 x 7 )  m a t r ix

E" a" E "3 "

^ i |Ms G> | s r o ^ > |srD^> |M s G>

1 5 /2 i ^ A i - 5 /2 i

2 - 3 /2 i ^ A i 3/2 i

3 - 3 /2 0 ^ T i ' A , 3/2 0

4 3/2 1 ^ 1 ^E - 3 /2 - 1

5 - 1 / 2 - 1 ^ 1 1 / 2 1

6 - 1 / 2 1 1 / 2 - 1

7 1 / 2 0 ' ^ 2 - 1 / 2 0

E' ( 5 x 5 )  m a tr ix

E 'a ' E '3 '

^ i |Ms G> lsrOj^> |sro^> |M s G>

8 1 / 2 i ' A , - 1 / 2 i

9 1 / 2 0 'A z - 1 / 2 0

10 - 1 / 2 1 ^E 1 / 2 - 1

11 3/2 - 1 - 3 /2 1

12 - 1/ 2 - 1 ' ^ 2 ^E 1 / 2 1

T h e  24 b a s ic  s ta te s  in  th is  T a b le  can  be  la b e lle d  b y  w h e re  S

is  th e  to ta l s p in  o f  th e  s ta te ,  M ^ is  th e  z -c o m p o n e n t o f th e  to ta l  s p in ,  F 

is  th e  ir r e d u c ib le  re p re s e n ta t io n  o f th e  g ro u p  to  w h ic h  th e y  b e lo n g ,  a n d  

0 is  th e  co m p o n e n t o f th a t  r e p re s e n ta t io n .  C o m p le x  c o m p o n e n ts , 1, 0, 

and  - 1  w e re  u se d  fo r  th e  th r e e - fo ld  d e g e n e ra te  T^ re p re s e n ta t io n s .
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H a r r is  s h o w e d , fo r  te t ra g o n a l co m p le xe s , th a t  w h e n  th e  f ie ld  

is  p a ra l le l to  th e  m o le c u la r z -a x is  th e n  th e  g ^ ^ - fa c to r  a s s o c ia te d  w ith  

each o f  th e  seven  e ig e n fu n c t io n s  o f th e  E " s ta te s  is

g l l ( E " )  = |-1 0 a "^ + 6 b "^ + 6 c "  ^ -7 d " ^ + 3 e " ^ + 4 f" ^ -2 g " ^ |  (4 .3 7 )

w h e re  a " ,  b " , c e tc .  a re  th e  c o e f f ic ie n ts  a _ , J = 1 -7 , in  e x p re s s io n

( 4 .3 5 ) .  S im ila r ly ,  fo r  th e  f iv e  x^j e ig e n fu n c t io n s  o f th e  E' s ta te s ,  th e  

g ^^  v a lu e  is

g l l ( E ' )  = | - 2 h " ^ - 2 i " ^ + j" ^ - 5 & " ^ |  (4 .3 8 )

w h e re  h " ,  i " , . .  . .  e t c . a re  th e  c o e f f ic ie n ts  a _ , j = 8- 1 2 , in  e x p re s s io n

( 4 .3 6 ) .

H a r r is  a lso  d e d u c e d  th a t ,  f o r  te t ra g o n a l c o m p le x e s , th e  

c o r re s p o n d in g  e x p re s s io n s  fo r  p e rp e n d ic u la r  co m p o n e n ts  o f th e  g - te n s o rs  

a re  g iv e n  b y

g (E " )  = |2 Æ a "b "+ 2 /3 d "e "  + Æ " d " - / 2 f " g " + 2 g " ^ |  (4 .3 9 )

fo r  an  e le c tro n  in  an E " s ta te ,  a n d

g ^ (E ')  = |6 h " ^ + 4 i" ^ + /3 i" i" + 2 /3 ] " & "  I (4 .4 0 )

fo r  an  e le c tro n  in  an E* s ta te .
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T h e  m a g n itu d e s  o f th e  m ix in g  c o e f f ic ie n ts  (4 .3 5 )  a n d  (4 .3 6 )  

d e p e n d  on th e  p re c is e  d e ta ils  o f th e  s p in - m ix in g  p ro c e s s e s  so th a t  th e  

g -c o m p o n e n ts  o f th e  m ixe d  K ra m e rs ' d o u b le ts  can  v a r y  o v e r  a w id e  ra n g e  

o f v a lu e s .  T h e  g^^^ v a lu e  o f th e  tw e lv e  d o u b le ts  ra n g e  fro m  0 to  10.

A s  th e  te tra g o n a l f ie ld  p a ra m e te r  C ',  in  e q u a tio n  ( 4 .3 3 ) ,  is  

c h a n g e d , m ix in g  c o e f f ic ie n ts  in  (4 .3 5 )  a n d  (4 .3 6 )  c h a n g e , a n d  so , 

th e r e fo r e ,  do th e  s p in -m ix e d  g ^^  a n d  g^^ v a lu e s .  P lo ts  o f H a r r is 's  g ^ ^  

and  gj^ v a lu e s  fo r  th e  lo w e s t s p in -m ix e d  K ra m e rs ' d o u b le t  v e rs u s  C ' a re  

show n  in  F ig u re s  (4 .7 a )  a n d  ( 4 .7 b ) .  T h e se  f ig u r e s  e f fe c t iv e ly  show  how  

s p in -m ix in g  a lte r s  g ^^  a n d  gj^ v a lu e s  o f th is  d o u b le t .  T h e  v a lu e  o f

I - 1
g f l  = 3 .3 0  a t th e  lo w -s p in  e n d  o f F ig u re  ( 4 .7 a ) ,  w h e re  C = 2000 cm ,

r e f le c ts  th e  fa c t  th a t  in  th is  re g io n  th e  g ro u n d  s ta te  is  a p u re  d o u b le t

2 2b u t  c o n ta in s  some o f th e  c h a ra c te r  o f E a n d  B s ta te s , i . e .  th e

c o e f f ic ie n ts  f "  a n d  g " in  e q u a tio n  (4 .3 7 )  a re  la rg e .  T h e  v a lu e  o f gj^ a t

th is  re g io n  is  1 .02  due  to  th e  la s t  tw o  te rm s  in  e q u a tio n  ( 4 .3 9 ) .  W hen

6 3
C' in c re a s e s , in c re a s in g  m ix in g  o f th e  A ^  ( - ^ )  s ta te  th e n  ta k e s  p la c e , 

i . e .  c o n t r ib u t io n  fro m  th e  te rm s  in  b "  in  e x p re s s io n s  (4 .3 7 )  a n d  (4 .3 9 )  

th e n  in c re a s e s . |g ^ ^ |  th e n  in c re a s e s  to w a rd s  th e  ^A ^  ( ±-|) v a lu e  o f 6 , 

w h e re a s  th e  c o m b in e d  e f fe c ts  o f ch a n g e s  in  th e  v a lu e s  o f a" a n d  b "  in  

(4 .3 9 )  cause th e  g ^  v a lu e  to  d im in is h  a n d  a p p ro a c h  th e  v a lu e  o f ze ro  in  

th e  l im i t  fo r  th e  p u re  ^A ^  ( ±|-) s ta te . I t  s h o u ld  be n o te d  th a t  in  th e  

s p in -m ix e d  re g io n ,  H a r r is 's  c a lc u la t io n s  in d ic a te  th a t  fo r  th e  g ro u n d  s ta te  

th e  g ^^  v a lu e  f o r  a s e x te t -d o u b le t  s p in -m ix e d  s ta te  v a r ie s  fro m  3 to  6 

and  g ^  fro m  1 to  z e ro . H a r r is 's  c a lc u la t io n s  a lso  p r e d ic t  m uch  la r g e r  

z e r o - f ie ld - s p l i t t in g s  in  th e  s p in -m ix e d  re g io n  th a n  th o se  th a t  a re  e n c o u n t

e re d  f o r  th e  c o r re s p o n d in g  h ig h - s p in  c o m p o u n d s , a n d  lo w e r  v a lu e s  th a n  

e n c o u n te re d  f o r  th e  c o r re s p o n d in g  lo w -s p in  c o m p o u n d s .
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4. 5 E LE C T R O N  P A R A M A G N E T IC  R ESO N AN C E D A T A  FO R  Ru^'*' 

C O M PLEXES

E le c tro n  p a ra m a g n e tic  re s o n a n c e  m e thods  do n o t seem to  h a v e

33b een  u se d  to  s tu d y  th e  e le c tro n ic  s t r u c tu r e  o f th e  o n ly  r e p o r te d  h ig h -

s p in  R u ^ ^  c o m p le x , N H ^ [ R u N O C .

1 + Q1 Q'R 94 99—105
A l l  e . p . r .  s tu d ie s  o f R u  c o m p le xe s , r e p o r te d  ’ ’ ’

5in  th e  l i t e r a tu r e  a re  lo w -s p in  4d s y s te m s , a n d  th e re fo re  t h e i r  e . p . r .

p r o p e r t ie s  a re  c o v e re d  b y  th e  th e o ry  in  se c tio n  4 .3 . F o r  some co m p le xe s

w hose p o in t  g ro u p  s y m m e tr ie s  a re  lo w e r  th a n  o c ta h e d ra l, f o r  e x a m p le ,

some o f th e  co m p le xe s  w ith  s u l fu r - c h e la te s , 3~ d ik e to n e s , o x im e s ,^ ^ ^

102
o r  a m in e s , th e  e x p e r im e n ta l d a ta , w h e n  com b in e d  w ith  th e  e x p re s s io n s  

m e n tio n e d  in  ( 4 .3 )  y ie ld  tw o  a c c e p ta b le  s o lu t io n s  f o r  th e  e le c tro n  d i s t r i 

b u t io n s  in  th e  g ro u n d  s ta te .

( i )  T h e  h o le  is  in  th e  d ^ ^  o r b i ta l .  F ig u r e  ( 4 . 3 ) ;  a n d  is

la rg e ,  i . e .  A ' > , c o r re s p o n d in g  to  a " la rg e  d is to r t io n " .  T h is

s o lu t io n  r e q u ir e s  I g | < | g  I, I g I a n d  g is  p o s it iv e ,  g , g a re  
^  '^ z z  ' "= 'xx ' '^ y y  ' zz ^  ^ x x  ^ y y

n e g a t iv e .

( i i )  T h e  ho le  is  in  a l in e a r  c o m b in a tio n , + ^ d  ± id  ) a n d  A ' /  E „^  x z  y z  n i t

is  s m a ll, c o r re s p o n d in g  to  a " v e r y  sm a ll d is to r t io n " .  T h is  s o lu t io n

r e q u ir e s  Ig^z  l> iê x x  I ’ l ^ y y  I ® zz ’ ^ x x ’ ^ y y  n e g a t iv e .

T a b le  ( 4 .2 )  show s th e  v a lu e s  o f 1 1, 1 g 2 1 » 1 §3  1 3 "  > a n d  C " f o r  some

R u ^ ^  co m p le xe s . T a b le  (4 .3 )  show s th e  c o r re s p o n d in g  v a lu e s  o f  k ' ,

A' /E g , V " /E  0 , a n d  E /Ç  . ,  c f .  s e c tio n  4 .3 . 
n  X/ n  A/ n x>
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V e ry  few  re p o r te d  e . p . r .  s p e c tra  o f com p lexes  show

h y p e r f in e  s p l i t t in g  p a t te rn s .  H o w e v e r , an e . p . r .  s p e c tru m  o f an

or A  ^ 2 ^ 3  c r y s ta l ,  c o n ta in in g  0.01% R u , e n r ic h e d  w ith  91% o f ^ ^ ^ R u , does

show  h y p e r f in e  s p l i t t in g s ^ ^ ^  as i l lu s t r a t e d  in  F ig u re  ( 4 . 8 a ) .  D i S im one*^^

m anaged  to  p re p a re  a sm a ll q u a n t i t y  o f ^ ^ ^R u  ( d e tc )  ^ ( de tcE  d ie t h y ld i t h io -

c a rb a m a te ) fro m  97% ^^^R u  e n r ic h e d  R u C j^ ^ .x H ^ O , a n d  th e  77K e . p . r .

s p e c tru m  o f  th is  co m p le x  e x h ib its  th e  h y p e r f in e  s p l i t t in g  p a t te r n  d u e  to

^ ^ ^ R u , sh o w n  in  F ig u re  ( 4 . 8 b ) .  T h e  s ix  p a ra l le l co m p o n e n ts  o f th e

s p e c tru m , d u e  to  ^ ^ ^ R u , I  = 5 / 2 ,  a re  c le a r ly  re s o lv e d .  H o w e v e r , th e

s ix  p e rp e n d ic u la r  co m p o n e n ts  a re  n o t .  D i S im one has e s tim a te d  th a t

= 38 ± 1 g a u ss  a n d  A^^ = 21 ± 3 g a u ss  fo r  th is  c o m p le x . T a b le  ( 4 . 4 )

l is t s  h y p e r f in e  p a ra m e te rs  fo r  s e v e ra l co m p le xe s  o f R u ^ ^ .

T h e  f re e  io n  v a lu e s ^ ^ ^  o f  < r ' a n d  y "  f o r  th e  R u ^ ^  io n ,  o f

6 .5  a n d  - 8 . 5  a . u .  r e s p e c t iv e ly ,  a re  o n ly  c o n s is te n t  w ith  th e  m e a su re d
A

A ^ ^  a n d  v a lu e s  f o r  R u ( d e t c ) ^  i f  B " > > A " ,  a n d  th e  r a t io  o f  ^ —  < 0,

a n d  th e  h o le  re s id e s  in  th e  d o r b i ta l  o f th e  c o m p le x . T h e se  c o n c lu s -x y  ^

ions  a re  c o n s is te n t  w ith  th e  p re s e n c e  o f la rg e  low  s y m m e try  d is to r t io n s  

in  th is  c o m p le x . T h e  e . p . r .  d a ta  y ie ld  an e s tim a te d  < r' v a lu e  o f 2 .7

a . u .  T h is  re p re s e n ts  a re d u c t io n  o f  60% fro m  th e  c o r re s p o n d in g  v a lu e

3+
o f th e  R u  io n ,  a n d  in d ic a te s  a c o n s id e ra b le  m e ta l- l ig a n d  in te r a c t io n .  

S p in - o r b i t  c o u p lin g  v a lu e s  a lso  d e p e n d  d i r e c t l y o n  < r' ^> , h e n ce  th e

e s tim a te d  < r' v a lu e  in d ic a te s  th a t  th e  ^ v a lu e  in  th is  co m p le x  is

-1 -1 a b o u t 480 cm c o m p a re d  w ith  th e  c o r re s p o n d in g  v a lu e  o f a b o u t 1250 cm

fo r  th e  f re e  io n .  T h e  n e g a tiv e  v a lu e  o f k " .  T a b le  ( 4 . 4 ) ,  y ie ld s  a v a lu e

o f y "  = + 3 . 84  a . u . ,  a n d  th is  p o s it iv e  p o la r iz a t io n  can o n ly  b e  o b ta in e d

i f  a v e r y  sm a ll a m o u n t o f d ir e c t  a d m ix tu re  o f 5s a n d  4d o r b i ta ls ,  c f .
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Figure (4.8a). Single crystal e.p.r. spectrum obtained from
a sample of a-A& 2 0 2 doped with 
to 91%, at 20.4°C

101Ru, enriched

250 gauss

# H

Figure (4.8b). E.p.r. spectrum of 101.Ru(detc) 2  at 77K, 
showing hyperfine splitting due to ^^^Ru
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p . 143 is  p re s e n t  in  o rd e r  to  o f fs e t  th e  r e la t iv e ly  sm all e f fe c t  o f d i r e c t  

p o la r iz a t io n  o f th e  in n e r  e le c tro n  b y  th e  u n p a ire d  va le n ce  e le c t ro n .

M ix in g  o f th is  k in d  is  a lso  a llo w e d  in  com p lexes  a n d  in  m ost c o m p le x e s  

o f lo w  s y m m e try .

3+ 94T h io l com p lexes o f R u  t u r n  o u t to  be  v e r y  c o v a le n t.  In

them  th e  u n p a ire d  e le c tro n  is  in  a m o le c u la r  o r b i ta l  co m p o u n d e d  fro m

lig a n d  g ro u p  o rb ita ls  a n d  th e  m e ta l io n  4 d ^ ^  o r b i ta l .  T h e  re d u c e d  

i-3v a lu e s  o f  < r > a n d  a n d  th e  a n is o tro p ic  c o v a le n t in te r a c t io n s ,  a re

n a tu r a l  co n se q u e n ce s  o f th e  e le c tro n  d e lo c a liz a tio n  in  th e se  c o m p le x e s .



-  C H A P T E R  F IV E  -

T H E  R E A C T IO N  OF S O L ID  "R U T H E N IU M  T R IC H L O R ID E " ,

R u C £ ^ .x H ^ O , A N D  S O L ID  B E N Z O IN , P h -C O -C H (O H )P h
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5 .1  INTRODUCTION

M ost o f th e  e . p . r .  w o rk  su m m a rize d  in  T a b le  ( 4 . 2 )  in v o lv e s  p o ly 

c r y s ta l l in e  s tu d ie s .  V e ry  fe w  h ig h ly  d e ta ile d  mag n e t ic a l ly - d i lu te  s in g le 

c r y s ta l  s tu d ie s  o f  R u ^  com p lexes  h a ve  b een  c a r r ie d  o u t ,  a n d  f o r  th is  

re a s o n  i t  was d e c id e d  to  exam ine  th e  re a c t io n s  o f R u ^ ^  w i th  s e v e ra l o x y -  

c h e la te s ,  and  th e n  w i th  th e  c o r re s p o n d in g  th io - c h e la te s . T h e  o x y -  a n d  

th io -c h e la te s  l is te d  in  T a b le  ( 4 , 2 )  m o s tly  in v o lv e  s ix -m e m b e r e d - r in g 

c h e la te s  a n d  f o r  t h is  re a s o n  i t  was d e c id e d  o r ig in a l ly  to  c o n c e n tra te  

a t te n t io n  on f iv e -m e m b e re d - r in g  c h e la te s , a n d  th e re fo re  on d e r iv a t iv e s  o f 

b e n z o in  a n d  th io b e n z o in .

S e v e ra l a tte m p ts  to  p re p a re  R u ^ ^ -c h e la te s  o f b e n z o in  a n d  i t s  

d e r iv a t iv e s  w e re  m ade , u s in g  s ta n d a rd  m e thods  in  w h ic h  b u f fe r e d  s o lu t io n s  

o f R u ^ ^  w e re  r e f lu x e d  w ith  th e  l ig a n d s .  T h e  R u ^ ^  s o u rc e  u s e d  was 

" ru th e n iu m  t r i c h lo r id e " ,  R u C ^ ^ . x H ^ O ,  p u rc h a s e d  fro m  " J o h n s o n -M a tth e y  

C h e m ic a ls " . T h e s e  s o lu t io n  te c h n iq u e s  s u r p r is in g ly  p ro v e d  to  be  q u ite  

u n s u c c e s s fu l a n d  so e v e n tu a l ly  th e  s o l i d " R u C x H ^ O " a n d  s o lid  b e n z o in , 

P h -C O C H O H -P h , w e re  f in a l ly  in t im a te ly  m ixe d  a n d  h e a te d  to g e th e r .  T h is  

p ro c e d u re  ca u se d  o b v io u s  re a c t io n s  to  ta k e  p la ce . A f t e r  a g re a t d e a l o f 

in v e s t ig a t io n  a t le a s t some o f th e  d e ta ils  o f these  re a c t io n s  w e re  e v e n tu a lly

u n ra v e l le d .  A s  i t  tu r n e d  o u t ,  th e y  c e r ta in ly  d id  n o t p ro d u c e  p a ra -  

3+m a g n e tic  R u  -c h e la te s  o f th e  k in d  o r ig in a l ly  e n v is a g e d . In s te a d ,

some r a th e r  co m p le x  s o lid  s ta te  re a c t io n s  to o k  p la c e , a n d  th e s e  fo rm  th e

s u b je c t  m a tte r  o f  th is  c h a p te r  o f th is  th e s is .  A  m ix tu re  o f te c h n iq u e s

1 13was u s e d  in  th is  w o r k ,  in c lu d in g  m ic ro a n a ly s is ,  H a n d  C n u c le a r  

m a g n e tic  re s o n a n c e  s p e c tro s c o p y , mass s p e c tro s c o p y , in f r a r e d ,  v is ib le -  

u l t r a - v io le t  s p e c tro s c o p y ,  e le c tro n  p a ra m a g n e tic  re s o n a n c e  s p e c tro s c o p y
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a n d  m a g n e tic  s u s c e p t ib i l i t y  m e a su re m e n ts . T h e s e  s tu d ie s  a n d  th e i r  

r e s u lts  w i l l  n ow  be c o n s id e re d .

5 .2  T H E  S O L ID  S T A T E  R E A C T IO N : T H E  E X P E R IM E N T A L

P R O C E D U R E

B e n z o in  ( l o 4 g ) ,  p o ta ss iu m  b ic a rb o n a te  ( 0 . 8 g ) ,  a n d  J o h n s o n -  

M a tth e y  C h e m ic a ls  " ru th e n iu m  t r ic h lo r id e " ,  R u C ^ ^ . x H ^ O , ( 0 . 2 5 g )  w e re  

in t im a te ly  m ix e d  a n d  th e n  h e a te d  c a r e fu l ly  a t 140°C  u n d e r  d r y  c o n d it io n s  

fo r  40 h o u r s . T h e  m ix tu re  was th e n  co o le d  a n d  th e  d a rk  b ro w n  re s id u e  

w a sh e d  w ith  h o t  h e x a n e  in  o rd e r  to  re m o ve  u n re a c te d  b e n z i l  th a t  fo rm e d  

in  th e  re a c t io n .  T h e  re s id u e  was th e n  e x t r a c te d  w ith  d ic h lo ro m e th a n e  

g iv in g  an  o l iv e -g re e n  s o lu t io n  e x t r a c t .  C h lo ro fo rm  c o u ld  a lso  be  u se d  

fo r  th is  e x t r a c t io n .  T h e  re s id u e  was th e n  f i l t e r e d  o f f  a n d  re je c te d ,  

a n d  th e  o l iv e -g r e e n  d ic h lo ro m e th a n e -e x tra c te d  f i l t r a t e  w as th e n  le f t  to  

a llow  th e  s o lv e n t  to  s lo w ly  e v a p o ra te  a w a y .  T h e  o l iv e -g r e e n  re s id u e  

re m a in in g  a f t e r  th is  e v a p o ra t io n  was th e n  c o lle c te d  a n d  p u r i f ie d  b y  

r e c r y s ta l l iz a t io n  s e v e ra l tim es  fro m  d ic h lo ro m e th a n e .

A  s o lu t io n  o f th e  p u r i f ie d  o l iv e -g re e n  s o lid  in  d ic h lo ro m e th a n e  

was th e n  f in a l ly  c h ro m a to g ra p h e d  u s in g  a co lum n  o f n e u t r a l  a lu m in iu m - 

o x id e  D . T h e  e lu a n t  was th e n  c o lle c te d  a n d  th e  d ic h lo ro m e th a n e  s o lv e n t  

e v a p o ra te d  to  y ie ld  an  o l iv e -g re e n  s o lid  w h ic h  sh o w e d  o n ly  one s p o t on 

a t . l . c .  p la te .

T h e  c a rb o n  a n d  h y d ro g e n  c o n te n t o f th is  o l iv e -g re e n  s o lid  

was d e te rm in e d  b y  m ic r o a n a ly s :s . T h e  ru th e n iu m  c o n te n t  w as e s tim a te d  

s p e c tro p h o to m e tr ic a l ly  as th e  y e llo w -o ra n g e  1, 1 0 -p h e n a n th ro le n a to
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++ 135
r u th e n iu m ( l l )  complex, [Ru(C^2^gN2^ 3 ^ ' Ru ( a c a c ) ^  as s ta n d a rd .

T h e  re s u lts  l is te d  in  T a b le  ( 5 . 1 )  a re  c o n s is te n t w ith  th e  e m p ir ic a l

fo rm u la  R u C ^ ^ H ^ 2 0 2 *  C o r re s p o n d in g  c a lc u la te d  p e rc e n ta g e  c o m p o s it io n s

b a se d  on th is  fo rm u la  a re  a lso  g iv e n  in  T a b le  ( 5 . 1 ) .

T a b le  ( 5 . 1 )

M ic ro a n a ly s e s  a n d  s p e c tro p h o to m e tr ic  r e s u l ts  o b ta in e d  fro m  

th e  o l iv e -g re e n  co m p o u n d , R u C ^^H

E lem en t C a lc u la te d  % F o u n d  %

C 79.33 80 .8

H 4.95 5. 2

R u 11.93 11 .30
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5 .3  T H E  P R O TO N  M A G N E T IC  R E S O N A N C E  SPEC TR U M  OF

O L IV E -G R E E N  R u C c / H „ _ 0 _
----------------------------------------5 6 -  4 2 —2

A  90 MHz ^H n u c le a r  m a g n e tic  re s o n a n c e  s p e c tru m  o b ta in e d  

fro m  a s o lu t io n  o f  R u C ^ ^H ^2 0 2  ^  C D C  2 ^ , re c o rd e d  on a P E R K IN -E L M E R

s p e c tro m e te r  o p e ra t in g  a t room  te m p e ra tu re ,  is  show n  in  F ig u re  ( 5 . 1 ) .

A n  e x p a n d e d  fo rm  o f th e  same s p e c tru m  is  show n  in  F ig u r e  ( 5 . 2 ) .

E x c e p t f o r  m in u te  a m o u n ts  o f  im p u r i t ie s  in  th e  o le f in ic  r e g io n ,

in  th e  ra n g e  5 .24 5,^ 5 . 5 ,  a n d  in  th e  a lip h a t ic  r e g io n ,  a t 6 ^ 1 . 3 ,  th e

o n ly  a b s o rp t io n s  in  th is  s p e c tru m  f a l l  in  th e  ch e m ica l s h i f t  ra n g e

6 . 4 . ^  6 ^  8 . 4 .  F u r th e rm o re ,  th is  s p e c tru m  c o n s is ts  o f s h a rp  re s o n a n c e  

s ig n a ls  s u p e r im p o s e d  on to p  o f a v e r y  b ro a d  b a c k g ro u n d  a b s o rp t io n .

In te g r a t io n  o f  th e  a ro m a tic  re g io n  o f  th e  s p e c tru m  e n a b le s  i t  

to  be  s u b d iv id e d  in to  tw o  m ain re g io n s ,  w hose  r e la t iv e  in te n s it ie s  a re  

1 : 2 . 5 ,  o r  a n y  m u lt ip le  o f th e se  v a lu e s , fo r  exam p le  12 :30 .  A l t e r n a t iv e ly  

th e  s p e c tru m  can  be d e s c r ib e d  as c o n s is t in g  o f a s h a rp  re g io n ,  decom po

sab le  in to  tw o  p a r ts  w hose re la t iv e  in te n s it ie s  a re  1 : 1 . 5 ,  th e  la t t e r  b e in g  

s u p e r im p o s e d  on a b ro a d  a b s o rp t io n  o f r e la t iv e  in te n s i t y  1, g iv in g  r is e  

to  th re e  re g io n s  w hose  re la t iv e  in te n s ité s  a re  12 : 18 : 12 .

T h e  e x p a n d e d  ^H n . m . r ,  s p e c tru m  in  F ig u re  ( 5 . 2 )  show s 

th e se  th re e  s e c tio n s  o f r e la t iv e  in te n s it ie s  1 : 1 . 5 : 1  b e t t e r ,  th e  f i r s t  tw o  

f ig u re s  r e f e r r in g  to  th e  s h a rp  re g io n  o f th e  s p e c tru m  a n d  th e  la s t  to  

th e  b ro a d  r e g io n .

S u p e r im p o s e d  on th e  b ro a d  b a c k -g ro u n d  m e n tio n e d  ab o ve  is  

th e  s h a rp  re s o n a n c e  fro m  C H C Jl^ in  th e  C D C il^  u se d  as s o lv e n t ,  a n d  

tw o a d d it io n a l s h a rp  s ig n a ls  in  th e  re g io n  7 ^ 6  ^ 7 .3  th a t  may be
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a s s ig n a b le  to  h ig h ly  c o n ju g a te d  o le f in ic  re s id u e s .

T h e  p ro to n  re s o n a n c e  s p e c tru m  show s th a t  a l l p ro to n s  in  th is  

c o m p o u n d  a re  a ro m a tic ,  o r  a re  m a in ly  a ro m a tic  a lo n g  w i t h  some h ig h ly  

c o n ju g a te d  o le f in ic  p ro to n s .  T h e  s h a rp  p a t te rn  in  th e  s p e c tru m , 

c o n s is t in g  o f th e  re g io n  o f th e  r e la t iv e  in te n s it ie s  o f  1 : 1 . 5 ,  is  e x a c t ly

th e  p a t te r n  e x p e c te d  fo r  th e  f iv e  p ro to n s  o f s ix  e q u iv a le n t  m ono

s u b s t i tu te d  p h e n y l re s id u e s  

c o n s t ru c te d  s te p w is e  in

I w hose  th e o r e t ic a l  s p e c tru m  is  

F ig u re  ( 5 . 3 ) .  P ro to n  ch e m ica l

^2 ' '^ 1
s h i f t s  a n d  c o u p lin g  c o n s ta n ts  e x tra c te d  fro m  th is  s p e c tru m  a re  l is te d  in  

T a b le  ( 5 . 2 ) .  T h e  b ro a d  u n d e r ly in g  re g io n  o f th e  n . m . r .  s p e c tru m  

m u s t a r is e  e ith e r  fro m  a f u r t h e r  tw e lv e  a ro m a tic  p r o to n s ,  o r  fro m  f u r t h e r  

a ro m a tic  p ro to n s  a n d  p ro to n s  fro m  a h ig h ly  c o n ju g a te d  o le f in ic  re s id u e  

th a t  is  a tta c h e d  to  th e  a ro m a tic  r in g s .

T a b le  ( 5 , 2 )

1
H ch e m ica l s h i f t s  a n d  H -H  c o u p lin g  c o n s ta n ts  o b ta in e d  fro m  th e  

s p e c tru m  o f th e  m o n o -s u b s t itu te d  p h e n y l re s id u e s

Hj. H,

C hem ica l s h i f t s  ( 6 ) C o u p lin g  c o n s ta n ts  ( H z )

7.945

7 . 530

H 7.464

J i 2=J23 8 .13  

J^3 1 .98
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5 =7 .945 6 =7.53 6^=7.464

s(«I \ 
t I

%

12

13 31

Figure (5.3)
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5 .4  TH E  N U C L E A R  M A G N E T IC  R E SO N AN C E SPEC TR U M  OF

O L IV E -G R E E N  R u C r / H ^ . O .
------------------------------------56— 42—2

F u l ly  d e c o u p le d  ^ ^ C - { ^ H } ,  p a r t ia l ly  d e c o u p le d  ^ ^ C - { ^ H } a n d  

13f u l l y  c o u p le d  C n u c le a r  m a g n e tic  re so n a n ce  s p e c tra  o f a s o lu t io n  o f

th is  co m p o u n d  in  C D C £ ^ ,  a re  show n  in  F ig u re s  ( 5 . 4 ) ,  ( 5 . 5 )  a n d  ( 5 . 6 ) ,

re s p e c t iv e ly ;  th e  s p e c tra  w e re  re c o rd e d  on a V A R IA N  100 n . m . r .

s p e c tro m e te r  o p e ra t in g  a t 25J6 MHz .  T hese  s p e c tra  show  q u ite  c le a r ly

th a t  c a rb o n y l g ro u p s  a n d  a ro m a tic  g ro u p s ,  p lu s  p o s s ib ly  h ig h ly

c o n ju g a te d  o le f in ic  re s id u e s ,  o n ly  a re  p re s e n t in  th is  co m p o u n d .

13 1
In  th e  f u l l y  d e c o u p le d  C -  { H } s p e c tru m  sh o w n  on F ig u re  ( 5 . 4 ) ,

13th e  r e la t iv e  in t e n s i t y  o f c a rb o n y l c a rb o n  to  o th e r  C s ig n a ls  tu r n s  o u t 

to  be  1 : ( 2 8 ± 1 ) ,  o r  2 : ( 5 6 ± 2 ) .  A lth o u g h  O v e rh a u s e r  e f f e c t s  can  s e r io u s ly  

in f lu e n c e  th e  e q u a t io n  o f in te n s it ie s  w ith  n u m b e rs  o f n u c le i in  su ch  

s p e c tra ,  n e v e r th e le s s  th e  r a t io  o f 2 : ( 5 6 ± 2 ) ,  w hen  c o n s id e re d  in  c o n ju n c t 

io n  w ith  th e  m ic ro a n a ly t ic a l r e s u lts ,  in d ic a te s  th a t  th e re  a re  tw o  c a rb o n y l 

re s id u e s  a n d  54 o th e r  c a rb o n  atom s in  th is  c o m p o u n d . F u r th e rm o re ,  on 

F ig u re  ( 5 . 6 )  th e  c a rb o n y l re g io n  c o n s is ts  o f tw o  p e a k s  s e p a ra te d  b y

3 .7  Hz w h ic h  c o lla p s e  in to  a s in g le  re so n a n ce  in  th e  ^ ^ C - { ^ H }  d e c o u p le d  

s p e c tra  on F ig u re s  ( 5 . 4 )  a n d  ( 5 . 5 ) .  T h e  two  c a rb o n y l c a rb o n s  a re  

th e re fo re  e q u iv a le n t ,  a n d  each in te r a c ts  w e a k ly  w i th  one  p ro to n  in  th e  

m o le c u le .

F ig u r e  ( 5 . 4 )  show s th a t  fo u r  d i f f e r e n t  ty p e s  o f c a rb o n  atom s 

c o n t r ib u te  to  th e  a ro m a tic  re g io n  o f th e  s p e c tru m , a n d  th e i r  r e la t iv e  

a b u n d a n c e s  a re  in  th e  ra t io s  1 :1 : 2: 2. F u r th e rm o re ,  one o f th e se  is  a 

t e r t ia r y - c a r b o n  atom  a n d  a ll o th e r  c a rb o n s  a re  a t ta c h e d  to  one h y d ro g e n
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a tom . A n  a d d it io n a l b ro a d  u n re s o lv e d  s p e c tru m  a lso  u n d e r l ie s  th e

a ro m a tic  c a rb o n  r e g io n ,  a n d  i t  m ay in d ic a te  th e  e x is te n c e  o f o th e r  

13a ro m a tic  C -a to m s , o r  e lse  a d d it io n a l h ig h ly  c o n ju g a te d  o le f in ic  c a rb o n  

a to m s ,

F ig u re  ( 5 . 7 )  is  an e x p a n d e d  v e rs io n  o f th e  a ro m a tic  re g io n  o f

13th e  C n . m . r ,  s p e c tru m  o f a n d  F ig u re  ( 5 . 8 )  sh o w s  how

i t  can  be re c o n s t ru c te d  fro m  a s u p e rp o s it io n  o f  th e  s p e c tru m  o f  e q u iv a 

le n t  m o n o -s u b s t itu te d  re s id u e s  o f th e  fo rm   ̂ ^

ch e m ica l s h i f t s  a n d  c o u p lin g
H 2 ' '  H i'

c o n s ta n ts  fo r  th e  p h e n y l re s id u e s  e x t r a c te d  fro m  F ig u r e  ( 5 . 8 )  a re  l is t e d  

in  T a b le  ( 5 . 3 ) .

T h e  m ic ro a n a ly t ic a l r e s u l t s ,  th e  n . m . r .  s p e c tru m , a n d  th e

13C n . m . r .  s p e c tru m  a ll in d ic a te  th a t  th e  fo rm u la  f o r  th is  s u b s ta n c e  is  

T^he m a g n e tic  re s o n a n c e  s p e c tra  show  th a t  th e  m o le cu le  

c o n ta in s  s ix  e f fe c t iv e ly  " e q u iv a le n t ” m o n o -s u b s t itu te d  p h e n y l re s id u e s
— ,H .  ,

'A  ' I w h e re  y  is  e i th e r  a c a rb o n y l g ro u p  o r  is  a c o n ju g a te d  

o le f in ic  s y s te m , o r  is  p o s s ib ly  a n o th e r  a ro m a tic  r e s id u e ,
" 2 '  Hf

w hose  m a g n e tic  re s o n a n c e  s p e c tra  a re  b ro a d e n e d  fo r  some re a s o n  o r  

13a n o th e r .  T h e  C n . m . r .  s p e c tru m  re v e a ls  th e  p re s e n c e  o f tw o

e q u iv a le n t  c a rb o n y l g ro u p s  in  th is  co m p o u n d . F u r th e rm o re ,  th e re  a re

n o  o th e r  fu n c t io n a l g ro u p s  p re s e n t  in  th e  o rg a n ic  fra g m e n ts  in  th is

1 13m o le c u le . B o th  th e  H a n d  C n . m . r .  s p e c tra  show  th a t  th e re  a re  

a d d it io n a l a ro m a tic , a n d  p o s s ib ly  h ig h ly  c o n ju g a te d  o le f in ic  re s id u e s  

p re s e n t  in  th is  s t r u c tu r e  a n d  th a t  t h e i r  s p e c tra  a re  b ro a d e n e d , 

p re s u m a b ly  b y  m o le c u la r m o tio n s  a t th e s e  s ite s  in  th e  m o le c u le , w h ic h
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Table ( 5 .3 )

ch e m ica l s h i f t s  a n d  c o u p lin g  c o n s ta n ts  f o r  th e  p h e n y l

re s id u e s o f  R u C r / H  c o m p o u n d

: c - Y 'H ,-C

H ;3

C -C h e m ic a l s h i f t s  (p p m ) C -  H C o u p lin g  c o n s ta n ts  ( Hz )

132.9 161.02

C ^=C 128. 9 C , - H 159.01

129.7 169.07

134.8 8 . 05

.05

. 05

10.06
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a re  s lo w  on th e  m a g n e tic  re so n a n ce  tim e  sc a le s . T h e se  b ro a d e n e d

re g io n s  in v o lv e  12 p ro to n s  and  18 c a rb o n s . T h e  b ro a d e n e d  re g io n  m ay

th e r e fo r e  be d u e  to  tw o  a d d it io n a l p h e n y l re s id u e s  p lu s  a n o th e r  s ix

c a rb o n s  w h ic h  w o u ld  n e e d  to  be h ig h ly  c o n ju g a te d  in  o r d e r  to  fa l l  in to

13th e  a ro m a tic  re g io n  o f C n . m . r .  s p e c tru m .

5 .5  T H E  IN F R A R E D  SPECTRUM  OF O L IV E -G R E E N  R u C r , H . _ 0 ^
 56— 42— 2

T h e  in f r a r e d  s p e c tru m  o f s o lid  R u C ^ ^ H ^ ^ O ^ , in  a K B r  d is c ,  

is  sh o w n  in  F ig u r e  ( 5 . 9 )  and  th e  w a v e n u m b e rs  a n d  th e  a s s ig n m e n ts  o f 

th e  p e a k s  in  th is  F ig u re  a re  l is te d  in  T a b le  ( 5 . 4 ) ;  th is  s p e c tru m  was 

re c o rd e d  on  a P E R K IN -E L M E R  580 in f r a r e d  s p e c tro m e te r .

F ig u re  ( 5 . 10 )  is  a l in e  d ia g ra m  o f th e  s u p e r im p o s e d  in f r a r e d  

a b s o rp t io n s  e x p e c te d ^ ^ ^  f o r ,  ( i )  a c a rb o n y l r e s id u e ,  ( i i )  a m ono

s u b s t i tu te d  p h e n y l r e s id u e ,  ( i i i )  an o le f in ic  re s id u e }^ ^ ^  a n d  ( i v )  an

a c e ty le n ic  re s id u e .  W hen th e  co m p o s ite  l in e  s p e c tru m  in  F ig u re

( 5 . 1 0 )  is  co m p a re d  w ith  th e  e x p e r im e n ta l s p e c tru m  show n  in  F ig u re  

( 5 . 9 )  th e n  th e  fo l lo w in g  p o in ts  become o b v io u s .

I  -  T h is  co m p o u n d  c o n ta in s  tw o  c a rb o n y l re s id u e s  w h ic h  a re  n o t  q u ite

e q u iv a le n t  in  th e  s o lid .  T h is  fo llo w s  because  tw o  v e r y  s t ro n g

-1  -1
a b s o rp t io n s ,  a t 1660 cm and  1680 cm a re  o b s e rv e d  in  th e  C = 0  s t r e tc h

re g io n ,  w h e re a s  o n ly  one s t ro n g  s h a rp  a b s o rp t io n  is  o b s e rv e d  a t 645 

-1
cm , th e  re g io n  a s s ig n e d  to  th e  0 = C -C  b e n d in g  v ib r a t io n a l m o d e ( s ) .

-  %
T h e  h ig h  in te n s i t y  o f th e  b a n d  a t 645 cm is  ca u se d  e ith e r  b y  a 

r e la t iv e ly  la rg e  c h a n g e  in  th e  e le c tr ic  d ip o le  m om ent d u r in g  th e  v ib r a t io n ,  

o r  b y  m ix in g  w ith  in -p h a s e ,  o u t -o f -p la n e  r in g  b e n d in g  m odes.
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Table ( 5 . 4 )

I n f r a r e d  d a ta , in  w aven  u m b e r , o f

— 2
b a n d , cm A s s ig n m e n t

3060( m ) , 3030( v w ) , 3010( v w ) m o n o -s u b s t itu te d  a ro m a tic

2 9 6 0 ( v w ) , 2930(m)  , 2860 ( vw) a l ip h a t ic  C -H  s t r e tc h in g

2 0 0 0 ( w ) , 1 9 7 5 ( w ) , 1 9 4 0 ( w )  
1 9 1 5 ( w ) , 1 8 2 0 ( w )  , 1780 ( w)

a ro m a tic  o v e r to n e  a n d  c o m b in a tio n  
b a n d s  o r  sum m ation  b a n d s  o f

1720 c o o rd in a te d  C E C s t r e tc h in g

1 6 8 0 ( v s ) ,  1660 ( vs ) C = 0  s t r e tc h in g

1 6 1 5 ( v w ) , 1595( v s ) , 1580(s) a ro m a tic  C=C q u a d ra n t  s t r e tc h in g

1505(m ) c o o rd in a te d  a lip h a t ic  C=C

1 4 9 0 ( m ) , 1 4 5 0 ( v s ) a ro m a tic  C=C s e m ic irc le  s t r e tc h in g

1400( w , b r  ) a l ip h a t ic  C -C -H  b e n d in g

1 3 2 5 ( m ) , 1 3 1 5 ( v w ) , 1 2 9 0 ( m )  
1250( v w ) , 1 2 1 5 (vs )

r in g - C  v ib r a t io n a l mode

1178(s ) , 1165 ( w) C - H  in -p la n e  a n d  r in g  d e fo rm a tio n  
+ C -C  s t re tc h in g

l l OO( m) C - O  s t r e tc h in g  
x H

C -C  in -p la n e  b e n d in g  + r in g -  
s e m ic irc le  s t r e tc h in g  + C -C  s t r e t c h 
in g

1 0 7 3 ( s ) , 1 0 2 5 ( m)

lOOO(s)

970( w , b r ) , 940(m)  , 875( v s ) , 
850( v w ) , 795( s ) , 7 6 5 ( m , b r ) ,  
7 2 0 ( v s )

6 9 7 ( v s ) , 680(s)

r in g  d e fo rm a tio n
/ H

o u t - o f - p la n e  C -C  b e n d in g ,  f iv e  
a d ja c e n t H -w a g in g  + c o n ju g a t io n

o u t - o f - p la n e  C -C  in -p h a s e  
b e n d in g

[ c o n t d . ]
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T a b le  ( 5 . 4 )  c o n td ,

b a n d ,  cm ^ A s s ig n m e n t

6 4 5 ( v s ) , 6 l 8 ( w ) ,  595(w)

580( w ) , 570(w)  , 5 4 0 ( w , b r )

468(m)  , 4 6 0 ( v w ) , 420 ( w)  
3 3 5 ( m ) , 2 7 5 ( s )

t
. C

C \ 0  b e n d in g

R u -C ,  R u - r in g  s t r e tc h in g  

r in g  d e fo rm a tio n

s = s t r o n g ;  w = w e a k ; m = m ed ium ; v s  = v e r y  s t r o n g ;  

v w  E v e r y  w e a k ; b r  E b ro a d .
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I I  -  M o s t o f th e  o th e r  p e a ks  in  th e  o b s e rv e d  i . r .  s p e c tru m  a r is e  fro m

w e ll-d o c u m e n te d  a b s o rp t io n s  th a t  a re  c h a ra c te r is t ic  o f m o n o -s u b s t i tu te d

p h e n y l re s id u e s .  A b s o rp t io n s  th a t  can  be so a s s ig n e d  a re  d e n o te d  b y

( ^ )  in  F ig u re  ( 5 . 9 ) .  I n f r a r e d  a b s o rp t io n  p e a ks  w ith in  th e  ra n g e  

-1
3000 4 - ^ 4 -  3100 cm a r is e  fro m  C -H  s t r e tc h in g  v ib r a t io n s  o f th e s e  m ono

s u b s t i tu te d  p h e n y l re s id u e s , a n d  th is  re g io n  o f th e  s p e c tru m  in d ic a te s

th a t  R u C r / H . c on t a i ns  s e v e ra l s u c h  re s id u e s . T h is  d e d u c t io n  is  
5b 2

c o n s is te n t  w ith  th e  o b s e rv a t io n  th a t  w i th in  th e  re g io n  1750 ^  G ^  2000 

- 1
cm th e re  a p p e a r to  be tw o  s e ts  o f f o u r  p e a ks  o f th e  k in d  n o rm a lly  

o b s e rv e d  as "su m m a tio n  b a n d s "  a s s o c ia te d  w ith  a m o n o -s u b s t i tu te d  p h e n y l 

r e s id u e ,  a g a in  im p ly in g  th e  p re s e n c e  o f tw o  m a jo r ty p e s ,  a t le a s t ,  o f  

m o n o -s u b s t i tu te d  p h e n y l re s id u e  in  th is  co m p o u n d .

W hen a ll th e  i . r .  a b s o rp t io n s  a s s ig n e d  to  C = 0 ,  C = C -C = 0 , a n d  

to  a re  s u b tra c te d  fro m  F ig u r e  ( 5 . 9 )  th e n  th e  p e a k s  la b e lle d  ( * )

re m a in , a n d  w h e n  a t te n t io n  is  fo c u s s e d  on th e s e  th e n  th e  fo l lo w in g  

d e d u c t io n s  e m erge .

- 1
( i )  A b s o rp t io n s  in  th e  ra n g e  2860 ^ o 4  3960 cm a re  a s s ig n e d  to  

a lip h a t ic  a n d  c o n ju g a te d  o le f in ic  C -H  s t r e tc h in g  m odes o f v ib r a t io n ,

_ I
( i i )  T h e  p e a k  a t 1720 cm , a n d  th e  n e a rb y  s h o u ld e r ,  m ay in d ic a te

t
h P h '
\ C = C ^  in  th is

R u  f r e e

- 1
d ip h e n y la c e ty le n e  is  fo u n d  a t 1945 cm , a n d  th is  a b s o rp t io n  s h i f t s  to

lo w e r  f r e q u e n c y  w hen  th e  t r ip le  b o n d  is  c o o rd in a te d  to  a t r a n s i t io n -

m e ta l io n .  T h e  t r ip le  b o n d  is  th e n  e f fe c t iv e ly  re d u c e d  to  a d o u b le  b o n d ,

and  th e  C=C a b s o rp t io n  is  th e n  fo u n d  b e tw e e n  1700 ^  o ^  1800 

M
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- 1
( i i i )  T h e  b a n d  o f  m edium  in te n s i t y  in  F ig u re  ( 5 . 9 )  a t 1505 cm is  

a s s ig n e d  to  a C=C re s id u e ,  o r  to  a c o n ju g a te d  C=C re s id u e ,  c o o rd in a te d  

to  r u th e n iu m ,  C = C . A  f re e  o le f in ic  C=C s t r e tc h in g  m ode a b s o rb s  a t 

(1640±50) cm w h e re a s  s t r e tc h in g  modes o f C=C re s id u e s  c o o rd in a 

te d  to  a t r a n s it io n - m e ta l io n  a re  k n o w n  to  a b s o rb  in  th e  ra n g e

1500 ^  0 ^  1565

- 1
( i v )  T h e  w e a k  i . r .  a b s o rp t io n  a t 1400 cm c o n f irm s  th e  p re s e n c e  o f  an

yH
a lip h a t ic  C -H  re s id u e :  th e  a b s o rp t io n  is  a s c r ib e d  to  an a l ip h a t ic  C -  C

b e n d in g  mode o f  v ib r a t io n .

- 1
( v )  W eak b a n d s  a t 580,  570, a n d  540 cm in  F ig u r e  ( 5 . 9 )  m u s t come 

fro m  m e ta l- l ig a n d  m odes o f v ib r a t io n .  T h e y  im p ly  th a t  s e v e ra l k in d s  o f 

l ig a n d s  a re  p re s e n t  in  th is  co m p o u n d .
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5 .6  TH E  E LE C T R O N  IM P A C T  MASS SPECTRUM  OF O L IV E -G R E E N  

^ 5 6 « 4 2 ° 2

1 13T h e  m ic ro a n a ly t ic a l r e s u lts ,  th e  H a n d  C n u c le a r  m a g n e tic  

re s o n a n c e  s p e c t ra ,  a n d  th e  in f r a r e d  s p e c tru m  o f th is  c o m p o u n d  a re  a ll 

c o n s is te n t ,  in  th a t  th e y  show  th a t  i t s  l ig a n d s  c o n ta in ,

( i )  tw o  c a rb o n y l re s id u e s ,

( i i )  a t le a s t s ix ,  a n d  p o s s ib ly  e ig h t ,  m o n o -s u b s t i tu te d  p h e n y l re s id u e s ,  

a n d

( i i i )  a f u r t h e r  s ix  a d d it io n a l c a rb o n  atom s w h ic h  m u s t be  a ro m a tic  o r  

e lse  m u s t fo rm  p a r t  o f an e x te n d e d  c o n ju g a te d  s y s te m .

T h e re  a lso  a p p e a r to  be some a lip h a t ic  p ro to n s  in  t h is  s u b s ta n c e . T h e  

in f r a r e d  s p e c tru m  o f th is  com pound  is  a lso  c o n s is te n t  w i th  th e  p re s e n c e  

o f an  a c e ty le n ic  a n d  a c o n ju g a te d  o le f in ic  re s id u e  in  th is  m o le c u le , a n d  

b o th  o f  th e s e  m u s t be c o o rd in a te d  to  th e  m eta l io n .  F u r th e rm o re ,  th e  

in f r a r e d  s p e c tru m  show s th a t  th e  c a rb o n y l re s id u e s  a re  n o t c o o rd in a te d  

to  th e  ru th e n iu m  io n .

T h e  m ass s p e c tru m  c ra c k in g  p a t te r n ,  r e c o rd e d  on a K R A T O S  

MS 12 mass s p e c tro m e te r ,  is  show n in  T a b le  ( 5 . 5 ) .  I t  e n a b le s  a n u m b e r o f

m o le c u la r fra g m e n ts  to  be  id e n t i f ie d  and  w h e n  a ll th e  b i t s  a n d  p ie ce s  o f

th e  jig s a w  p u z z le  a re  p u t  to g e th e r ,  th e  s t r u c tu r e  o f  th is  co m p le x  is

d e d u c e d  to  be
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P h , _ _ ^ P h

Ru

PhPh

0

T h e  p e a k  o f h ig h e s t  mass n u m b e r  in  T a b le  (5 .5 )  b e lo n g s  to  

th e  f ra g m e n t fo r  w h ic h  th e  r a t io  m /e  = 670. T h is

f ra g m e n t loses  i t s  ru th e n iu m  atom to  g iv e  ± 2 H }^ ,

m /e  = 566 ± 2 a n d  th is  can  f ra g m e n t b y  fo u r  p o s s ib le  r o u te s .  A s  sh o w n  

in  F ig u re s  (5 .1 1 )  and  ( 5 .1 2 ) ,  th e  f i r s t  r o u te ,  ( I ) ,  s ta r ts  w i t h  th e  lo s s  

o f  [P h C O ] to  g iv e  a r e la t iv e ly  in te n s e  p e a k  in  th e  s p e c tru m  th a t  a r is e s  

fro m  { [ C yH ^O ] ± 2 H }^ , m /e  = 105 ± 2, a n d  a n o th e r  m u ch  le s s  a b u n d a n t 

p e a k  d u e  to  ± 2 H }^ , m /e  = 461 ± 2. T h is  la s t  f ra g m e n t

th e n  decom poses f u r t h e r ,  as sh o w n  in  F ig u re  ( 5 .1 1 ) ,  to  p ro d u c e  

{ [ C 28H 2 0 ] ± 2 H }^ , m /e=356 ± 2, a n d  ± 2H }"", m /e  = 178 ± 2,

r e s p e c t iv e ly .  T h is  la s t  f ra g m e n t is  id e n t i f ie d  as [P h C C P h ]

T h e  d e co m p o s itio n  p a t te r n  o f d ip h e n y la c e ty le n e  is  w e ll d o c u m e n - 

141
te d  in  th e  l i t e r a tu r e ,  a n d  i t  is  k n o w n  th a t  in s id e  th e  m ass s p e c tro 

m e te r i t  decom poses to  y ie ld  th e  fo l lo w in g  fra g m e n ts ,  

m /e  = 152; [C ^ H g ]^ ,  m /e  = 89; m /e  = 76;6 4' 5 3
m /e  = 63; [C ^ H ^ ] , m /e  = 51. T h e  mass s p e c tru m  o f th e  o l iv e - g re e n

R u C g ^ H ^ 2 ^ 2 ' ( 5 . 5 ) ,  show s th e  p re s e n c e  o f a ll o f  th e s e  f ra g m e n ts
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as r e la t iv e ly  in te n s e  b a n d s  a t r a t io s  m /e  = 178 ± 2 (P a re n t  P h C C P h ) 

a n d  a t 152 ± 2 ,  89 ± 2, 77 ± 2, 63 ± 2, a n d  51 ± 2, r e s p e c t iv e ly .

T h e  s e c o n d  m ost in te n s e  p e a k  o f th e  mass s p e c tru m  o f th e  o l iv e -g re e n  

R u C ^ ^ H ^ 2 (^ 2 ' fo u n d  a t m /e=77 ± 2, a n d  th e  t h i r d  m ost in te n s e  p e a k  

a t 51 ± 2. T h e  fra g m e n t { [C .^H ^O ] ± 2 H }^ , m /e  = 105 ± 2 decom poses 

to  g iv e ,  m /e  = 89 ± 2 a n d  th is  in  i ts  t u r n  decom poses to  g iv e  f i r s t  

{ [C ^ H  ] ± 2 H }" ',  m /e  = 77 ± 2, a n d  th e n  ± 2H}"^, m /e  = 51 ± 2 .^ ^ ^

T h e  second  d e c o m p o s itio n  r o u te  a v a ila b le  to  -  2 H }^ ,

m /e  = 566 ± 2, ro u te  ( I I )  in  F ig u re s  (5 .1 1 )  a n d  (5 .1 2 )  g iv e s  r is e  to  tw o

fra g m e n ts  ± 2 U Ÿ , m /e  = 372 ± 2, a n d  { [ C ±  2 H } ,

m /e  = 194 ± 2. T h e  f i r s t  o f th e se  lo se s  [P h C O ] ^ to  g iv e  ±2H

m /e  = 267 ± 2, a n d  th e n  { [ C ±  2 H }^ , m /e=178 ± 2 w h ic h  f ra g m e n ts

f u r t h e r ,  as a lre a d y  d e s c r ib e d .  T h e  se co n d  fra g m e n t m /e=194 ± 2,

p ro d u c e s  { [C ^ H g O ] ± 2 H }^ , m /e  =105 ± 2, w h ic h  fra g m e n ts  as d e s c r ib e d  

a b o v e .

T h e  mass s p e c tru m  o f R u C ^g H ^^O ^  has a r e la t iv e ly  in te n s e  

p e a k  th a t  is  a s s ig n e d  to  a fra g m e n t { [C ^ ^ H ^ g O ^ ] ± 2 H m / e = 2 1 0  ± 2.

I t  is  b e lie v e d  th a t  th is  is  p ro d u c e d  b y  a s k e le ta l- r e a r  ra n g e m e n t in v o lv in g  

th e  f ra g m e n t { [C ^ ^ ^ g g O ^ ]  ± 2H m /e=566 ± 2, as show n  in  ro u te  ( I I I )  

on F ig u re s  (5 .1 1 )  a n d  ( 5 .1 2 ) ,  w h ic h  th e n  fra g m e n ts  to  p ro d u c e

± 2 R Ÿ , m /e  = 356 ± 2 a n d  {P h C O C O P h ] ± 2 H } ‘", m /e  = 210 ± 2.
CO c,\)

T h is  la s t  f ra g m e n t is  e s s e n t ia l ly  an io n  o f b e n z i l ,  o r  o f a re d u c e d  b e n z i l

142
a n d  b o th  o f  th e s e  a re  k n o w n  to  u n d e rg o  a s k e le ta l- re a r ra n g e m e n t 

in s id e  th e  m ass s p e c tro m e te r  { [ C ±  2 H } , m/ e  = 181 ± 2;



194

{ [C ^ g H ^ ]  ± 2 H }, m /e  = 165 ± 2; a n d  ± 2 H ]" ',  m /e  = 152 ± 2, th is

142la s t  b e in g  th e  b ip h e n y le n e  ra d ic a l.  T h is  d e c o m p o s it io n  ro u te  is  a m in o r

one f o r  th e  o l iv e -g re e n  s o lid ,  b u t  n e v e r th e le s s  i t  is  th e r e ,  a n d  i t  is  

im p o r ta n t  in  p r o v id in g  in fo rm a t io n  a b o u t i t s  s t r u c tu r e .  O th e r  in v e s t ig a t 

o rs  s h o w e d ^ ^^  th a t  th e  p ro to n s  th a t  a re  lo s t  in  th e  la s t  s te p  o f th is  p ro c e s s  

come s p e c if ic a l ly  fro m  th e  o r th o  p o s it io n s  o f th e  m o n o -s u b s t itu te d  p h e n y l 

r in g  s y s te m s . T h e  second  f ra g m e n t { [C ^ g H ^ g ] ± 2 H }^ , m /e  = 356 ± 2 t h a t  

is  p ro d u c e d  in  r o u te  ( I I I )  f ra g m e n ts ,  as a lre a d y  d e s c r ib e d  a b o ve .

T h e  f o u r t h  d e co m p o s itio n  m echan ism  a v a ila b le  f o r  b re a k in g -d o w n  

± 2 H }^ ,  m /e  = 566 ± 2, r o u te  ( I V )  in  F ig u re s  (5 .1 1 )  a n d  

(5 .1 2 )  in v o lv e s  a f u r t h e r  s k e le ta l- re a r ra n g e m e n t th a t  p ro d u c e s  th e  " d im e r ic "

+ .II{ [C ^ g H ^Q O ] ± 2 H } , m /e  = 388 ± 2 w h ic h  fra g m e n ts  to  fo rm  "m o n o m e ric '

{ [C ^ ^ H ^ g O ] ± 2 H }^ , m /e  = 194 ± 2 w h ic h  th e n  b re a k s  d o w n , as a lre a d y

d e s c r ib e d  a b o v e . T h e  "d im e r ic "  f ra g m e n t,  m /e  = 388 ± 2 a lso  g iv e s  r is e

to  -  2 H }^ , m /e  = 283 ± 2, b y  lo ss  o f [P h C O ] a n d  f u r t h e r

d e c o m p o s it io n  o f th is  f ra g m e n t th e n  g iv e s  r is e  to  tw o  f ra g m e n ts ,

m /e  = 105 ± 2 a n d  m /e  = 178 ± 2, o r  a n o th e r  f ra g m e n t { [C ^ ^ H ^ g O ] ± 2 H }^ ,

m /e  = 194 ± 2 b y  lo ss  o f [P h C O ] T h is  th e n  fra g m e n ts ,  b y  lo ss  o f  a

p h e n y l g ro u p  to  g iv e  { [C g H ^ O ] ± 2 H } , m /e  = 117 ± 2. B y  c le a v a g e  o f  a

p h e n y l g ro u p  th e  f ra g m e n t 't t^ 2 8 ^ 2 G ^ 2 ^  ± 2 H } , m /e  = 388 ± 2 g iv e s  r is e

to  a n o th e r  f ra g m e n t "^ [^ 2 8 ^ 1 5 ^ ^  + 2 H } , m /e  = 311 + 2, w h ic h  a lso

p ro d u c e s  f ra g m e n ts ,  m /e  = 194 ± 2, a n d  m /e  = 117 ± 2.

1 13T h e  m ic ro a n a ly s is  r e s u l t s ,  th e  H a n d  C n u c le a r  m a g n e tic  

re s o n a n c e  s p e c tra ,  th e  in f r a r e d  s p e c tru m  a n d  th e  e le c tro n  im p a c t m ass 

s p e c tru m  o f th e  o liv e -g re e n  ah  c o n s is te n t w i th  th e
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a s s ig n m e n t o f th e  m o le c u la r  s t r u c tu r e

to  th is  co m p o u n d . I t  s h o u ld  be u n d e rs to o d  th a t  th e  a d d it io n a l tw o  

h y d ro g e n  atom s in  th is  fo rm u la  b e lo n g  to  th e  s e v e ra l ta u to m e r ic  fo rm s  

o f th e  l ig a n d  [ H 2P h C O (C P h ) ^ C O P h ]. T h is  fo rm u la  a c c o u n ts  f o r  th e  

w eak  s h a rp  OH a n d  C -O  p e a ks  o b s e rv e d  in  th e  in f r a r e d  s p e c tru m  o f  th e  

s o lid  R u C ^ ^ H ^ 2 ^ 2 ' ( 5 . 9 ) ,  p ro v id e d  th a t  in  th e  s o lid  th e  ta u to 

m e ric  e q u il ib r iu m

P h  Ph

P

is  v e r y  m uch  o v e r  to  th e  le f t - h a n d - s id e  in  fa v o u r  o f th e  d ik e to n e  fo rm .
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5 .7  TH E  M A G N E T IC  P R O P E R T IE S  OF O L IV E -G R E E N

T h e  mass d if fe re n c e s  o b s e rv e d  in  a G ouy  s u s c e p t ib i l i t y  

e x p e r im e n t c a r r ie d  o u t on s o lid  R u C c o r r e s p o n d i n g  mass 

c h a n g e s  fo r  th e  s ta n d a rd ,  m e rc u ry  te t ra th io c y a n a to  c o b a l t ( I I )  , 

H g C o (S C N )^ ,  a re  l is te d  in  T a b le  ( 5 .6 ) .  T h e  a p p a ra tu s  w as c h e c k e d  

b y  d e te rm in in g  th e  m a g n e tic  s u s c e p t ib i l i t y  o f  s o lid  fe r r o u s  am m onium  

s u lp h a te  h e x a h y d ra te ,  F e S O ^ (N H ^ ) ^S O ^. 6H 2O , a n d  was fo u n d  to  b e  in  

p e r fe c t  w o rk in g  o rd e r .

A s  show n  in  T a b le  ( 5 . 6 ) ,  a sm a ll n e g a t iv e  mass c h a n g e  is  

o b s e rv e d  fo r  p o w d e re d  R u C ^ ^ H ^ 2 0 2 ’ th is  was u se d  to  c a lc u la te  th e

g ram  s u s c e p t ib i l i t y  o f  th is  co m p o u n d  b y  means o f th e  r e la t io n s h ip  ( 5 .1 )

w h e re , Xg^ th e  g ram  s u s c e p t ib i l i t y  o f s ta n d a rd ,  i . e .  H g C o (S C N )^ ,

= 16 .4 4  X 10 X 9 is  th e  g ram  s u s c e p t ib i l i t y  o f th e  sam ple  R u C  r / H .
g ^ bo 4Z 6

Wg is  th e  c h a n g e  in  w e ig h t o f th e  e m p ty  sam ple tu b e  on a p p ly in g  a 

m a g n e tic  f ie ld ;  is  th e  c o r re s p o n d in g  ch a n g e  in  w e ig h t o f th e  sam ple

tu b e  p lu s  s o lid  H g C o (S C N )^ ; ^ 2  is  th e  ch a n g e  in  w e ig h t o f  th e  sam p le  

tu b e  p lu s  s o lid  R u C ^ ^ H ^ 2^ 2 ' * 1̂ ^ 2  m asses o f s o lid

H g C o (S C N )^  a n d  s o lid  R u C ^ ^H ^2 (^2 ' r e s p e c t iv e ly ,  th a t  w e re  u s e d  in  th e  

e x p e r im e n t .  S u b s t i tu t io n  o f  th e  d a ta  in  T a b le  (5 .6 )  in to  e q u a tio n  ( 5 .1 )  

g iv e s  f o r  th e  g ram  s u s c e p t ib i l i t y  o f s o lid  R u C ^ ^ H ^ 202  ^ v a lu e

X g 2 = -  4 .0 8  X 10-7
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Table ( 5 . 6 )

M a g n e tic  s u s c e p t ib i l i t y  m e a su re m e n ts  o f  RuC ^^H ^2(^2 '

room  te m p e ra tu re

Sam ple W e ig h t o f 

i=0

sam ple in  gram  

0 amp

W e ig h t o f sam p le  in  g ra m  

i= 0 . 8 amp

E m p ty  tu b e 1 - 1.7752 1.7752

2 - 1.7753 1.7752

H g C o (S C N )^ 1 - 2 .7658 2 .7767

2 - 2 .7656 2 .7766

3 - 2 .7655 2 .7766

5 6 ^ 4 2 ^ 2 1 - 2.1376 2 .1375

2 - 2 .1382 2 .1381

3 - 2 .1384 2 .1383
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T h e  m o la r s u s c e p t ib i l i t y  o f R uC ^^H ^2 ^^2 ' "^ o ie c u la r w e ig h t  = 847, is  

th e re fo re

X 1 0 '^

W ith  th e  b a la n c e  a v a ila b le  fo r  th e  G o u y  e x p e r im e n t m asses can  be 

m e a s u re d  to  ± O.OOOlg a n d  th e re fo re  th e  l im i t  o f  e r r o r  in  th e  m e a su re 

m e n t o f  Xjyj is  ± 6 .9 2  X 10 ^ •

T h e  m o la r d ia m a g n e tic  s u s c e p t ib i l i t y  o f R u C ^ 2^ 2  can  a lso

be c a lc u la te d  u s in g  P a sca l's  a d d i t iv i t y  la w . U se o f  th e  fo l lo w in g  v a lu e s

143-145
f o r  th e  P a s c a l's  c o n s ta n ts  o f th e  l is te d  e le c tro n s .

In n e r  s h e ll: C ( ls ^ ) - 0 .1 5 X 1 0 "^

O ( ls ^ ) -0 .0 8 X 1 0 '^

L o n e -p a ir : 0 { s p ^ } -1 .7 3 X 10"^

7T e le c tro n s  : c=c - 3 .4 2 X 1 0 '^

c=o -3 .0 5 X 10"^

B o n d s : C {s p ^ } -C  { s p ^ } -3 .1 0 X 1 0 '^

C { s p ^ } -C  { s p ^ } -2 .6 0 X 1 0 '^

C {s p ^ } -H -4 .0 5 X 1 0 '^

C { s p ^ } - 0 { s p ^ } -2 .5 5 X 10’ ^

M e ta l: R u -2 0 X 1 0 "^

y ie ld s  an e s tim a te d  Xj^ v a lu e  o f -5 .0 7  x  10  ̂ f o r  th e  s t r u c tu r a l  fo rm u la
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 .P h

Ru

Ph Ph,V

+ 2H

T h e  e x p e r im e n ta l a n d  th e o re t ic a l v a lu e s  o f  th e  m o la r s u s c e p t i

b i l i t ie s  a n d  x ^  > r e s p e c t iv e ly  a re  in  e x c e lle n t  a g re e m e n t a n d  th e r e fo r e  

th is  s u b s ta n c e  m u s t be d ia m a g n e tic . I t  th e r e fo re  fo llo w s  th a t  e i th e r  th e  

r u th e n iu m  io n  in  th is  c o m p le x  is  p a ra m a g n e tic  a n d  th e  p a ra m a g n e tis m  is  

e x a c t ly  in t e r n a l ly  co m p e n sa te d , an u n l ik e ly  e v e n t e s p e c ia lly  a t  s u r fa c e s ,  

o r  th e  co m p le x  ^  d ia m a g n e tic  a n d  th e  ru th e n iu m  io n  in  i t ,  is  in  th e  +2 

o x id a t io n  s ta te  w ith  th e  e le c tro n ic  c o n f ig u ra t io n  [ K r ]  4 d ^ , o £  th e  

ru th e n iu m  io n  is  in  z e ro  o x id a t io n  s ta te  w i th  th e  e le c tro n ic  c o n f ig u r a t io n
g

[ K r ]  4d , b o th  o f w h ic h  a re  d ia m a g n e tic .

T h e  s i le n t  e . p . r .  re s p o n s e s  o b ta in e d  w hen  s o lid  a n d  l iq u id  

( c h lo ro fo rm  : to lu e n e = 6 0 : 40) sam ples o f R u C ^ ^ H ^ 2 0 2  e x a m in e d  a t

295K a n d  a t 77K in  a D ecca e . p . r .  s p e c tro m e te r ,  o v e r  a w id e  ra n g e  o f 

f ie ld ,  c o n f irm  th a t  th is  co m p o u n d  is  d ia m a g n e tic .
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5. 8 T H E  V IS IB L E -U L T R A V IO L E T  S PEC TR U M  OF O L IV E -G R E E N  

^ ^ 5 6 - 4 2 - 2

T h e  v is ib le - u l t r a v io le t  s p e c tru m  o f a s o lu t io n  o f R u C ^ ^H ^^ O ^  

in  d ic h lo ro m e th a n e , re c o rd e d  on a P Y E -U N IC A M  SP800 s p e c tro m e te r  is  

sh o w n  in  F ig u r e  ( 5 .1 3 ) .  T h e  m e a su re m e n ts  w e re  c a r r ie d  o u t in  a I  cm 

c e ll a n d  i t  s h o u ld  be n o te d  th a t  th e  o l iv e -g re e n  s o lu t io n  was d i lu te d  

lO - fo ld  in  r e c o r d in g  th e  u l t r a v io le t  r e g io n  o f th e  s p e c tru m , co m p a re d  

to  m e a s u re m e n ts  c a r r ie d  o u t in  th e  v is ib le  re g io n .  W a v e le n g th s , w a v e -  

n u m b e rs ,  a n d  a s s ig n m e n t o f th e  p e a k s  in  F ig u re  (5 .1 3 )  a re  l is te d  in  

T a b le  ( 5 . 7 ) ,

T h e  v is ib le  re g io n  o f th e  s p e c tru m  in  F ig u re  (5 .1 3 )  is  v e r y

35s im ila r  to  th e  c o r re s p o n d in g  s p e c tru m  o b s e rv e d  b y  J (^rge nsen  in  h is  

w o rk  on  R u ( I I ) - c h lo r id e  a n d  fo r  th is  re a s o n  i t  is  b e lie v e d  th a t  in  o l iv e -  

g re e n  R uC  th e  ru th e n iu m  io n  is  in  th e  +2 r a th e r  th a n  in  th e

ze ro  o x id a t io n  s ta te .

19T h e  s y m m e try  spec ies  o f th e  o c ta h e d ra l g ro u p ,  O ^ ,  c o r re la te  

w i th  th e  s y m m e try  sp e c ie s  o f th e  g ro u p  as sh o w n  in  F ig u re  (5 .1 4 )

E  ^  2A

T ^ g   ^  A+2B

T_  ► A+2B
2g
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T a b le  ( 5 .7 )

V is ib le - u l t r a v io le t  d a ta  f o r  R u C r /DO 42 2

in  CH 2 s o lu t io n

A (n m ) a(cm D e s c r ip t io n A s s ig n m e n t

650 15,385 v e r y  b ro a d +  % , ( ^ A , ^ B ) ( h  )

330 30 ,300 s h o u ld e r

255 39 ,215 s h a rp c h a r g e - t r a n s fe r

236 42 ,370 s h o u ld e r c h a r g e - t r a n s fe r
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T  R
l g ( t 2 g e g H r

' h g ( ^ g ^ g )

^ A . ' - B C h jg )

' h g ( 4 g )

F ig u re  (5 .1 4 )
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a n d  O r ge l a n d  B a so lo  a n d  c o w o rk e rs  show ed  th a t  th e  e n e rg y  le v e l 

d ia g ra m  a n d  s p in -a llo w e d  t r a n s i t io n  f o r  n d ^  t r a n s it io n - m e ta l co m p le xe s  

c o r re la te  as show n  in  th is  same F ig u re .

J i^ rg e n se n  in  h is  w o rk  on th e  co m p le x  p re s e n t  in  R u ( I I ) -

35c h lo r id e  r e p o r te d  a m axim um  b e tw e e n  660-710 nm a n d  a s h o u ld e r  

b e tw e e n  568-578 nm in  th e  v is ib le  a b s o rp t io n  s p e c tru m  o f th is  s u b s ta n c e .

3
T h e s e  tw o  b a n d s  h a v e  b e e n  a s s ig n e d  to  t r a n s it io n s  I ,

a n d  I I ,  ^ A ^ (^ A ^ ^  +  ^ A ^ , ^ B ( h ^ g ) .  T h e

v is ib le  re g io n  in  F ig u re  (5 .1 3 )  show s a v e r y  b ro a d  a b s o rp t io n  c o v e r in g

-1  - 1
th e  ra n g e  600 nm (1 6 ,6 0 0  cm )-7 4 0  nm ( 13 ,500 cm ) w h ic h  m ig h t  w e ll

in  fa c t  be  com posed o f  tw o  o v e r la p p in g  b a n d s  a r is in g  fro m  th e  t r a n s i t io n s

I  a n d  I I  o f F ig u re  ( 5 ,1 4 ) .

T h e  u l t r a v io le t  re g io n  o f th e  s p e c tru m  o f th e  c o m p le x  in  R u ( I I ) -

c h lo r id e  fu r th e rm o re  has a s h o u ld e r  c o v e r in g  th e  ra n g e  370-385  nm w h ic h

has b e e n  a s s ig n e d ^  to  t r a n s i t io n  111, ^ A ( ^ ^ ) -> ^ A , ( ^ T ^ ^ )  , in

3 14A 147
F ig u re  ( 5 .1 4 ) .  T h is  t r a n s i t io n  has a lso  b e e n  re p o r te d  ’ ’ a t

a > 30 ,000  cm  ̂ (X  < 335 n m ) ,  in  s e v e ra l n d ^  t r a n s i t io n  m e ta l co m p le x e s .

-  %
T h e  s h o u ld e r  a t — 330 nm ( a -  30,300 cm ) o b s e rv e d  in  th e  s p e c tru m  

sh o w n  in  F ig u re  (5 .1 3 )  m ay th e re fo re  be a s s ig n e d  a lso  to  t r a n s i t io n  I I I .

T h e  v is ib le  a n d  n e a r u l t r a v io le t  s p e c tru m  o f R uC  

c o n s is te n t  w ith  th e  c o n c lu s io n  th a t  th e  ru th e n iu m  io n  in  th is  c o m p le x  is  

in  th e  +2 r a th e r  th a n  in  th e  ze ro  o x id a t io n  s ta te .  T h e  m u ch  m ore

in te n s e  p e a ks  a t 255 nm (3 9 ,2 1 5  cm ) a n d  a t 236 nm ( 4 2 , 3 7 0  cm ^)  in

th e  u l t r a v io le t  re g io n  o f th e  s p e c tru m  o f  R u C g ^ H ^ 2 ^ 2  a s s ig n e d  to  a 

c h a rg e  t r a n s fe r  t r a n s i t io n  w ith in  th e  co m p le x .
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A l l  th e  e x p e r im e n ta l re s u lts  c ite d  in  th is  th e s is  c o n s is te n t ly  a d d

u p  to  in d ic a te  th a t  th e  s o lid  R u C o f  a ta u to m e r ic  m ix tu re

o f th e  s t r u c tu r e s  [ A ] - [ F ] ,  show n  in  F ig u re  ( 5 . 1 5 ) .  A d d it io n a l

s t r u c tu r e s ,  v a le n c e  is o m e ric  s t r u c tu r e s ,  in  w h ic h  th e  c e n t ra l ru th e n iu m

io n 's  v a le n c e  f lu c tu a te s  b e tw e e n  R u ( 0) a n d  R u ( l l )  m ig h t a lso  c o n t r ib u te .

S t r u c tu r e  [ A ]  c o n t r ib u te s  b y  fa r  th e  g re a te s t  a m o u n t to  th e  s t r u c tu r e  o f

th e  s o lid  R u C p r o t o n  e x c h a n g e  o c c u rs  a t an in te rm e d ia te

ra te  in  th e  a n d  ^^C n . m . r .  tim e  sca les  th e r e b y  b ro a d e n in g  th e

re s o n a n c e s  o f  th e  o le f in ic  c a rb o n s , tw o  o f th e  p h e n y l re s id u e s  a n d  th e  

\
tw o  C p ro to n s .  T h e  ta u to m e r ic  e x c h a n g e  m u s t te n d  to  m ake th e

H
p h e n y l re s id u e s  a tta c h e d  to  th e  o le f in ic  c a rb o n s  e q u iv a le n t .  T h e  p h e n y l

re s id u e s  th a t  g iv e  r is e  to  th e  b ro a d e n e d  re g io n  o f th e  a n d  ^^C n . m . r .

s p e c tru m  m u s t th e r e fo re  be  th e  p h e n y l g ro u p s  in  th e  c o o rd in a te d

a c e ty l in ic  f ra g m e n t o f th e  m o lecu le  o r  th e y  m u s t b e lo n g  to  th e  tw o  C O P h

13re s id u e s .  S in ce  th e  o le f in ic  c a rb o n  a tom s g iv e  r is e  to  a b ro a d  C n . m . r .  

a b s o rp t io n ,  i t  is  p ro b a b le  th a t  i t  is  th e  tw o  C O P h p h e n y l re s id u e s  th a t  

a re  lo s t  in  th e  b ro a d e n e d  re g io n  o f th e  n . m . r .  s p e c tra .
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5. 9 T H E  R E A C T IO N  M EC H AN ISM S IN V O L V E D  IN  T H E  F O R M A T IO N  

OF O L IV E -G R E E N  R u C ^^H _ 0 ^

A n h y d ro u s  ru th e n iu m  c h lo r id e  is  k n o w n  to  e x is t  in  a t le a s t

tw o  fo rm s ,  a -R u C J l^  a n d  g - R u C M a g n e t i c  s u s c e p t ib i l i t y  m e a s u re m e n ts

show  th a t  a-RuCJ2/^ is  a n t ife r ro m a g n e t ic  be lo w  13K a n d  ^ “ Ru-Ci?,^ b e lo w

~ 600K . In  th e  a - fo r m , th e  c h lo r id e  io n s  fo rm  a la t t ic e  w ith  s l ig h t ly

d is to r te d ,  dense  c u b ic  c lose  p a c k in g ,  a n d  th e  ru th e n iu m  io n s  o c c u p y

148tw o - t h i r d s  o f th e  o c ta h e d ra l s ite s  o f a lte rn a te  la y e rs .  T h e  o th e r

a lte rn a te  la y e rs  o f o c ta h e d ra l s ite s  a re  e m p ty . T h e  X - r a y  p o w d e r  p a t te r n

a n d  i t s  in f r a r e d  s p e c tru m  in d ic a te  t h a t ,  in  g - R u C l i n e a r  c h a in s  o f

r u th e n iu m  io n s  l ie  in  d is to r te d  o c ta h e d ro n s  o f  c h lo r id e  io n s  fo rm in g

149
-R u C  j^^ -R u C  & g-R uC  u n its  in  th e  c h a in .

T h e re  is  no  d o u b t th a t  in  a -R u C  a n d  in  B 'R u C J l^»  th e

o x id a t io n  s ta te  o f th e  ru th e n iu m  io n  is  +3, a n d  i t  seem ed s u r p r is in g  

th a t  "c o m m e rc ia l r u t h e n iu m ( I I I ) - c h lo r id e "  , R uC  x H ^ O , d id  n o t fo rm  

p a ra m a g n e tic  R u ( I I I ) - c h e la te s  w ith  s u ita b le  l ig a n d s .  I t  w as n o t  u n t i l  

th e  w o r k  d e s c r ib e d  in  th is  c h a p te r  o f th is  th e s is  was a lm o s t c o m p le te , 

th a t  i t  was re a liz e d  th a t  "co m m e rc ia l r u t h e n iu m ( I I I ) - c h lo r id e " , " h y d r a te d  

r u t h e n iu m ( I I I ) - c h lo r id e " , "s o lu b le  r u th e n iu m ( I I I ) - c h lo r id e "  a n d  

" R u C il^ .x H ^ O "  a re  a ll s n y n o n y m s  fo r  a h e te ro g e n e o u s  a n d  i l l - d e f in e d  

m ix tu r e  o f ru th e n iu m  com p lexes  o f v a r ia b le  o x id a t io n - s ta te , o f o x o c h lo ro -  

a n d  h y d r o x o c h lo r o - , m onom eric  a n d  p o ly m e r ic  s u b s ta n c e s , t h a t  e ve n  

f r e q u e n t ly  c o n ta in  n i t r o s y l  d e r iv a t iv e s .  I t  was b e la te d ly  re a liz e d  th a t  

i t  is  n o t  c o r r e c t  to  re g a rd  "co m m e rc ia l r u t h e n iu m ( I I I ) - c h lo r id e "  as a 

d i r e c t  s o u rc e  o f  R u ( I I I )  io n s . In d e e d  i t  t u r n s  o u t th a t  th e  a v e ra g e
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o x id a t io n - s ta te  o f th is  m a te r ia l is  c lo s e r  to  R u ( IV )  th a n  i t  is  to  R u ( I I I )  , 

a n d  th e  m ain c o n s t i tu e n t  o f "co m m e rc ia l r u t h e n iu m ( I l l ) - c h lo r id e "  is  

R u ^ ^ (O H )C  jig ,  34 ,150  some p o ly m e r ic  fo rm  o f th is .

T h is  th e n  p ro v id e s  th e  c lu e  to  p o s s ib le  re a c t io n  m echan ism s  

f o r  th e  fo rm a t io n  o f o l iv e -g re e n  R u C g ^H ^^O g , w hen  s o lid s  "R u C £ g . x H g O " , 

K H C O g  a n d  b e n z o in  a re  a ll h e a te d  to g e th e r .  I t  is  c h e m ic a lly  re a s o n a b le  

to  v is u a l iz e  th a t  a b e n z o in  c h e la te  o f R u ( IV )  is  f i r s t  fo rm e d

IS.
Ru (OH)CyPh_CO.CH(OH)_Ph

\P h

K H C O

h e a t

Ph

h e a t

Ph.CO.CO.Ph
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T h e  in te n s e - in d u c t iv e  in f lu e n c e  o f th e  R u ( IV )  io n  causes e le c tro n s  to  

f lo w  to w a rd s  i t .  T h e  C -H  p ro to n  o f th e  b e n z o in  l ig a n d  io n iz e s  o f f ,  

b e n z o in  is  o x id iz e d  to  b e n z i l , a n d  R u ( IV )  is  re d u c e d  to  R u ( I I ) .  L a rg e  

a m o u n ts  o f b e n z il a re  in  fa c t  is o la te d  fro m  th e  p ro d u c ts  o f th is  r e a c t io n .

A l t e r n a t iv e ly ,  e le c tro n  w ith d ra w a l b y  th e  R u ( IV )  io n  w e a ke n s  

a n e ig h b o u r in g  C - 0  b o n d  w h ic h  u n d e rg o e s  h o m o lys is  to  p ro d u c e  an 

a l ip h a t ic  ra d ic a l P hC O C H P h

(3 )

In  a t h i r d  p o s s ib le  d e c o m p o s itio n  ro u te  th e  in te n s e - in d u c t iv e

in f lu e n c e  o f th e  R u ( IV )  io n ,  a c t in g  in  th e  re so n a n ce  is o m e r ic  fo rm  (2 )
P h ^

causes  tw o  C - 0  b o n d s  to  b re a k  th e r e b y  fo rm in g  th e  b ir a d ic a l C = C
P h

( 2 ) -K

,Ph

(4) \ p h

P h . . .

( 6 )

P h / ' ’ ’

( 5 )
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T h is  b ir a d ic a l can  th e n  s ta b il iz e  to  d ip h e n y la c e ty le n e ,  o r  i t  ca n  u n d e rg o  

some k in d  o f " te m p la te  r e a c t io n " ,  w ith  tw o  e q u iv a le n ts  o f P h C O C H P h  to  

fo rm

Ph Ph

Ph

H

0 0

Ph

(7)

T h e  d ip h e n y la c e ty le n e  a n d  s p e c ie s  (7 )  b e in g  th e  l ig a n d s  p re s e n t  in  th e  

o l iv e -g r e e n  R u C ^ ^ H ^ 2 ^ 2 ’

r y

Ru +  2H

Ph
Ph Ph,

00



211

C o m m e rc ia l " R u C . x H i . e.  th e  R u ( IV )  io n ,  m ig h t be  a 

u s e fu l re a g e n t  fo r  o x id iz in g  h y d r o x y  ke to n e s  to  d ik e to n e s ,  o r  as a re a g e n t 

f o r  c o n v e r t in g  th e s e  co m p o u n d s  in to  c o r re s p o n d in g  a c e ty le n e  d e r iv a t iv e s ,  

o r  p o s s ib ly  as a re a g e n t fo r  c o n v e r t in g  h y d r o x y  k e to n e s  in to  o le f in s  a n d  

t h e i r  p o ly m e rs .



-  C H A P T E R  S IX  -

B IS [  u -T H IO (  1. 2 -D IP H E N Y L E T H A N E D IT H IO N E ) 

R U T H E N IU M ( I I , I I I ) ]
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6 .1  IN T R O D U C T IO N

C h e la te s , in  w h ic h  th e  s u lp h u r  atom  a c ts  as a d o n o r ,  w e re  

u s e d  as fa r  b a c k  as th e  e a r ly  1930 's as a n a ly t ic a l re a g e n ts  f o r  v a r io u s  

m e ta l io n s .  S u ch  com pound s  w e re  th e n  n e g le c te d  fo r  a w h ile ,  b u t  in  

th e  la s t  fe w  y e a rs  a re n a is s a n c e  o f  in te r e s t  in  them  has ta k e n  p la c e .

F o r  s e v e ra l re a s o n s , th e re  has been  an e n o rm o u s  u p s u rg e  o f in te r e s t  in  

th e  c h e m is t r y  o f  s u lp h u r  co m p le xe s  o f th e  t r a n s i t io n  m e ta l- io n s .

S u lp h u r -c h e la te s  a re  e n c o u n te re d  in  b io lo g ic a l- in o rg a n ic  

c h e m is t r y ,  a n d  m ode l co m p le xe s  a n a lo g o u s  to  b io lo g ic a l s y s te m s  c o n ta in 

in g  t r a n s i t io n  m e ta l- s u lp h u r  b o n d s  a re  n ow  o f g re a t  in te r e s t .

T r a n s it io n - m e ta l c h e la te s  c o n ta in in g  s u lp h u r  h a v e  p ro v e d  to  be u s e fu l 

in  s y n th e s iz in g  o rg a n o m e ta ll ic s . M e ta l- s u lp h u r  sys te m s  a re  o f w id e

in t e r e s t ,  r a n g in g  fro m  academ ic s y n th e t ic  s tu d ie s  on one e x tre m e , to  

la rg e  sca le  in d u s t r ia l  p ro c e s s e s  on th e  o th e r .  T ra n s it io n  m e ta l- s u lp h u r  

c o m p le x e s  a re  u s e d  as h ig h ly  s p e c if ic  a n a ly t ic a l re a g e n ts ,  as c h ro m a to 

g ra p h ic  s u p p o r ts ,  as p o ly m e r iz a t io n  c a ta ly s ts ,  as c a ta ly t ic  in h ib i t o r s ,  as 

o x id a t io n  c a ta ly s ts ,  a n d  as s e m ic o n d u c to rs  .

A  v e r y  e x te n s iv e  l i t e r a tu r e  on r u th e n iu m - s u lp h u r  c h e m is try

34
e x is ts ,  b u t  even  so , v e r y  l i t t l e  a t te n t io n  has b een  p a id  to  ru th e n iu m

1 , 2 -d ith io le n e  c o m p le xe s . S c h ra u z e r  a n d  h is  c o -w o rk e rs  h a ve  

153re p o r te d  a b lu e -g re e n  c o m p le x , ( m . p .  2 2 5 ° C ) ,  w h ic h  th e y  f i r s t  

fo rm u la te d  as R u ( S 2C 2P h 2 ) 2 a n d  th e n  re fo rm u la te d  as R u ( S 2C 2P h 2 ) g, 

th o u g h  th e  co m p o u n d  has b e e n  p o o r ly  c h a ra c te r iz e d .  T h e ir  co m p o u n d  

w as p r e p a re d  b y  a llo w in g  ru th e n iu m  ( I I I ) - c h lo r id e  to  re a c t  w i th  th e  

th io p h o s p h o r ic  e s te r  o f  s t i lb e n e d ith io l ,  [ 6 - A ] . W hen th is  w o rk  was
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[ 6 - A ]

re p e a te d  b y  th e  a u th o r  o f th is  th e s is ,  b y  a llo w in g  com m erc ia l 

" R u C jlg .x H g O "  to  re a c t  w ith  [ 6 - A ] ,  p re p a re d  b y  th e  re a c t io n  o f b e n z o in  

w i th  P^S^Q,  a v e r y  im p u re , v is c o u s , b lu e -g re e n  p ro d u c t  w as o b ta in e d .  

E x t r a c t in g  w i th  d ic h lo ro m e th a n e , a n d  th e n  a llo w in g  th e  s o lv e n t  to  

e v a p o ra te  fro m  th e  d ic h lo ro m e th a n e  f i l t r a t e ,  p ro d u c e d  a b e a u t i fu l  in te n s e -  

b lu e - c o lo u re d  la c q u e r ,  in d ic a t in g  th a t  a p o ly m e r iz a t io n  re a c t io n  h a d  ta k e n  

p la c e . T h e  same re a c t io n  a p p e a rs  to  ta k e  p la c e  w h e n  r u th e n iu m ( I I I ) -  

c h lo r id e  is  u s e d  in s te a d  o f th e  c o m m e r c i a l " R u C . H o w e v e r , 

re a c t io n  o f [ 6 - A ]  w ith  a g re e n is h -b lu e  s o lu t io n  o f r u th e n iu m ( I I ) - c h lo r id e  

in  e th a n o l,  u s in g  th e  p ro c e d u re  d e s c r ib e d  la te r ,  p ro d u c e d  as one o f  

th e  p r o d u c ts  o f re a c t io n  a b la c k  s o lid  w h ic h ,  as sh o w n  la t e r ,  tu r n e d  

o u t to  be  b is [  u ~ th io (  1, 2 - d ip h e n y le th a n e d i th io n e ) r u th e n iu m ( I I , I I I )  ] ,

R u S 2 ( S 2C ^ P h ^ ) 2 " T h is  is  a n a lo g o u s  to  th e  s u lp h u r - b r id g e d  co m p le xe s

154 155
o f i r o n  ( I I I )  a n d  c o p p e r ( I )  a lre a d y  r e p o r te d  in  th e  l i t e r a t u r e .
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6 .2  P R E P A R A T IO N  OF R u ^S^C S ^C ^P h ^) ^

C om m erc ia l "RuC  xH ^O " ( J o h n s o n -M a tth e y  C h e m ica ls  L im ite d )  

( 0 . 5 6 g ) ,  was d is s o lv e d  in  a b s o lu te  e th a n o l (30  m l ) ,  th e n  r e f lu x e d  u n t i l  th e  

o r ig in a l  d a r k -b ro w n  c o lo u r  tu r n e d  g re e n is h -b lu e .

B e n z o in  ( l , 5 g )  was m ix e d  w i th  P^S^Q ( 1 . 5 g ) , a n d  th e  m ix tu r e  

s u s p e n d e d  in  x y le n e  (60  m l) , r e f lu x e d  fo r  2 h o u rs  a n d  th e n  co o le d  to  room  

te m p e ra tu re  a n d  f i l t e r e d .

T h e  am be r f i l t r a t e  w as a d d e d , d ro p  w ise  w i th  s t i r r i n g ,  to  th e  

g re e n is h -b lu e  s o lu t io n  o f r u t h e n iu m ( I I ) - c h lo r id e .  T h e  r e s u l ta n t  m ix tu r e  

w as th e n  r e lu x e d  f o r  2 h o u rs .  D u r in g  th is  p e r io d  th e  g re e n is h -b lu e  c o lo u r  

t u r n e d  b la c k .  T h e  s o lu t io n  was th e n  co o le d  a n d  le f t  o v e r n ig h t ,  th e n  

f i l t e r e d ,  a n d  th e  b la c k  p r e c ip i ta te  was c o lle c te d . T h e  y ie ld  o f th e  b la c k  

s o lid  was p o o r b u t  i t  was im p ro v e d  b y  a d d in g  m e th a n o l. T h e  b la c k  s o lid  

w as th e n  d r ie d  u n d e r  va cu u m  fo r  24 h o u rs .

M ic ro a n a ly t ic a l r e s u lts  f o r  th is  b la c k  p o w d e r  a re  l is te d  in  T a b le  

( 6 . 1 )  a n d  co m p a re d  w ith  c o r re s p o n d in g  d a ta  b a se d  on th e  fo rm u la

6 .3  TH E  IN F R A R E D  S PEC TR U M  OF B L A C K  R u ^S^(S^C^Fh^)  ^

T h e  in f r a r e d  s p e c tru m , K B r  d is c ,  o f th e  b la c k  co m p o u n d  

R u 2S2 (S ^C ^P h g ) 2 ' r e c o rd e d  on a P E R K IN -E L M E R  983 in f r a r e d  s p e c tro m e te r ,  

is  sh o w n  in  F ig u re  ( 6 . 1 ) .  W a ve n u m b e rs  a n d  fu n c t io n a l g ro u p  a s s ig n m e n ts  

w i th  p ro m in e n t p e a ks  o f th is  s p e c tru m  a re  l is te d  in  T a b le  ( 6 . 2 ) .

A b s o rp t io n s  th a t  a re  c h a r a c te r is t ic  o f m o n o -s u b s t i tu te d  p h e n y l 

a n d  a l ip h a t ic  C -H  re s id u e s  in  th e  in f r a r e d  s p e c tru m  o f th is  co m p o u n d  a re  

d e n o te d  b y  ( #) in  F ig u re  ( 6 . 1 ) .  T h e s e  b a n d s  h a ve  a lre a d y  b e e n  a s s ig n e d  

in  d e ta il in  s e c tio n  ( 5 . 5 ) .
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T a b le  (6 .1 )

M ic ro a n a ly t ic a l r e s u lts  f o r  th e  b la c k  p o w d e r ,

E le m e n t

r e q u ir e d  %

E x p e r im e n ta l %

C 44. 80 4 4 .4 0

H 2 . 66 2 .5 9

S 25 .60 25 .49

*
R u 26 .88 2 6 .1 9

R u th e n iu m  w as e s tim a te d  s p e c tro p h o to m e tr ic a lly  as t r i s - 1 ,1 0 -
>•+

p h e n a n th ro le n a to -ru th e n iu m (II) , [R u(C  u s in g  R u(acac) ^

as s ta n d a rd .
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Table ( 6 . 2 )

I n f r a r e d  d a ta , in  w a ve n u m b e rs , o f th e  s u l f u r - b r id g e d  

d im e r ic  co m p le x  R u 2 8 ^ ( 8 2 0 ^ P h 2)2
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B a n d  (cm A s s ig n m e n t

3060 ( m ) , 3030( v w ) a ro m a tic  C -H  s t r e tc h in g

2 9 8 0 (w ) ,2 9 3 0 (w ) ,2 8 6 0 (v w ) a lip h a t ic  C -H  s t r e tc h in g

1 9 6 0 (w ) ,1 8 9 0 (w )  ,1 8 0 0 (w ) a ro m a tic  o v e r to n e  a n d  c o m b in a tio n  
b a n d s

1 5 9 2 (m ), 1575(m ) a ro m a tic  C=C " q u a d r a n t  s t r e tc h in g "

1490(m ) ,1 4 4 0 (s ) a ro m a tic  C=C "s e m ic irc le  s t r e tc h in g "

1420(m ) a lip h a t ic  C -C  b e n d in g

1390(m ) v ( C z z ^ C ) , B 2^

1 3 1 0 (w ) , 1 2 8 0 (m ),1 2 5 0 (m ) r in g - C  v ib r a t io n a l mode

1 170 (w ) ,1 1 6 0 (s ) C -H  in -p la n e  b e n d in g  + C -C  
s t r e tc h in g

llO O (w ) r in g - C  v ib r a t io n a l mode + v ( C ------S ) .

1 0 7 5 (m ),1 0 3 0 (s ) ,1 0 1 0 (m ) C -C  in -p la n e  b e n d in g  + r in g -  
s e m ic irc le  s t r e tc h in g  + C -C  s t r e tc h in g

9 6 0 (s ) r in g - C  v ib r a t io n a l mode + v (C  8 ) ,  

^  H
9 1 5 (w ) o u t - o f - p la n e  C -C  b e n d in g

880(m ) v ( C i ^ ^ ) ,  B

8 4 0 (w ),7 6 0 (m ),7 4 7 (s ) o u t -o f -p la n e  C -C  b e n d in g
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T a b le  (6 .2 )  c o n td .

B a n d  (cm A s s ig n m e n t

695( v s ) 1 in -p h a s e ,  o u t - o f - p la n e

640 (m ) , 610( m ) , 527( m) J r in g - b e n d in g

5 0 0 (w ) v ( R u - S ) .

450( v w ) v ( R u - S ) , B

405( v w ) v ( R u - S ) ,  B ^ ^

365(m ) 6 ( C - C - P h ) , o u t - o f - p la n e  b e n d in g ,  

^ 3 u
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F ig u re  ( 6 .1 )  is  c o n s is te n t w i th  th e  p re s e n c e  o f b is - 1 ,2 -  
Ph ^P h  

\  ^
d ith io le n e  re s id u e  C -C  , in  th is  c o m p o u n d . L i te r a tu r e

. 1 5 1 .  . \
s tu d ie s  in d ic a te  th a t  C -C  re s id u e s  c h a r a c te r is t ic a l ly

- 1  S '  ' S
a b s o rb  a t  ~ 1400 cm , v ~ 1110 cm , V C ^ ^ ^ ;  a n d

-1
~ 860 cm , V R -C < ^

M e ta l- s u lp h u r  s t r e tc h in g  f r e q u e n c ie s ,  a re  r e p o r te d  to  o c c u r  in  

-1  161 162
th e  re g io n  490-300  cm , ’ B i s - 1 , 2 -d ith io le n e  co m p le xe s  a lw a y s

-1
e x h ib i t  a n u m b e r  o f m ed ium  a n d  w eak  b a n d s  in  th e  500-350 cm re g io n

o f th e  in f r a r e d  s p e c tru m . E a r l ie r  w o rk  c a r r ie d  o u t b y  S c h ra u z e r  a n d

M a y w e g ,^ ^ ^  a s s ig n e d  tw o  o f th e s e  b a n d s  b e tw e e n  435-310 cm ^ to  m e ta l-

s u lp h u r  s t r e tc h in g  m odes. H o w e v e r , n o rm a l c o o rd in a te  a n a ly s e s  c a r r ie d

157
o u t  b y  S iim an  a n d  F re s c o , a n d  is o t r o p ic  s u b s t i tu t io n  s tu d ie s  c a r r ie d

o u t b y  S c h la p h e r  a n d  N a k a m o to ,^ ^ ^  show  th a t ,  b a n d s  in  th is  ra n g e

s h o u ld  n o t  be a t t r ib u te d  to  m e ta l- s u lp h u r  s t r e tc h in g  m odes, b u t  on th e

o th e r  h a n d , th e y  m ay be a s s ig n e d  to  o u t - o f - p la n e  b e n d in g  modes o f th e  
P h

/  157 158
C -C  re s id u e s .  T h e se  same a u th o rs  ’ p la ce  th e  a s y m m e tr ic

s t r e tc h in g  v ib r a t io n s  o f th e  m e ta l- s u lp h u r  re s id u e s  in  th e s e  co m p le xe s  a t

-  2
475, 408 a n d  454 cm r e s p e c t iv e ly ,  w h e re  th e  f i r s t  tw o  o f th e s e  b e lo n g

to  th e  B 2^  v ib r a t io n a l  sp e c ie s  a n d  th e  la s t  b e lo n g s  to  th e  in -p la n e  m ode ,

B ^ o T h e  m o tio n s  o f th e  atom s in  th e s e  v ib r a t io n a l  modes o f b is - d i t h io -  
3u

le n e  co m p le xe s  a re  show n  in  F ig u re  ( 6 . 2 ) .

A lth o u g h  th e  in f r a r e d  s p e c tru m  b y  i t s e l f  does n o t le a d  d i r e c t ly  

to  th e  f u l l  m o le c u la r  s t r u c tu r e  o f ^ ^ 2^ 2  ̂^ 2^ 2^ ^ 2  ̂2 ' e v id e n c e  to  be 

p re s e n te d  la te r  in d ic a te s  th a t  th is  co m p o u n d  is  a s u lp h u r - b r id g e d
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d im e r ic  c o m p le x  o f  r u th e n iu m . I f  i t  is  assum ed th a t  th is  com p lex  has 

s y m m e try  a n d  th a t  th e  p h e n y l g ro u p s  can  be  re p la c e d  b y  a p p ro p 

r ia te  h e a v y  p o in t  m asses th e n  th e  o n ly  in -p la n e  in f r a r e d  a c t iv e  m odes

o f th e  b i s - 1, 2 -d ith io le n e -m e ta l re s id u e s  h a v e  a n d  B s y m m e try ,  as
- 1

s h o w n  in  F ig u r e  ( 6 . 2 ) .  I n  F ig u re  ( 6 . 1 ) ,  th e  a b s o rp t io n  a t 1390 cm

is  a s s ig n e d  to  a B 2^  mode in v o lv in g  v ib r a t io n  o f th e  C ~-~~C ) re s id u e s .

-  2
T h e  a b s o rp t io n  p e a k  a t 960 cm is  a lso  a s s ig n e d  to  a B ^ ^  mode in v o lv 

in g  c o u p lin g  o f  th e  ( C ^ ^ ^ )  + (C  -  P h ) re s id u e s ;  th is  g iv e s  a s t r o n g

a b s o rp t io n  b a n d  in  th e  in f r a r e d  s p e c tru m . M ix e d  a s y m m e tr ic  b e n d in g

157v ib r a t io n a l  m odes th a t  b e lo n g  to  B r e p r e s e n t a t i o n s ,  a n d  in v o lv e

v ib r a t io n  o f  th e  ( +  (C  -  P h ) a n d  (C^^^^-^) re s id u e s  a re  b e lie v e d

- 2
to  be  re s p o n s ib le  f o r  th e  w eak b a n d  a t 1100 cm a n d  fo r  th e  m edium  

-  2
b a n d  a t 880 cm r e s p e c t iv e ly ,  as sh o w n  in  F ig u re  ( 6 .1 ) .

F o llo w in g  S c h la p fe r  a n d  N a k a m o to ,^ ^ ^  th e  b a n d  o f  m edium  

_ 2
i n t e n s i t y  a t 365 cm , in  F ig u re  ( 6 , 1 ) ,  is  a s s ig n e d  to  th e  o u t - o f - p la n e

/  -1 
b e n d in g  mode o f th e  C -C  re s id u e s .  T h e  b a n d s  a t 500 a n d  405 cm

a re  a t t r ib u t e d  to  r u th e n iu m - s u lp h u r  B s t r e t c h i n g  m odes o f v ib r a t io n ,

- 2
w h e re a s  th e  b a n d  a t 450 cm is  a s s ig n e d  to  a r u th e n iu m - s u lp h u r  B 

v ib r a t io n a l  m ode.
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c O R u

"B 2u

"B"B 3u3u

"B
3u

F igu re ( 6 . 2 ) .  and modes o f  v ib r a tio n  o f  Ru^S^ (S^C^Ph^) ^,3u 2 2 ' 2  2 2 '  2

^2h symmetry
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6 .4  TH E  E LE C T R O N  IM P A C T  M ASS SPEC TR U M  OF B L A C K

^ 2- 2 ^ 2- 2 - 2-2

T h e  mass s p e c tru m  o f th e  b la c k  s o lid  ^ ^ 2 ^ 2 ^ ^ 2 ^ 2 ^ ^ 2 ^  2 

re c o rd e d  on a K R A T O S  MS 12 m ass s p e c tro m e te r .  T h e  r e s u l ts  a re  sh o w n  

in  T a b le  (6 .3 )  a n d  lin e  d ia g ra m s  s h o w in g  th e  d e c o m p o s it io n  p a th w a y s  a n d  

th e  im p o r ta n t  p e a ks  in  th e  mass s p e c tru m , a re  show n  in  F ig u re s  ( 6 .3 )  

a n d  ( 6 . 4 ) .

B ecause  o f d e c o m p o s it io n  w ith in  th e  mass s p e c tro m e te r ,  th e  

p a re n t  io n  [R u 2S2 (S 2C 2^ ^ 2  ̂2^ ^ n o t  o b s e rv e d . H o w e v e r , th e  s p e c tru m

is  e s s e n t ia l ly  c o m p le te ly  a c c o u n te d  f o r ,  on th e  b a s is  o f  th e  d e c o m p o s it io n  

p a t te r n s  d e r iv e d  fro m  io n s  o f  th e  fo l lo w in g  f ra g m e n ts .

P h  P h

( i )  T e t ra p h e n y l th io p h e n e , [ 6- B ] ,  ( T P T ) ,  ^ ^ 2 8 ^ 2 0 ^ ^  ’ 

m /e  = 388.

P h  Ph
/  +

( i i )  T h e  c h e la t in g  l ig a n d ,  [ 6- C ] ,  C —  ± 2H , { [C ^ ^ H ^ q S ^ ]± 2 H }  ,

m /e  = 242 ± 2.

In  a d d it io n  th e re  a re  le ss  in te n s e  p e a k s  in  th e  mass s p e c tru m  o f th is  

b la c k  d im e r w h ic h  can  be id e n t i f ie d  w ith

C P h

( i i i )  R u

3 h

( i v )  R u  ,R u , [S ^ R u p ] , m /e  -  268

( v )  [R u S ]^ ,  m /e  = 134,
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a n d  w ith  ( v i )  th e  is o to p e s  o f ru th e n iu m  i t s e l f .

T h e  d e c o m p o s it io n  p a t te r n  fro m  fra g m e n t [ 6- B ] ,  a b o v e , m u s t 

a r is e  fro m  an io n  o f (T P T )  r a th e r  th a n  fro m  an io n  d e r iv e d  fro m  th e  

o p e n -c h a in  s t r u c tu r e

P h  P h  P h  P h
I I I I

s - c - c - c - c  ,

m /e  = 388. T h is  fo llo w s  b e cause  th e  o p e n -c h a in  s t r u c tu r e  w o u ld  g iv e  

r is e  to  a f ra g m e n t

P h  P h  P h  Ph
I I I I

c  -  c  -  c  -  c  ,

m /e  = 356, w h ic h  is  n o t  p re s e n t  in  th e  mass s p e c tru m  o f th e  b la c k

R ugS gC S gC ^P h^) 2 * T a b le  ( 6 . 3 ) .  T h e  fo rm a tio n  o f  th e  (T P T )  io n  on

h e a t in g  m e ta l- io n  co m p le xe s  c o n ta in in g  th e  d i th io l  c h e la t in g  l ig a n d  [ 6- C ] ,

a b o v e , has a lre a d y  b e e n  r e p o r te d  b y  o th e r  a u th o rs .  F u r th e rm o re ,

th e  mass s p e c tru m  o f th e  (T P T )  io n  i t s e l f  has a lre a d y  been  r e p o r te d ,

a n d  th e  d e c o m p o s it io n  p a t te rn  o f th e  (T P T )  f ra g m e n t o b ta in e d  fro m  b la c k

s o lid  R u 2S 2( S ^C ^P h ^ ) 2 is  a lm o s t id e n t ic a l w ith  th e  f ra g m e n ta t io n  p a t te r n

159-161r e p o r te d  in  th e  l i t e r a t u r e ,  , e x c e p t th a t  th e  io n  a t m /e  = 344,

c o r re s p o n d in g  to  lo s s  o f  H ^S fro m  th e  (T P T )  fra g m e n t w as n o t  o b s e rv e d  

in  th e  b re a k d o w n  p a t te r n  o f th e  s o lid  R u 2S 2 (S ^ C 2P h 2 ) 2 '

T h e  (T P T )  io n ,  [ 6- B ] ,  decom poses in  s e v e ra l w a y s , as show n  

in  Schem es [ I ] - [ I V ]  b e lo w , a n d  F ig u re s  (6 .3 )  and  ( 6 . 4 ) .



228

Schem e [ I ]  s ta r ts  w i th  th e  fo l lo w in g  f ra g m e n ta t io n

P h Ph

Ph

m /e  = 388 ± 2

P h

[P h - C - C - P h ]  + [S - C - C - P h ]

m /e  = 178±2 m /e  = 210±2

T w o  m a jo r fra g m e n ts  a t m /e  = 210 ± 2 a n d  m /e  = 178 ± 2, a re  p ro d u c e d ,  

th e  p e a k  a t m /e  = 178 ± 2 b e in g  th e  m ost in te n s e  p e a k  in  th e  mass 

s p e c tru m  o f th e  b la c k  s o lid  R u 2S 2 (S 2C 2P h ^ ) a n d  th e  p e a k  a t 

m /e  = 210 ± 2 b e in g  th e  n e x t  m ost in te n s e .  T h e  s u c c e s s iv e  f ra g m e n t

a t io n s  o f  th e s e  tw o  fra g m e n ts  a re  show n  in  F ig u re s  ( 6 .3 )  a n d  ( 6 . 4 ) .

B re a k d o w n  o f th e  (T P T )  f ra g m e n t ,  [ 6- B ] ,  can  a lso  ta k e  p la ce  

as sh o w n  in  Scheme [ I I ] ,  F ig u re s  ( 6 .3 )  a n d  ( 6 . 4 ) ,  w h ic h  s ta r ts  w ith

Ph Ph

PhP h

+

[P h - C - C - P h ]  + [P h -C  C -P h ]

S

{ [ C i 4 H jq ]± 2 H }^  { [ C j 4H io S ]± 2 H }^

m /e  = 388±2 m /e  = 178±2 m /e  = 210

a n d  th e s e  fra g m e n ts  th e n  b re a k  dow n  f u r t h e r  as show n  in  Schem e [ I I ] , 

F ig u r e s  ( 6 .3 )  a n d  ( 6 . 4 ) .  B re a k -d o w n  p r o d u c ts  o f  th e  f ra g m e n ts  

o b ta in e d  f o r  Schem es [ I ]  a n d  [ I I ]  a re  a lm o s t id e n t ic a l.
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In  Schem e [ I I I ]  , th e  f i r s t  s te p  in  th e  f ra g m e n ta t io n  p a t te r n  is

+Ph P h +
P h

\
Q

P h
/

Q

Æ - ' S X
Ph y '  ^ \  P h

\
C —  P h

+ [P h -C -S ]

{ [ C 2g H 2o S ]± 2H } "

m /e  = 388±2

{ [ C i 8H i 5 ]±  H } ‘ 

m /e  = 267±1

{ [ C ^ H g S ] ± 2 H } '  

m /e  = 121±2

T h e  d e c o m p o s it io n  o f th e s e  fra g m e n ts  p ro d u c e d  in  th is  m a n n e r a re ,  a ls o , 

show n  in  F ig u re s  ( 6 .3 )  a n d  ( 6 . 4 ) .

In  Schem e [ I V ] ,  e x o c y c lic  P h -C  b o n d s  a re  c le a v e d  to  p ro d u c e  

s e v e ra l d e p h e n y la te d  p ro d u c ts

Ph P h

Ph Ph

+ +

m /e  = 388±2

Ph

Ph Ph

m /e  = 311±2

+

Ph P h

+

1

m /e  = 234

P h

+

+

m /e  = 82 m /e  = 157

w h ic h  th e n  decom pose  in  t u r n  to  g iv e  s e v e ra l s m a lle r  fra g m e n ts  as show n  

in  F ig u r e  ( 6 . 3 ) ,  a ll o f  w h ic h  a re  id e n t i f ie d .
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S im ila r ly ,  d e c o m p o s itio n  o f f ra g m e n t [ 6- C ] ;  P h - C ( S ) - C ( S ) P h ,  

{ [ C 14H 10S 2] ±2H } , m /e  = 244 ± 2; can  a lso  fo llo w  one o r  o th e r  o f th e  

s e v e ra l ro u te s  show n  in  F ig u re s  ( 6 .3 )  a n d  ( 6 . 4 ) ,  a n d  in  Schem e [V ]  

b e lo w

S S

[P h - C - C ]

{ [C g H g S g ]± 2H } ' '

m /e  = 165±2

S S

[P h - C - C - P h ]

^ tC i4 H io S 2 ]± 2 H } '

m /e  = 242±2

[P h -C ]

{ [ C ^ H g S ] ± 2 H } '

m /e  = 121±2

[P h - C - C - P h ]

{ [ C i 4H io S ]± 2H } '

m /e  = 210±2

[P h - C - C - P h ]

Ü C i 4H 4o ]± 2H } '

m /e  = 178±2

Schem e [V ]

th e  r e s u l ta n t  f r a g m e n t - io n s ,  th e n  decom pose in to  f u r t h e r  s m a lle r  f r a g m e n ts ,  

as show n  in  F ig u re s  ( 6 .3 )  a n d  ( 6 .4 ) ,  a l l  o f  w h ic h  a re  o b s e rv e d  in  th e  

m ass s p e c tru m  o f th e  b la c k  s o lid  R u 2S 2 (S 2C 2P h 2 ) 2 » T a b le  ( 6 . 3 ) .
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R u

T h e se  f ra g m e n ta t io n  p a t te rn s  w h e n  c o m b in e d  w ith  th e  fra g m e n ts  

, R u  R u  , R u  -  S a n d  R u  a ll a d d  u p  to  th e

b r id g e d  s t r u c tu r e

Ph" S ' V
Ph

[ 6- D ]

f o r  th e  b la c k  co m p o u n d , R u ^ , S 2 ( S ^ C ^P h ^ ) 2 » m o d if ie d  b y  th e  a d d it io n a l 

p re s e n c e  o f a t le a s t a re a s o n a b le  a m o u n t o f a n a lo g o u s  sp e c ie s  c o n ta in in g  

e x t r a  h y d ro g e n  a to m s , s h o w in g  th a t  a t le a s t  some

[ 6-E ]

H

\
R ui n

Ph

Ph

is  p r e s e n t .  I t  seems th a t  th is  s u b s ta n c e  is  a m ix e d  va le n c e  co m p o u n d  

c o n ta in in g  b o th  R u ( I I )  a n d  R u ( I I I )  in  p la n a r  e n v iro n m e n ts ,  a n d  m ay 

in v o lv e  s e v e ra l m ixe d  va le n ce  is o m e rs  o f r u th e n iu m ,  a n d  s e v e ra l p ro to n  

ta u to m e rs ,  in  w h ic h  e le c tro n s  a n d  p ro to n s  can  m e a n d e r fro m  one m o le cu le  

to  a n o th e r  in  th e  s o lid .  T h is  a s p e c t o f th e  s t r u c tu r e  w i l l  be  a g a in  

c o n s id e re d  la te r  w h e n  th e  e le c tro n  p a ra m a g n e tic  re s o n a n c e  s p e c tra  o f  th e  

b la c k  s o lid  a re  c o n s id e re d .
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6 . 5 T H E  M A G N E T IC  S U S C E P T IB IL IT Y  OF B L A C K  R u ^S ^ (S  C

T h e  m a g n e tic  s u s c e p t ib i l i t y  o f th e  b la c k  s o lid  R ^ 2 ^ 2 ^ ^ 2 ^ 2 ^ ^ 2 ^  2 

w as m e a s u re d  u s in g  th e  G ouy m e th o d : H g C o (S C N )^  was u se d  as

s ta n d a rd ,  a n d  th e  a p p a ra tu s  was te s te d  u s in g  a s o lid  sam ple  o f fe r r o u s  

am m onium  s u lp h a te  h e x a h y d ra te ,  F e S O ^ (N H ^ ) ^S O ^. 6H 2O. T h e  r e s u l ts  

o f  th e s e  m e a s u re m e n ts . T a b le  6 .4 , show  th a t  no  ch a n g e  in  mass was 

d e te c te d  w h e n  a s o lid  sam ple o f R u 2S 2 ( S ^ C ^P h ^ ) 2 was w e ig h e d  in  a 

m a g n e tic  f ie ld :  th e  s u s c e p t ib i l i t y  b a la n c e  w as c a p a b le  o f d e te c t in g  a

m ass d if fe re n c e  o f  > O.OOOlg.

T h e  s u s c e p t ib i l i t y  m e a su re m e n ts  im p ly  e i th e r ,  ( i )  th a t  th e  b la c k  

s o lid  R u 2S 2 ( S 2C 2P h 2 ) 2 is  p a ra m a g n e tic ,  a n d  th e  p a ra m a g n e tic  a n d  

d ia m a g n e tic  c o n t r ib u t io n s  to  th e  s u s c e p t ib i l i t y  ca n c e l each  o th e r ,  OR

( i i )  th a t  th is  s o lid  is  d ia m a g n e tic , a n d  th e  b a la n c e  is  n o t s e n s it iv e  e n o u g h

to  d e te c t  a n y  mass ch a n g e  in  e ith e r  d ir e c t io n .

143-145P a s c a l's  c o n s ta n ts  g iv e  th e  fo llo w in g  p re d ic te d  m o la r

d ia m a g n e tic  s u s c e p t ib i l i t y  fo r  th e  b la c k  d im e r R u 2S 2 ( S 2C 2^ ^ 2  ̂2

D
= - [ 2( S 2C 2P h 2 ) + 2S + 2R u ]

= - [2 (1 5 0 x 1 0  ^) + 2 (15x10  ^ ) + 2 (20x10  ^ ) ]

= -  370 X 10 ^

T h e r e fo r e ,  i f  in te r p r e ta t io n  ( i )  is  v a l id ,  th e  p a ra m a g n e tic  m o la r s u s c e p t i-

-6b i l i t y  f o r  th is  d im e r (m o le c u la r w e ig h t  = 750) is  e q u a l to  +370 x  10 

B u t ,  s in ce  th e  p a ra m a g n e tic  m om ent is  d e f in e d  b y ,  e q u a tio n  ( 3 .1 2 ) ,
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up a ra = 3k /N  3^) ( ) T  e le c tro n ic  B o h r  m a g n e to n s

= 48. 555 s/)(^ e le c tro n ic  B o h r  m a g n e to n s  a t
M

T  = 295 K

i t  fo llo w s  th a t  th e  p a ra m a g n e tic  m om ent fo r  th e  b la c k  s o lid

^ ^ 2^ 2 ^ ^ 2^ 2^ ^ 2^2 IS

^ p a ra
I - 6= 48.555 /370  x  10 e le c tro n ic  B o h r  m a g n e to n s  p e r  

= 0. 9340 m o lecu le

I t ,  t h e r e fo r e ,  fo llo w s  th a t  th e  n u m b e r  o f u n p a ire d  e le c tro n s ,  n ' ,  in  th is  

d im e r  ca n  be  d e te rm in e d  fro m

In  I V n ' ( n '  + 2) e le c tro n ic  B o h r  m a g n e to n s' p a ra  ‘ ®

0 .9340 = y n ' ( n '  + 2)

a n d  h e n ce

n ' = 0 .37  e le c tro n s

T h is  im p lie s  th e  p re s e n c e  o f 0. 37 u n p a ire d  e le c tro n s  p e r  fo rm u la  u n i t  

R u 2S 2 (S 2C 2P h 2 ) 2 » i . e .  an a v e ra g e  o f one u n p a ire d  e le c tro n  f o r  e v e r y  

2 .7  d im e rs  o f  th is  b la c k  s o lid .  T h e  s u s c e p t ib i l i t y  r e s u lts  a re  c o n s is te n t  

w i th  th e  p re s e n c e  o f ^  o f
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a n d  ~ j  o f

[ 6- D ]

[ 6- E ]
H

P h

T h e  a lte rn a t iv e  in te r p r e ta t io n ,  ( i i ) ,  o f  th e  s u s c e p t ib i l i t y  

r e s u l t s ,  im p lie s  th a t  th e  b la c k  d im e r is  d ia m a g n e tic  a n d  th a t

■M = 370 X 10
- 6

in  th is  case lX g 2 l th e re fo re .

X .1 = 370 X 10 ^ /7 5 0
g 2

- 6
= 0 .4933  X 10 p e r  g ram

U s in g  th is  v a lu e  a n d  th e  d a ta  o f T a b le  ( 6 .4 ) ,  th e n  s u b s t i tu te d  in to

e q u a tio n  (5 .1 )  g iv e s  th e  e x p e c te d  w e ig h t  ch a n g e  fo r  th e  b la c k  s o lid

-5
^ ^ 2 ^ 2 ^  ^ 2 ^ 2 ^ ^ 2 ^  2 -5 .9 0  x  10 g . T h is  m ass ch a n g e  is  too  sm a ll

to  be d e te c te d  on th e  b a la n ce  u se d  in  th e  G ouy  e x p e r im e n t .

I t  th e re fo re  fo llo w s  th a t  th e  re s u lts  o b ta in e d  fro m  th e  G ouy 

e x p e r im e n t a re  n o t c o n c lu s iv e . T h e  b la c k  d im e r m ay be p a ra m a g n e tic ,  

o r  i t  m ay n o t b e . T h e  s u s c e p t ib i l i t y  e x p e r im e n t can  n o t d is t in g u is h .
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A  c a re fu l  e le c tro n  p a ra m a g n e tic  re s o n a n c e  e x p e r im e n t in  w h ic h  th e  

n u m b e r  o f u n p a ire d  e le c tro n s  ca n  be c o u n te d , is  ne e d e d  to  d e te rm in e  

(a )  i f  th e  s u b s ta n c e  is  p a ra m a g n e tic  o r  n o t ,  a n d  ( b )  i f  s o , h ow  m any  

u n p a ir e d  e le c tro n s  a re  a s s o c ia te d  w ith  each fo rm u la  u n i t

^ ^ 2^ 2  ̂^ 2^  2^ ^ 2^ 2 "

H o w e v e r, th e  s u s c e p t ib i l i t y  e x p e r im e n t does show  th a t  each

fo rm u la  w e ig h t R u 2S 2 ( S ^C ^P h ^ ) 2 c o u ld  possess b e tw e e n  z e ro  a n d  0 .3 7  

u n p a ir e d  e le c tro n s .

6 . 6  TH E X -B A N D  E LE 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  

SPEC TR A OF B L A C K  R u 2S 2 ( S 2C 2P h2 ) 3

T h e  X -b a n d  e le c tro n  p a ra m a g n e tic  re so n a n ce  s p e c tra  o f th e

b la c k  s o lid ,  a t 295K a n d  7 7 K , a n d  o f  a s o lu t io n  in  c h lo ro fo rm  : to lu e n e ,

( 6 0 :4 0 ) ,  a t 77K , w e re  re c o rd e d  on a D ecca e . p . r .  s p e c tro m e te r .  T h e s e

s p e c t ra  a re  show n in  F ig u re s  ( 6 . 5 ) ,  ( 6 . 6 ) ,  a n d  ( 6 .7 ) .

S p e c tra  o b ta in e d  fro m  th e  s o lid  i t s e l f  a re  c h a ra c te r is t ic  o f

th o s e  e x p e c te d  fro m  an e le c tro n  in  an a x ia l ly  s y m m e tr ic  e n v iro n m e n t.

1
In s u c h  a s itu a t io n ,  w h e re  S = ^  a n d  th e  a x is  o f s y m m e try  o f  th e  p a ra 

m a g n e tic  com p lex  lie s  a t an a n g le  9 w ith  re s p e c t to  th e  a p p lie d  f ie ld ,  H , 

th e n  th e  re so n a n ce  f ie ld  is  g iv e n  b y ^ ^

H = h v ^ / ( g 3 g )

= h v ^ / [  6g (g ^ ^ c o s ^ 0+ g ^ s in ^ 0) ^ ]  ( 6 . 1 )
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w h e re  g is  th e  e f fe c t iv e  g - fa c to r  fo r  th e  s y s te m , a n d  is  th e  s p e c tro 

m e te r 's  m ic ro w a v e  f r e q u e n c y .  In  p o w d e rs  a n d  in  f ro z e n  s o lu t io n s  th e  

p a ra m a g n e tic  co m p le xe s  a re  ra n d o m ly  o r ie n te d  a n d  so a b s o rb  o v e r  a 

ra n g e  o f  m a g n e tic  f ie ld s .  T h e  lin e s h a p e  fo r  th e  o v e r a l l  a b s o rp t io n  c u rv e  

can  th e n  be  d e te rm in e d  in  th e  fo llo w in g  w a y .

F o r  a ra n d o m  d is t r ib u t io n ,  th e  f r a c t io n  o f co m p le xe s  th a t  lie  

b e tw e e n  6 a n d  0+d6 is  d (c o s 0 ) ,  so i f  dX  is  th e  f r a c t io n  o f co m p le xe s  

w hose s y m m e try  axes  l ie  in  th e  in te r v a l  d 0 , a n d  g iv e  r is e  to  re s o n a n c e  

f ie ld  v a lu e s  ly in g  w ith in  th e  f ie ld  in te r v a l  d H , th e n

th e r e fo re

dX  = A (H )d H  = d (c o s 0 )  ( 6 .2 )

A ( H )  = ( 6 .3 )

a n d  th is  re p r e s e n ts  th e  n o rm a lis e d  l in e  sh a p e  fu n c t io n ,  w h ic h  d e s c r ib e s  

th e  a b s o rp t io n  in t e n s i t y ,  as a fu n c t io n  o f  m a g n e tic  f ie ld ,  p r o v id e d  th e  

t r a n s i t io n  p r o b a b i l i t y  does n o t d e p e n d  on 0 .

R e c a s t in g  o f e q u a tio n  (6 .1 )  fo llo w e d  b y  s u b s t i t u t io n  in to  ( 6 .3 )

g iv e s

2 2 \ - i  rTV- 2  , 2 n - 2 _ - 3A (H ) = - ( g i i - g j  '  [ ( h v ) " ( 3 ^ H )  " -g ^ J  ^ ( h v ) " 3 g  H ^ (6 .4 )

T h is  fu n c tio n  is p lo tte d  as the solid  lin e  in F ig u re  ( 6 . 8 ) .  I t  peaks  a t  

H = h v / (g- ,  3 ) and  has a sharp  c u t -o f f  a t H = h v  / ( g , , 3  ) .O «L 0 O X X 0
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A ( H )

o r  A ( H  )

h vh v H o

F ig u r e  ( 6 . 8 )

E q u a tio n  ( 6 .4 )  assum es th a t  th e  a b s o rp t io n  o f  m ic ro w a ve  

r a d ia t io n  b y  th e  p a ra m a g n e tic  c o m p le x  is  in f in i t e ly  s h a r p . W hen b r o a d 

e n in g  e f fe c ts  a r is in g  fro m  in te r a c t io n  w i th  n e a re s t  n e ig h b o u rs  a re  ta k e n  

in to  a c c o u n t ,  th is  fu n c t io n  m u s t be  m u lt ip l ie d  b y  a s u ita b le  G a u ss ia n  

fu n c t io n  to  g iv e  th e  o b s e rv e d  a b s o rp t io n  c u r v e ,  th e  d a sh e d  c u rv e  in  

F ig u r e  ( 6 . 8 ) .  T h e  a n a ly t ic a l fo rm  o f  th e  b ro a d e n e d  c u rv e  is  g iv e n  b y  

e q u a tio n  ( 6 .5 )

A ( H ’ ) = “
ft 0Æ tt 3

A ( H ) E x p [ - ( H '- H ) ^ ( 2 3 ^ )  ^ ]d H ( 6 .5 )

H =H

w h e re  th e  w id th  o f each in d iv id u a l  co m p o n e n t l in e  is  c o n t ro l le d  b y  th e  

b ro a d e n in g  p a ra m e te r  g. T h e  e f fe c t  o f  3 is  to  b ro a d e n  th e  l in e s  in  th e  

a b s o rp t io n  s p e c tru m  so th a t  th e  re s o n a n c e  c e n te re d  a t H c o n t r ib u te s  to  

th e  a b s o rp t io n  a t H ',  an a m oun t g iv e n  b y  A ( H ) d H Y ( H '- H )  w h e re  Y ( H '- H )
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is  th e  G a u ss ia n  lin e s h a p e  fu n c t io n .  T h e  b ro a d e n e d  a b s o rp t io n  s p e c tru m , 

e q u a t io n  ( 6 . 5 ) ,  is  p lo t te d  in  th e  d a s h e d  c u r v e  in  F ig u re  ( 6 . 8 ) a n d  i t s  

f i r s t  d e r iv a t iv e  is  g iv e n  in  F ig u re  ( 6 . 9 ) .

d A ( H ')  /  X
dH  !  \

/ \
/ \

. /  1

« 1  \  /
'  /  « 1 1
\

H  V

F ig u re  ( 6 . 9)

T h e  th e o re t ic a l f i r s t  d e r iv a t iv e  e . p . r .  a b s o rp t io n  s p e c tru m  in  

F ig u r e  ( 6 . 9 )  is  q u ite  s im ila r  to  th e  d e r iv a t iv e  e . p . r .  a b s o rp t io n  s p e c t ra  

o b ta in e d  fro m  th e  b la c k  s o lid  R u 2 8 2 ( 5 2 0 2 ' show n  in  F ig u re s  ( 6 . 5 ) ,

( 6 . 6 ) ,  a n d  ( 6 . 7 ) .  E le c tro n  e x c h a n g e  a lm o s t c e r ta in ly  ta k e s  p la ce  in  th e  

s o lid  sa m p le s . F ig u re s  ( 6 . 5 )  a n d  ( 6 . 6 ) ,  b u t  n e v e r th e le s s  on c o m p a r is o n  

o f th e  tw o  s p e c tra  w ith  th e  fro z e n  s p e c tru m . F ig u re  ( 6 . 7 ) ,  i t  is  o b v io u s  

th a t  th e  s o lid  s p e c tra  ( 6 . 5 )  a n d  ( 6 . 6 ) a re  b ro a d e n e d  fo rm s  o f  s p e c tru m

( 6 . 7 ) .  S p e c tru m  ( 6 . 7 ) ,  i t s  in te g ra te d  a b s o rp t io n  s p e c tru m  a n d  th e  

u n b ro a d e n e d  s p e c tru m  fro m  w h ic h  th e  la t t e r  is  d e r iv e d  a re  sh o w n  in  

F ig u r e  ( 6 . 1 0 ) .  T h is  comes fro m  one e le c tro n  in  an a x ia l ly  s y m m e tr ic  

o r b i t a l  in te r a c t in g  a n is o t ro p ic a l ly  w ith  one n u c le u s ,  I  = j .  I t s  s p in -  

H a m ilto n ia n  p a ra m e te rs  a re  show n  in  T a b le  ( 6 . 5 ) .
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Table (6.5)

S p in -H a m ilto n ia n  p a ra m e te rs  f o r  th e  b la c k  d im e r

A , , , Gauss A , , Ga u s s

1 .997 2 . 027 19.4

T h e  h y p e r f in e  c o u p lin g  o b s e rv e d  in  th e  f ro z e n  e . p . r .  s p e c tru m  

o f th e  b la c k  s o lid  R u 2S 2 (S 2C 2P h 2) 2 > F ig u re  ( 6 . 7 ) ,  a n d  as sh o w n  in  th e  

r e c o n s t r u c te d  d ia g ra m , F ig u r e  ( 6 . 1 0 ) ,  can  n o t be  d u e  to  m a g n e tic

99ru th e n iu m  n u c le i.  T h e re  a re  tw o  m a g n e tic  is o to p e s  o f r u th e n iu m ,  R u

( n a tu r a l  a b u n d a n c e  = 12.7%, I  = ^ = - 0 . 6 3  n u c le a r  B o h r  m a g n e to n s ) ,

a n d  ^ ^ ^ R u  ( n a tu r a l  a b u n d a n c e  = 17.1%, I  = ^ ,  u = - 0 . 6 9  n u c le a r  B o h r

m a g n e to n s ) . T h e se  n u c le i w o u ld  each s p l i t  th e  e . p . r .  s p e c tru m  in to

s ix  p e a k s , fo r  each  o r ie n ta t io n  o f a c r y s ta l  in  a m a g n e tic  f ie ld .

T h e  e . p . r .  s p e c tra  o f th e  b la c k  d im e r show  th a t  th e re  is  no

d e te c ta b le  in te ra c t io n  o f th e  u n p a ire d  e le c tro n  w ith  ru th e n iu m  n u c le i.

T h e  s p in  H a m ilto n ia n , h o w e v e r , is  v e r y  s im ila r  to  th o s e  o b ta in e d  fro m

R e ( S 2C 2P h 2 ) ^ fo r  w h ic h  g^ = 2.0376,  g 2 = 2 .0 1 8 2 , g ^  = 1 .9 9 6 3 , a n d

in  w h ic h  th e  u n p a ire d  e le c tro n  has been  show n  to  be  e n t i r e ly  d e lo c a liz e d  

164
o v e r  th e  l ig a n d s .  F u r th e rm o re ,  th e  o b s e rv e d  g - te n s o r  c o m p o n e n ts

f o r  R u 2S 2 ( S 2C 2 q u ite  d i f f e r e n t  fro m  th e  v a lu e s  th a t  a re

o b s e rv e d  w h e n  th e  u n p a ire d  e le c tro n  is  e s s e n t ia l ly  lo c a liz e d  on a 

r u t h e n iu m d l l )  9 1 .9 3 . 94, 9 9 ,1 0 0 , 103 -105 ,134
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F igu re (5 .10 )
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T h e  e . p . r .  s p e c tra  o f th is  d im e r in d ic a te  th a t  th e  u n p a ire d  

e le c tro n  is  in  an a x ia l ly  s y m m e tr ic  o r b i ta l  d e lo c a liz e d  o v e r  th e  l ig a n d s .  

S u c h  s p e c tra  w o u ld  be  e x p e c te d  fro m  s t r u c tu r e  [ 6- E ] ,  see s e c tio n s  ( 6 .4 )  

a n d  ( 6 . 5 ) ,

[ 6- E l ]

P h

R u V
H P h

In te rm o le c u la r  e le c tro n  
a n d  p ro to n  t r a n s fe r

[6 -E 2 ]

in  w h ic h  th e  u n p a ire d  e le c tro n  lie s  in  an a x ia l ly  s y m m e tr ic  o r b i ta l  a n d  

in te r a c ts  w ith  one p r o to n .

F ig u re s  ( 6 . 5 ) ,  ( 6 . 6 ) ,  ( 6 . 7 ) ,  a n d  (6 .1 0 )  c o n f irm  th e  p re s e n c e  

o f u n p a ire d  e le c tro n s  in  th e  b la c k  d im e r R u 2S 2 (S ^ C ^ P h ^ )2 » In  o rd e r  to  

o b ta in  in fo rm a t io n  a b o u t th e  n u m b e r o f u n p a ire d  e le c tro n s  a ss o c ia te d  w ith  

each  fo rm u la  u n i t ,  i t  is  n e c e s s a ry  to  co m p a re , c a r e fu l ly ,  th e  in te n s i t y  o f 

th e  e . p . r .  a b s o rp t io n  s ig n a l w ith  th a t  o b ta in e d  fro m  a s u ita b le  s ta n d a rd .

B is - ( a c e ty la c e to n a to ) c o p p e r ( I I )  , C u (a c a c )  2 , was u s e d  as 

s ta n d a rd  in  e s t im a t in g  th e  s p in  c o n c e n tra t io n  in  th e  b la c k  p o w d e r ,  

^ ^ 2^ 2 ^ ^ 2^ 2^ ^ 2  ̂2 " e . p . r .  s p e c tra  o f th e s e  co m p o u n d s  h a ve  s im ila r
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l in e w id th s  a n d  lin e s h a p e s . In  th e  s p e c tro m e te r ,  c a re  w as ta k e n  to  

e n s u re  th a t  th e  K ly s t r o n  p o w e r s u p p ly  a n d  s ig n a l le v e ls ,  m o d u la tio n  

a m p litu d e s  a n d  sw eep ra te s  w e re  id e n t ic a l,  w h i ls t  r e c o rd in g  s p e c tra  o f 

th e s e  tw o  c o m p o u n d s . T h e  same s p e c tro s il sam p le  tu b e  was f i l le d  to  

th e  same e x te n t  f o r  each  m e a su re m e n t, a n d  c a re  was a lso  ta k e n  to  

p o s it io n  th e  sam ple  tu b e  in  th e  same re g io n  o f  th e  c a v ity  fo r  a ll 

m e a s u re m e n ts . U n d e r  th e se  c o n d it io n s ,  th e  o b ta in e d  r e s u lts  a re  l is te d

in  T a b le  ( 6 . 6 ) .  T h e se  d a ta  in d ic a te  th a t ,  th e  n u m b e r  o f m oles o f

0 .0135  -5
C u (a c a c )  ^ = 2 6 1'. 54 ”  5 .1617 x  10 . H ence  th e  n u m b e r o f m o lecu les  o f

C u (a c a c )  2 in  th e  sp e c ie s  e x a m in e d , = (5 .1 6 1 7  x  10 ^) x  (6 .0 2 2  x  10^^)

1 8
= 31 .0842 X 10 m o lecu les  

18
= 31.0842 X 10 u n p a ire d  e le c tro n s  in  th e  s p e c ie s , C u (a c a c )  2 , 

e x a m in e d .

S im ila r ly ,  th e  n u m b e r  o f R u 2S 2 ( S2C 2P h 2 ) 2 lu  th e  sp e c ie s  e xa m in e d
1 o

= 13. 085 X 10 m o le c u le s .

T h e  n u m b e r  o f u n p a ire d  e le c tro n s  in  s p e c ie s , R u 2S 2 ( S 2C 2P h 2 ) 2 » e x a m in e d  

= th e  n u m b e r o f u n p a ire d  e le c tro n s  in  s p e c ie s , C u (a c a c ) 2 * e x a m in e d  

w e ig h t o f a re a  u n d e r  th e  c u r v e ,  R u 2S 2 ( S 2C 2P h 2 ) 2
X

w e ig h t  o f a re a  u n d e r  th e  c u r v e ,  C u (a c a c ) 2

= ( 31 .0842 X 10^®) X 

= 2 . 1462 X 10 u n p a ire d  e le c tro n s .

T h e r e fo r e ,  th e  n u m b e r o f u n p a ire d  e le c tro n s  p e r  m o lecu le  o f 

R u 2 S , ( S , C , P h 2 ) ,  = 2 -1 4 6 2  x  1 0 18
2 2 2 2 2 2 ^ jgl8

= 0 .164  u n p a ire d  e le c tro n



T a b le  ( 6 . 6 )
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*
C u (a c a c )  2

W e ig h t o f sa m p le , in  gram 0.0135 0.0163

W e ig h t o f  a re a  u n d e r  th e  c u r v e ,  

a t  r e c o r d e r  g a in = 0 .5 V , in  g ram

2.5795 0 .1817

* *
M o le c u la r  w e ig h t  = 261 .54 ; 

M o le c u la r  w e ig h t  = 750.14
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i . e .  T h e re  is  one u n p a ire d  e le c tro n  f o r  e v e ry  6 .097  m o lecu les  o f th e  

b la c k  d im e r  R u ^ S ^C S ^ C ^P h ^ )2 «

H e n ce , s p in  c o u n t in g  m e a su re m e n ts  u s in g  th is  e . p . r .  te c h n iq u e  

sh o w  th a t  a b o u t 5 /6  o f th e  s u b s ta n c e  e x a m in e d  m u s t h a ve  th e ,  

d ia m a g n e t ic ,  s t r u c tu r e  [ 6- D ]

Ph

s

[ 6- D ]

a n d  a b o u t 1 /6  is  th e  p a ra m a g n e tic  s p e c ie s , [ 6-E ]

P h

P h

S

^  s

[ 6- E ]
H P h
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6 .7  T H E  H IG H  R E S O L U T IO N  PR O TO N  M A G N E T IC  R E S O N A N C E  

SPEC TR U M  OF B L A C K  R u ^S

A  100 MHz ^H n u c le a r  m a g n e tic  re s o n a n c e  s p e c tru m  o f  a 

s o lu t io n  o f R u 2S2 ( S 2C 2P h 2 ) 2 iu  CDC  , re c o rd e d  on a V A R IA N  100 MHz 

n . m . r .  s p e c tro m e te r ,  a t 298K , is  show n  in  F ig u re  ( 6 .1 1 ) .  I t  c o n s is ts  

o f  th re e  b ro a d  re g io n s  c e n tre d  a t ô = 7 .2 9 , 4 ,2 6 , a n d  1 .3 2  o f r e la t iv e  

in te n s i t ie s  2 0 :2 :3  r e s p e c t iv e ly .  T h e  lo w - f ie ld  re g io n  o f th e  s p e c tru m , 

a p a r t  fro m  b ro a d e n in g  o f th e  s h a rp  s t r u c tu r e ,  n o rm a lly  e x p e c te d , is  th a t  

o f  s ta n d a rd  a ro m a tic  re s o n a n c e s  in  a d ia m a g n e tic  s y s te m . W hen ta k e n  in  

c o n ju n c t io n  w i th  th e  o th e r  e v id e n c e  a lre a d y  p re s e n te d  fo r  th is  b la c k  

d im e r ic  s u b s ta n c e , K u 2 ^ 2 ^ ^ 2 ^ 2 F ^ 2 )  2 ’ tw o  b ro a d  re g io n s  a t 6 ^ 4 . 2 6  

a n d  6 % 1. 32 a re  a s s ig n e d  to  th e  m e ta - a n d , o r th o - p lu s  p a r a - , p ro to n s  

( r e la t iv e  in te n s it ie s  2 :3 ) o f p h e n y l re s id u e s .

T h e  in te n s i t y  ra t io s  in d ic a te  th a t ,  0 .2 0  o f th e  sam p le  is  p a ra 

m a g n e tic  a n d  0 .80  is  d ia m a g n e tic . T h is  com pa res  re a s o n a b ly  fa v o u r a b ly  

w i th  th e  r e la t iv e  p r o p o r t io n  0 .1 6 4 :0 .8 3 6  o b ta in e d  fro m  th e  e . p . r .  e s tim a te s  

a lre a d y  c o n s id e re d . T h e  a v e ra g e  o f th e  e . p . r .  and  n . m . r .  r e s u l t s ,  le a d  

to  an  e s tim a te  o f  0 .18  o f th e  b la c k  d im e r , R u 2S 2 ( S 2C 2P h 2 ) 2 » is  in  th e  

p a ra m a g n e tic  fo rm , [ 6-E ]

Ph
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a n d  0 .8 2  in  th e  d ia m a g n e tic  fo rm , [ 6- D ]

251

.S S'

X  > ” “  <

Ph P h

F u r th e rm o re ,  th e  r e la t iv e  in te n s it ie s  o f th e  p e a k s  in  H n . m . r ,  

s p e c tru m  o f th e  b la c k  d im e r P^U2S 2 (S ^ C ^ P h ^ )  ^ show  th a t  on  th e  n . m . r .  

t im e  s c a le , th e  tw o  h a lv e s  o f  th e  p a ra m a g n e tic  fo rm , [ 6- E ] ,  a re  e f fe c t 

iv e ly  e q u iv a le n t ,  i . e .  on  th e  n . m . r .  t im e  sca le , th e re  is  a r a p id  i n t r a 

m o le c u la r e le c tro n  t r a n s fe r  in  th e  m ix e d  v a le n c e  p a ra m a g n e tic  fo rm , 

[ 6- E ] .  A  s im u lta n e o u s  p ro to n  t r a n s fe r  m ig h t a lso  ta k e  p la c e , i . e .

s s s
H

P h

'P h

( 2 fo rm s )

In tra m o le c u la r  e le c tro n  
t r a n s fe r  a n d  p ro to n  
t r a n s fe r
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(2  fo rm s )

T h e  H n . m . r .  s p e c tru m  o f th e  d ia m a g n e tic  fo rm , [ 6- D ] ,  is  

a lso  b r o a d ,  im p ly in g  th a t ,  in te rm o le c u la r  e le c tro n  t r a n s fe r  b e tw e e n  th e  

d ia m a g n e tic ,  [ 6- D ] ,  a n d  p a ra m a g n e tic ,  [ 6- E ] ,  sp e c ie s

P h

Y

( +e) 
-H  +

P h

P h

In te rm o le c u la r  e le c tro n  
t r a n s fe r  ( -e )

+ H +

H P h

p o s s ib ly  w ith  s im u lta n e o u s  p ro to n  t r a n s fe r ,  a lso  ta k e s  p la c e , b u t  a t a 

s lo w e r ra te  th a n  th e  in tra m o le c u la r  e le c tro n  t r a n s fe r  p ro c e s s .

I t  s h o u ld  be  n o te d  th a t  th e  n . m . r .  s p e c tru m  o f th e  b la c k  

R u 2S 2 ( S 2C 2P h 2 ) 2 is  a lso  f u r t h e r  c o n s is te n t w i th  th e  r e s u lts  o b ta in e d  

fro m  th e  e . p . r .  s p e c tra  o f th is  d im e r , in  t h a t ,  i t  show s th a t  th e re  is  

v e r y  e x te n s iv e  d e lo c a liz a t io n  o f th e  u n p a ire d  e le c tro n  o n to  th e  l ig a n d s .



253

6 . 8 T H E  V IS IB L E -U L T R A V IO L E T  S P E C TR U M  OF B L A C K

^ 2 - 2 — 2 -  2 - 2 - 2

T h e  v is ib le - u l t r a v io le t  s p e c tru m  o f a s o lu t io n  o f R u 2S 2 (S 2C 2

in  d ie h lo ro m e th a n e , re c o rd e d  on a P Y E -U N IC A M  SP 800 s p e c tro m e te r  is  

sh o w n  in  F ig u r e  ( 6 .1 2 ) .  T h e  m e a su re m e n ts  w e re  c a r r ie d  o u t in  a 5 mm 

c e ll a n d  th e  b la c k  s o lu t io n  was d i lu te d  10- f o ld  in  r e c o r d in g  th e  u . v .  

re g io n  o f  th e  s p e c tru m , com pa red  to  m e a su re m e n ts  c a r r ie d  o u t in  th e  

v is ib le  r e g io n .  W a v e le n g th s , w a v e n u m b e rs , a n d  a s s ig n m e n ts  o f th e  

p e a k s  in  F ig u re  (6 .1 2 )  a re  l is te d  in  T a b le  ( 6 . 7 ) .

T h e  v is ib le  re g io n  o f th e  s p e c tru m  in  F ig u r e  (6 .1 2 )  is  v e r y

s im ila r  to  th e  o b s e rv e d  s p e c tru m  o f th e  o l iv e - g r e e n ,  R u C ^ ^ H ^ 2 0 2 ’

F ig u r e  ( 5 .1 3 ) .  T h is  o b s e rv a t io n  is  c o n s is te n t  w ith  th e  o th e r  e v id e n c e ,

p re s e n te d  in  th is  c h a p te r ,  in  th a t  th e  d o m in a n t ru th e n iu m  io n  in  th is

b la c k  d im e r ,  R u 2S 2 (S 2C 2P h 2 ) 2 > is  r u th e n iu m ( I I )  r a th e r  th a n  ru th e n iu m  ( I I I )

19
T h e  s y m m e try  spec ies  o f th e  o c ta h e d ra l g ro u p ,  O ^ , c o r re la te  

w i th  th e  s y m m e try  sp e c ie s  o f th e  g ro u p  I^ 2 h ’ sh o w n  in  F ig u re  (6 .1 3 )

f̂lg(t2gGg)'

o. D
2h

^^Ig+^2g+^3g( ^2g)

n

F ig u re  (6 .1 3 )
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6 .9  T h e  d -E L E C T R O N  D IS T R IB U T IO N  IN  B L A C K  R u ^S ^( S ^C ^P h ^) ^

T h e  b la c k  d im e r ,  R u 2S 2 ( S ^C ^P h ^ ) 2 , has th e  n e a r ly  p la n a r  

s t r u c tu r e  show n  in  F ig u re  ( 6 .1 4 ) .  Y

R u /

F ig u re  (6 .1 4 )

T h e  p la n e  o f th e  m o lecu le  is  th e  x z -p la n e ,  th e  y - d i r e c t io n  b e in g  a t r i g h t  

a n g le s  to  th is  p la n e , in  a r ig h t - h a n d e d  sense . I t  is  assum ed  th a t  th e  

s u lp h u r  l ig a n d  a tom s a re  s p ^  h y b r id iz e d ,  th e  th re e  o ^ o rb ita ls  ly in g  in  

th e  x z -p la n e ,  one 0- o r b i t a l  in  each  s u lp h u r  o f th e  S C (P h )C (P h )S  p o in t in g  

to w a rd s  th e  n e ig h b o u r in g  ru th e n iu m  io n s , a n d  tw o  s p ^  O -h y b r id e s  o f each  

c e n t ra l s u lp h u r  p o in t in g  to w a rd s  th e  n e ig h b o u r in g  ru th e n iu m  io n s . T h e  

a xe s  o f th e  3 p ^  o r b i ta ls  in  each  s u lp h u r  a re  p a ra l le l to  th e  y - a x is  o f th e  

c o o rd in a t io n  fra m e w o rk .

T h e  d -e le c t r o n  d is t r ib u t io n  in  th e  b la c k  d im e r , R u 2S 2 (S 2C 2P h 2 ) 2 > 

can  be  c o n s id e re d  in  th re e  s ta g e s ; in  th e  f i r s t  s ta g e  th e  o r d e r in g  o f 

th e  d - o r b i ta l  e n e rg ie s  f o r  each  o f th e  ru th e n iu m  io n s  in  th e  d im e r a re  

d e d u c e d , th e n  th e  in te r a c t io n  o f th e s e  o rb ita ls  w ith  l ig a n d  o r b i ta ls  a n d  

w ith  o rb i ta ls  on th e  n e ig h b o u r in g  ru th e n iu m  io n  can  be  c o n s id e re d  in  th e  

se co n d  s ta g e , a n d  in  th e  t h i r d  s ta g e  e le c tro n s  a re  fe d  in to  th e  r e s u l ta n t  

e n e rg y  le v e ls  schem e.
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I n  th e  f i r s t  s ta g e , a s im p le  c r y s ta l  f ie ld  a n a ly s is  f o r

S ^ R u S ^ C ^ P h ^ , F ig u re  (6 .1 5 )

Y

s
F ig u re  (6 .1 5 )

p r e d ic ts  th e  r e la t iv e  d - o r b i t a l  e n e rg ie s  f o r  each ru th e n iu m  io n  in  th is  

s u b s ta n c e  to  be as show n  in  F ig u re  (6 .1 6 a ) .

T h e  e f fe c t  o f  c o v a le n t o v e r la p  o f th e  d - o r b i ta ls  in  F ig u r e  (6 .1 6 a )  

w ith  th e  l ig a n d  o r b i ta ls  a n d  w ith  o rb i ta ls  on th e  n e ig h b o u r in g  ru th e n iu m  io n  

ca n  be c o n s id e re d  in d iv id u a l ly ,  in  th e  second  s ta g e , in  th e  fo l lo w in g  m a n n e r:

( i )  4d o r b i ta l  . T h e  lo b e s  o f th is  o r b i ta l ,  o f th e  c e n t r a l  ru th e n iu m  io n , 
— x z --------------

p o in t  d i r e c t ly  a t th e  f o u r  s u lp h u r  l ig a n d  atom s as sh o w n  in  F ig u re  ( 6 .1 5 ) .  

4 d ^ ^  is  th e r e fo re  s t r o n g ly  in v o lv e d  in  o -b o n d in g  w ith  th e  fo u r  s u lp h u r  sp ^  

h y b r id s  fro m  th e  l ig a n d s ,  each  c o n ta in in g  tw o  e le c tro n s .  A llo w in g  fo r  a 

c o v a le n t b o n d in g ,  th e re fo re  th e  e n e rg y  o f 4 d ^ ^  o r b i t a l ,  in  F ig u re  (6 .1 6 a ) ,  

in c re a s e s  m a rk e d ly .  T h e  4 d ^ ^  o r b i ta l  can n o t ta k e  p a r t  in  TT-bonding w ith  

th e  l ig a n d s :  i t  has  th e  w ro n g  s y m m e try . Weak d ^ - d ^  o v e r la p ;  i . e .  w eak

4 d ^ ^ -4 d ^ ^  TT-bonding w ith  th e  n e ig h b o u r in g  ru th e n iu m  io n  can  h a v e  o n ly  

a s l ig h t  e f fe c t  on th e  e n e rg y  o f th e  4 d ^^  o r b i ta l  in  F ig u re  (6 .1 6 a )  s in ce  

th e  b r id g in g  s u lp h u r  a tom s in te r v e n e .

(Ü ) 4d_2 o r b i ta l .  T h e  e n e rg y  o f th e  4d^2 o r b i ta l  is  o n ly  s l ig h t ly

in f lu e n c e d  b y  w eak o -b o n  d in  g w ith  th e  s u lp h u r  l ig a n d s .  T h is  o r b i ta l  

can  n o t ta k e  p a r t  in  TT-bonding w ith  th e  l ig a n d s .  H o w e v e r, th e  lo b e s



4dxz

4d 2

4dyz

4dxy

2 5 8

  - d k —
.......................... - J L .

 ..........................................._ jL _  - I k -

Ru^^,4d^ R u^*,4d^

(a) (b)

F igure (6 .16 ) An energy l e v e l  diagram showing th e  r e la t iv e  

ord ers o f  th e  4 d - o r b ita ls  o f R u (I I ) ,1 1 1 );

(a) a t  th e  f i r s t  s ta g e  o f th e  a n a ly s e s ,

(b) when th e  e f f e c t s  o f  c o v a le n t  bonding in  

th e  b lack  dimer RU2 S2 (S 2 C2 Ph2 ) 2  i s  taken  in to  

account
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o f th e  4d^2 o r b i ta ls  on th e  n e ig h b o u r in g  ru th e n iu m  io n s  p o in t  d i r e c t ly

to w a rd s  each o th e r ,  a n d  th is  4 d ^2 "4 d ^2  o -b o n d in g  m u s t lo w e r  th e  e n e rg y

o f th e  4d^2  o r b i t a l  in  F ig u re  ( 6 .1 6 a ) .  H o w e v e r, th e  m e ta l io n  s e p a ra t io n
o

m u s t l ie  b e tw e e n  2 .6  a n d  3 .3 A , th e re fo re  th e  o v e r la p  in te g r a l  b e tw e e n  

th e s e  tw o  4d^2  o rb i ta ls  is  sm a ll a n d  th o u g h  th e  o v e r la p  w i l l  re d u c e  th e  

e n e rg y  o f th e  4d^2 o r b i ta l  in  F ig u re  (6 .1 6 a ) ,  i t  w i l l  n o t  lo w e r  i t  to o  m u ch .

( i i i )  4d o r b i t a l .  T h e  4d o r b i ta l  on  each  ru th e n iu m  io n  can  n o t  ta k e  — yz  ------------  y z

p a r t  in  o - b o n d in g  w ith  t h e  l ig a n d s  b u t  i t  d o e s  t a k e  p a r t  in  w e a k  s i d e 

w a y s  TT-bonding w ith  t h e  3p^  o r b i t a ls  o f  t h e  n e ig h b o u r in g  s u lp h u r  a to m s .

T h e  4d o r b i ta ls  on th e  ru th e n iu m  io n s  ta k e  p a r t  in  d  - d  b o n d in g ,  
y z  ^  TT 7T ^

h o w e v e r , a g a in  b e ca u se  o f th e  la r g is h  s e p a ra t io n  o f  th e  m e ta l io n s  th e  

n e t e f fe c t  o f c o v a le n t b o n d in g  on th e  4 d ^ ^  w i l l  lo w e r  i t s  e n e rg y  o n ly  

s l ig h t ly  in  th e  e n e rg y  le v e l d ia g ra m  in  F ig u re  (6 .1 6 a ) .

( iv )  4d^^^  ̂ o r b i t a l .  T h e  4 d _ _  o r b i ta l  on  each  ru th e n iu m  io n  ca n  n o t  ta k ex y  x y

p a r t  in  o -b o n d in g ,  b u t  i t  can  ta k e  p a r t  in  w eak s id e -w a y s  ir -b o n  d in  g w i th  

th e  l ig a n d  3 p ^  o r b i ta ls .  4 d ^ ^ - 4 d ^ ^  6 - b o n d in g  w ith  th e  n e ig h b o u r in g  

ru th e n iu m  io n  m u s t be so w e a k  th a t  i t  is  c o n c lu d e d  th a t  th e  r e la t iv e  

e n e rg y  o f th e  ru th e n iu m  4 d ^ ^  o r b i ta l  is  as i t  is  in  th e  e n e rg y  le v e l 

d ia g ra m . F ig u re  ( 6 .1 6 a ) .

( v )  4d^2_y2  o r b i t a l . T h is  o r b i ta l  on each ru th e n iu m  io n  can  ta k e  p a r t

in  w e a k  o - b o n d in g ,  b u t  it  c a n  n o t  ta k e  p a r t  in  TT-bonding w ith  t h e  l ig a n d s ,

4d 2_ 2 6 - b o n d in g  w ith  th e  n e ig h b o u r in g  ru th e n iu m  io n  is  e x p e c te d  to  
X  y

be v e r y  w e a k , a g a in  d u e  to  th e  r e la t iv e  la rg e  s e p a ra t io n  b e tw e e n  th e  tw o  

ru th e n iu m  io n s .  I t  th e re fo r e  fo llo w s  th a t  th e  4d o ? o r b i ta l  on th e  

ru th e n iu m  io n s  m u s t h a ve  th e  re la t iv e  e n e rg y  sh o w n  in  F ig u re  ( 6 .1 6 a ) .
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I n  th e  t h i r d  s ta g e , i t  is  c o n c lu d e d  th a t  w h e n  a llo w a n ce  is  made

fo r  c o v a le n t b o n d in g  w ith  th e  l ig a n d s  a n d  w ith  th e  o r b ita ls  o f th e

n e ig h b o u r in g  ru th e n iu m  io n s  in  th e  d im e r ,  th e  d - o r b i ta ls  e n e rg ie s  have

th e  r e la t iv e  o rd e rs  sh o w n  in  F ig u re  ( 6 .1 6 b ) ,  c o m p a re d  to  F ig u re  ( 6 .1 6 a ) .

T h e re fo re  th e  u n p a ire d  e le c tro n  in  th e  b la c k  d im e r ,  R u 2S 2 ( S 2C 2 '

l ie s  in  th e  4d o r b i t a l  o f  th e  ru th e n iu m  ( I I I )  io n s .  (4 d  - 4 d  ) 
y z  y z  y z

TT-bonding w ith  th e  n e ig h b o u r in g  r u th e n iu m ( I I )  io n  e n a b le s  an easy 

e le c tro n  e x c h a n g e

R u ^ *  + R u ^ *  R u ^ *  + R u ^ *

to  ta k e  p la c e .  TT-bonding o f  th e  r u th e n iu m  4 d ^ ^  o r b i t a ls  to  t h e  l ig a n d s

e n a b le s  d e lo c a liz a t io n  o f th e  u n p a ire d  e le c tro n  o n to  th e  l ig a n d s  to  be

e a s ily  e f fe c te d .  I t  is  th e r e fo r e  c o n c lu d e d  fro m  th is  q u a l i ta t iv e  a n a ly s is

th a t  on a tim e  a v e ra g e  b a s is  th e  u n p a ire d  e le c tro n  is  in  a m o le c u la r

o r b i ta l  e n co m p a ss in g  th e  w ho le  f ra m e w o rk  o f th e  m o lecu le  in v o lv in g  th e

TT-fra m e s  o f th e  l ig a n d s  a n d  th e  4d o r b i ta ls  on each  o f th e  tw o  ru th e n iu m  ^ yz

io n s .  T h is  a c c o u n ts  q u a l i ta t iv e ly  f o r  th e  e . p . r .  a n d  n . m . r .  r e s u l ts ,  

a n d  i t  is  p ro b a b le  th a t  th e  e le c tro n  d e lo c a liz a tio n  is  a lso  a ccom pan ie d  b y  

a s lo w e r h y d ro g e n  a tom  d e lo c a liz a tio n  o f th e  e x t ra  h y d ro g e n  atom to o .

T h e  u n p a ire d  e le c tro n  e s s e n t ia l ly  m ig ra te s  o v e r  th e  w h o le  m o le c u la r 

p la n e , th e  y - d i r e c t io n  is  th e re fo re  th e  u n iq u e  a x ia l d ir e c t io n ,  i . e .  th e  

p a ra l le l d ir e c t io n  in  th e  e . p . r .  e x p e r im e n t,  a n d  th e  x z -p la n e  is  th e  

p e rp e n d ic u la r  p la n e  f o r  th is  p u rp o s e .



1-R

R EFE R E N C E S

1. B . N .  F ig g is ,  " In t r o d u c t io n  to  L ig a n d  F ie ld s " ,  In te rs c ie n c e ,  New  Y o r k ,  

1966.

2. J .C .  S la te r ,  "Q u a n tu m  th e o ry  o f a tom ic  s t r u c t u r e " ,  M c G ra w -H il l ,

N ew  Y o r k ,  I9 6 0 , V o l.  I ,  I I .

3. C .J .  B a llh a u s e n , " I n t r o d u c t io n  to  L ig a n d  F ie ld  T h e o r y " ,  M c G ra w -H il l ,

N ew  Y o r k ,  1962.

4. J .S .  G r i f f i t h  . , ,  "T h e  T h e o ry  o f T r a n s it io n  M e ta l Io n s " ,  C a m b r id g e  

U n iv e r s i t y  P re s s , L o n d o n , 1964.

5. E .U .  C o n d o n  a n d  G .H . S h o r t le y ,  " T h e o ry  o f A to m ic  S p e c t ra " ,  2nd  e d . , 

C a m b r id g e  U n iv e r s i t y  P re s s , L o n d o n , 1953.

6 . H . E y r in g ,  J .  W a lte r a n d  G .E . K im b a ll,  "Q u a n tu m  C h e m is t r y " ,  J o h n  W iley  

a n d  S ons In c .  , New  Y o r k ,  1944.

7. H .L .  S c h la fe r  a n d  G . G lie m a n n , "B a s ic  P r in c ip le s  o f L ig a n d  F ie ld  

T h e o r y " ,  W ile y - In te r s c ie n c e , L o n d o n , 1969.

8 . N .M . G ra y  a n d  L . A .  W ills , P h y s . R e v . ,  1931, 248.

9. M . G e r lo c h  a n d  R .C .  S la d , "L ig a n d  F ie ld  P a ra m e te rs " ,  C a m b r id g e  

U n iv e r s i t y  P re s s , L o n d o n , 1973.

10. G . R a c a h , P h y s . R e v . ,  1942, 438; 1943, 367.

11. C .E .  M o o re , "A to m ic  E n e rg y  L e v e ls " ,  N a t.  B u r .  S ta n d a rd s  C ir c .  467, 

V o l . l ,  1949; V o l.  2, 1952; V o l.  3, 1958.

12. S . F ra g a ,  J . K a rw o w s k i a n d  K .M .S .  S a x e n a , "H a n d b o o k  o f a tom ic  

d a ta " ,  E ls e v ie r ,  A m s te rd a m , 1976.

13. T .M .  D u n n ,  T r a n s .  F a ra d a y  S o c . ,  1961, 57, 1441.



2-R

14. H . A .  B e th e , A n n .  p h y s ik ,  1929, ^  [ 5 ] ,  133, E n g lis h  T ra n s la t io n  

C o n s u lta n ts  B u re a u ,  N . Y . ,  1958.

15. W .C . P e n n y  a n d  R . S c h la p p , P h y s .  R e v . ,  1932, 194; 1932, 4 2 ,

666.

16. C .K .  J^> rgensen , "M o d e rn  A s p e c ts  o f L ig a n d  F ie ld  T h e o r y " ,  

N o r th - H o l la n d ,  1971.

17. J .N .  M u r r e l l ,  S .F .A .  K e t t le  a n d  J .M .  T e d d e r ,  "T h e  C h e m ica l B o n d " ,

2nd  e d it io n ,  J o h n  W ile y , L o n d o n , 1985.

18. H .H .  S c h m id tk e , "P h y s ic a l M e th o d  in  A d v a n c e d  In o rg a n ic  C h e m is t r y " ,  

e d . N .A .O .  H i l l  a n d  P . D a y , In te r s c ie n c e ,  L o n d o n , 1968.

19. B .  D o u g la s  a n d  C .A .  H o ll in g s w o r th ,  "S y m m e try  in  B o n d in g  a n d  S p e c tra ,  

an  I n t r o d u c t io n " ,  A cadem ic  P re s s , 1985.

20. R . F ie s e h i a n d  P .O . L o w d in  : T e c h . N o te  4, Q u a n tu m  C h e m is try  G ro u p ,  

U p p s a la , 1957.

21. A .M .  C lo g s to n , J . P h y s . C h e m . S o lid s ,  1958, 7, 201.

22. L . E .  O rg e l,  J . C hem . P h y s . ,  1955, 2^, 1004 ; 1824.

23. C .K .  J o rg e n s e n , "A b s o rp t io n  S p e c tra  a n d  C h e m ica l B o n d in g  in  

C o m p le x e s " , P e rgam on  P re s s , 1962, C h a p te r  5.

24. J .C .  H e m p e l, J . C hem . P h y s . ,  1976, M ,  4307.

25. S . K o id e  a n d  M .H .L .  P ry c e , P h il .  M a g . ,  1958, 3, 607.

26. R . P a p p a la rd o , J. Chem . P h y s . ,  1959, 21» 1050.

27. Y . T a n a b e  a n d  S. S u g a n o , J . P h y s . S oc . J a p a n , 1954, 9, 753; 766.

28. D .S .  M c C lu re ,  "E le c tro n ic  S p e c tra  o f  M o le cu le s  a n d  Io n s  in  C r y s ta ls " ,  

A ca d e m ic  P re s s ,  1959.

29. L .E .  O rg e l,  J . C hem . P h y s . ,  1955, 1819.

30. J .S .  G r i f f i t h ,  R ec . T r a v .  C h im . , 1956, 75, 676.



3-R

31. H . A .  Ja h n  a n d  E . T e l le r ,  P ro c . R o y . Soc. ( L o n d o n ) ,  1957, A 1 6 1 , 220.

32. J .H .  V a n  V le c k ,  J .  C hem . P h y s . ,  1939, 7, 61; 72.

33. K .  P a n d e y , S . A h u ja ,  N . P oon ia  a n d  S . B h a r t i ,  C hem . C o m m u n .,

1982, 1268.

34. E .A .  S eddon  a n d  K .R .  S e d d o n , "T h e  C h e m is try  o f R u th e n iu m " ,

E ls e v ie r ,  T h e  N e th e r la n d s ,  1984.

35. C .K .  J (3 rg e n se n , A c ta  C hem . S c a n d . , 1956, 1^, 518.

36. R . G ro b e ln y ,  B .  J e z o w s k a -T re b ia tw s k a  a n d  W. W o jc ie c h ie c h o w s k a ,

J .  I n o r g .  N u c l.  C h e m ., 1966, 2715.

37. A .  G a ra , K . N a ta ra ja n  a n d  A .  A g a rw a la ,  In d ia n  J . C h e m .,  1977, 1 5 A ,

534.

38. J .H .  V a n  V le c k  a n d  W. G . P e n n y , P h il .  M a g . ,  1934, 1 Y ( 7 ) ,  961.

39. D .H .  G ood , J . C hem . P h y s . ,  1965, 2830.

40. M . G e r lo c h , J . L e w is  a n d  W .R . S m a il, J . C hem . S o c . ,  D a lto n  T r a n s . ,

1972, 1559.

41. K . A .  S c h ro e d e r ,  J .  C hem . P h y s . , 1962, 1587.

42. W. Low  a n d  G . R o s e n g a r te n , J . M o l. S p e c tro . , 1964, 12, 319.

43. J .C .  H em pe l, J .C .  D o n in i,  B .R .  H o lle b o n e  a n d  A . B . P .  L e v e r ,

J .  A m . C hem . S o c .,  1974, % ,  1693.

44. C .E .  S o l iv e r y ,  I n t .  J . Q u a n tu m  C hem . , 1973, 7, 1139.

45. J .C .  D o n in i,  B .R .  H o lle b o n e , G . L o n d o n , A . B . P .  L e v e r  a n d  J .C .  H em pe l, 

I n o r g .  C h e m ., 1975, lA , 455.

46. M .L .  E lle z e y , I n t .  J .  Q u a n tu m  C h e m ., 1973, 7, 253.

47. G .F .  K o s te r ,  J .O .  D im m o k , R .G .  W hee le r a n d  H . S ta tz ,  P ro p e r t ie s

o f t h i r t y - t w o  p o in t  g ro u p s  ( M IT ,  C a m b r id g e , M A , 1963 ).

48. J .C .  H em pe l, R .A .  P a lm e r a n d  M .C . Y a n g , J . C hem . P h y s . , 1976, 64 ,

4314.



4-R

49. P . C a ro , M . F a u c h e r ,  M . S a ry  a n d  H . P a n k o w s k a , J . C hem . P h y s .  ,

1978, W , 1045.

50. G . W y b o u rn e , "S p e c tro s c o p ic  P ro p e r t ie s  o f R a re  E a r th s " ,  In te r s c ie n c e ,  

N ew  Y o r k ,  1965, p .  164.

51. D . C u r ie ,  C . B a r th o u  a n d  B .  C a n n y , J . C hem . P h y s . ,  1974, 3048.

52. B . A .  Goodm an a n d  J .B .  R y n o r ,  A d v .  I n o r g .  C hem . R a d io  C h e m .,

1970, U ,  135.

53. A .H .  A l-M o w a li,  P h .D .  T h e s is ,  G lasgow  U n iv e r s i t y ,  1974.

54. A .  C a r r in g to n  a n d  A .D .  M c L a c h la n , " In t r o d u c t io n  to  M a g n e tic  R e s o n a n c e " , 

H a rp e r  a n d  R o w , New Y o r k ,  1967.

55. C .P .  S l ic h te r ,  " P r in c ip le s  o f  M a g n e tic  R e s o n a n c e ", H a rp e r  a n d  R o w ,

N ew  Y o r k ,  1963.

56. A .  A b ra g a m  a n d  B .  B le a n e y , "E le c tro n  P a ra m a g n e tic  R e so n a n ce  o f  

T ra n s it io n  Io n s " ,  C la re n d o n  P re s s , O x fo rd ,  1970.

57. N .H .  A th e r to n ,  "E le c tro n  S p in  R e s o n a n c e ", E ll is  H o rw o o d , L o n d o n ,  1973.

58. B .  M c G a rv e y , " T r a n s it io n  M e ta l C h e m is t r y " ,  e d . C a r l in ,  M a rc e l 

D e k k e r  I n c . ,  New  Y o r k ,  1966, V o l.  3, p . 90.

59. P .B .  A y s c o u g h ,  "E le c tro n  S p in  R esonance  in  C h e m is t r y " ,  M e th u e n , 

L o n d o n , 1967.

60. D .H .  M a r t in ,  "M a g n e tism  in  S o lid s " ,  I l l i f f e  B o o ks  L t d . ,  L o n d o n ,

1967, p . 188.

61. F .E .  M abbs a n d  D .J .  M a c h in , "M a g n e tism  a n d  T ra n s it io n  M e ta l 

C o m p le x e s " , C hapm an a n d  H a ll,  1973, p .  96.

62. E . K o n g , "P h y s ic a l M e th o d  in  A d v a n c e d  In o rg a n ic  C h e m is t r y " ,  e d .

N .A .O .  H i l l  a n d  P . D a y , In te r s c ie n c e ,  L o n d o n , 1968, p .  266.



5-R

63. H . W a tanabe , P r o g r .  T h e o r .  P h y s . ,  1957, 18, 405.

64. M .J .D .  P o w e ll, J .R .  G a b r ie l a n d  D .F .  J o h n s to n , P h y s . R e v . L e t te r s ,

1960, 5, 145.

65. J .S .  G r i f f i t h ,  M o l. P h y s . , 1964, 8 , 213.

6 6 . M . K o ta n i,  J . P h y s . S oc. J a p a n , 1949, 4 , 293.

67. A .  E a rn s h a w , " In t r o d u c t io n  to  M a g n e to c h e m is try " ,  A ca d e m ic  P re s s ,

L o n d o n , 1968, C h .V .

6 8 . A .  E a rn s h a w , B .N .  F ig g is ,  J .  L e w is  a n d  R .S .  N y  h o lm . N a tu re ,  1957, 

1121.

69. B .N .  F ig g is ,  J . L e w is ,  R .S .  N y  ho lm  a n d  R .D .  P e a c o c k , D is c u s s io n s  

F a ra d a y  S o c .,  1958, 103.

70. A .  A b ra g a m  a n d  M .H .L .  P ry c e ,  P ro c . R o y . S oc . ( L o n d o n ) ,  S e r . A ,  

1951, 205, 135.

71. B .  B le a n e y  a n d  R .S .  T e n a m , P ro c . R o y . S oc . ( L o n d o n ) ,  S e r .  A ,  

1954, 1.

72. T .  C a s tn e r ,  G .S . N e w e ll,  W .C . H o lto n  a n d  C .P .  S l ic h te r ,  J .  C hem . 

P h y s . , 1960, 3^, 6 6 8 .

73. J .S .  G r i f f i t h ,  M o l. P h y s . , 1964, 8 , 217.

74. R . A asa  a n d  T .  V a n n g a rd ,  A r k i v  K e m i, 1965, 24 , 331.

75. R .D .  D o w s in g  a n d  J .F .  G ib s o n , J . C hem . P h y s . , 1969, 294.

76. R . A a s a , i b i d , 1970, 3919.

77. D .J .E .  In g ra m  a n d  J .E .  B e n n e t t ,  D is c u s s io n s  F a ra d a y  S o c .,  1955,

140.

78. J .E .  B e n n e t t  a n d  D .J .E .  In g ra m , N a tu re ,  1956, 177, 275.

79. J .S .  G r i f f i t h ,  P ro c . R o y . Soc. ( L o n d o n ) ,  S e r .  A,  1956, 235, 23.



6-R

80. E .A .  H a r r is ,  X X I I I  C o n g re s s  A m p e re  on M a g n e tic  R e so n a n ce , Rom e, 

1986.

81. A . L .  P o r te ,  " T r a n s i t io n  M e ta l Io n  E S R " , S p e c ia lis t  P e r io d ic a l R e p o r ts ,  

T h e  C hem ica l S oc. ( L o n d o n ) , 1979, 5, 76; 1981, 6 > 50; 1982, 7, 69.

82. D . G a tte s c h i,  i b i d , 1983. 8 , 8 6 ; 1985, 9, 16.

83. K .W .H .  S te v e n s , P r o c . R o y . S o c .,  S e r . A ,  1953, 219 , 542.

84. B .  B le a n e y  a n d  M .C .M . O 'B r ie n ,  P ro c . P h y s . Soc. (L o n d o n )  B ,  1956,

1216.

85. J .S .  G r i f f i t h ,  M o l. P h y s . ,  1971, n ,  35.

8 6 . J .H .M .  T h o r n le y ,  P ro c . P h y s . Soc. (L o n d o n )  C , 1968, 1̂ , 1024.

87. G .M . H a r r is  L o e w , B io p h y s .  J . , 1970, 1^, 196.

8 8 . J .S .  G r i f f i t h ,  N a tu re ,  1957, 180, 30.

89. I .  Salmeen a n d  G . P a lm e r, J . C hem . P h y s . ,  1968, 2049.

90. G . H a r r is ,  T h e o r .  C h im . A c ta ,  1966, 5, 379.

91. A .  H udson  a n d M .J .  K e n n e d y , J . C hem . S o c .,  1969, 1116.

92. B .F .  F ig g is ,  T ra n s .  F a ra d a y  S o c .,  1961, 198.

93. R .E .  DeSim one a n d  R .S .  D ra g o , J . A m . C hem . S o c .,  1970, 9^, 2343.

94. R .E .  D eS im one, i b i d , 1973, 9^, 6238.

95. L .  R n iz -R a m ire z , T . A .  S te p h e n so n  a n d  E .S . S w itk e s ,  J . C hem . S o c .,  

D a lto n  T r a n s . ,  1973, 1770.

96. P .T .  M a n d ra ra n , P .K .  M e h o tra , M .M . T a q u ic k h a n  a n d  R .K .  A n  d a l, 

I n o r g .  C h e m ., 1973, 1^, 2753.

97. S .A .  C o tto n  a n d  J .F .  G ib s o n , J . C hem . S o c .,  A ,  1971, 803.

98. R .E .  D eS im one , T .  O n tk o ,  L .  W ardm an a n d  E .L .  B l in n ,  I n o r g .  C h e m .,

1975, 14, 1313.



7-R

99. S . S a k a k i,  N . H a g iw a ra , Y .  Y anase  a n d  A .  O h y o s h i,  J . P h y s . C h e m .,

1978, 82, 1917.

100. D . K a p la n  a n d  G . N a v o n , J . P h y s . C h e m .,  1974, 7^, 700.

101. O .K .  M e d h i a n d  U . A g a rw a la w , In o r g .  C h e m ., 1980, IV , 1381.

102. O .K .  M e d h i a n d  U . A g a rw a la w , J . I n o r g .  N u c l.  C h e m ., 1980, 1413,

103. A .R .  C h a k a ra v a r ty  a n d  A . C h a k a r a v o r ty , J . C hem . S o c .,  D a lto n

T r a n s . , 1982, 615.

104. J . B .  R a y n o r  a n d  B . A .  J e lia z k o w a , i b i d , 1982, 1185.

105. S . S a k a k i,  Y . Y a n a s e , N . H a g iw a ra , T .  T a k e s h ita ,  H . N a g a n u m a ,

A .  O h y o s h i a n d  K . O h k u b o , J . P h y s . C hem . , 1982, 1038.

106. J . A .  S ta n k o , H .J .  P e re s ie , R .A .  B e rn h e im , R . W ang a n d  P .S .  W ang , 

I n o r g .  C h e m ., 1973, IV , 634.

107. W. R e i f f  a n d  R .E .  D eS im one , In o r g .  C h e m .,  1973, IV , 1793.

108. N .J .  H i l l ,  J . C hem . S o c .,  F a ra d a y  T r a n s .  , 1972, 427.

109. J .H .E .  G r i f f i t h s ,  J .  O wen and  I .M .  W o rd , P ro c .  R o y . Soc. ( L o n d o n ) ,  

1953, A 2 1 9 , 526.

110. J .W . O r to n ,  "E le c tro n  P a ra m a g n e tic  R e s o n a n c e " , I l i f f e  B o o ks  L t d . ,

L o n d o n , 1968, p . 209.

111. M. G e r lo c h  a n d  J .R .  M il le r ,  P ro g . I n o r g .  C hem . , 1968, IV , 1.

112. I . A .  M il le r  a n d  E .L .  O ffe n b a c h e r ,  P h y s .  R e v . ,  1968, 166, 269.

113. A . J .  F re e m a n  a n d  R .E .  W a tson , " H y p e r f in e  I n te r a c t io n s " ,  A cadem ic  

P re s s , N ew  Y o r k ,  1967, C h a p te r  2, p p .  53 -94 .

114. B . R ,  M c G a rv e y , J . P h y s . C h e m ., 1967, 71 ,̂ 51.

115. G . H a r r is ,  T h e o r .  C h im . A c ta ,  1968, IV , 119, 155.

116. B .  B le a n e y  a n d  K .W .H . S te v e n s , R e p . P r o g r .  P h y s . , 1953, IV , 108.

117. J .E .  B e n n e t t  a n d  D .J .E .  In g ra m , N a tu re  ( L o n d o n ) ,  1956, 177, 275.



8-R

118. J .E .  B e n n e t t ,  D . J .E .  In g ra m , P . G e o rg e  a n d  J .S .  G r i f f i t h ,  i b i d , 

1955, m ,  394.

119. J .H .  A m m e te r, R . B u c h e r  a n d  N . O s w a ld , J . A m . C hem . S o c .,  1974, 

% ,  7833.

120. R . J . B u c h e r ,  J .R .  F e r r a r o  a n d  E . S in n , C hem . Comm. , 1976, 910.

121. G .R . H a ll a n d  D .N .  H e n d r ic k s o n ,  I n o r g .  C h e m ., 1976, 15, 607.

122. Y .  N is h id a ,  S . O sh io  a n d  S . K id a ,  B u l l .  C hem . Soc. J a p a n , 1977,

M ,  119.

123. D .P .  R in in g e r ,  N .V .  D u f f y ,  R .C .  W e ir , E . G e le r in te r ,  J .  S a n fo rd  

a n d  D .L .  U h r ic h ,  C hem . P h y s . L e t te r s ,  1977, 102.

124. S . M a ro ie , M . S a v y  a n d  J . J .  V e r b is t ,  I n o r g .  C h e m ., 1979, 18, 2560.

125. M .S . H a d d a d , M .W . L y n c h ,  W .D . F e d e re r  a n d  D .N .  H e n d r ic k s o n ,

I n o r g .  C h e m ., 1981, 123; 131.

126. A . K .  G re g s o n , I n o r g .  C h e m ., 1981, 81.

127. S . N eya  a n d  I .  M o ris h im a , J . A m . C hem . S o c .,  1982, 104, 5658.

128. K .D .  B o w e rs  a n d  J . O w e n , J . R e p . P ro g r .  P h y s . ,  1955, IV , 304.

129. N .S .  G a r ify n o v  a n d  E .G . K a ra k h a s ly a n , F iz .  T v e r d .  T e la ,  1965, 7,

1244; ( R u s s . ) ,  S o v ie t P h y s . -S o lid  S ta te  ( E n g l . ) ,  1965, 7̂ , 1033.

130. H .S .  J a r r e t t ,  J . C hem . P h y s . ,  1957, 1298.

131. S . G e s c h w in d  a n d  J .P .  R e m e ika , J . A p p l.  P h y s . , S u p p l.  N o . 1,

1962, 370.

132. R .N .  M u k h e r je e  a n d  V .S .  V ija y a ,  In d ia n  J . C h e m ., 1982, 21A , 427.

133. A . J . F reem an  a n d  R .E .  W a tson , "M a g n e tis m " , A cadem ic  P re s s ,

New  Y o r k ,  1965, V o l . I I A .

134. M . B lu m e , A . J . F reem an  a n d  R .E .  W a tson , P h y s . R e v . , 1964, A 3 2 0 ,

134.



9-R

135. E .B .  S a n d e U , "C o lo r im e tr ic  m e ta l a n a ly s is " , 3 rd  e d it io n .  In te rs c ie n c e ,  

1959, p . 778.

136. N . C o lt  h u p , L .  D a ly  a n d  S. W ib e re ly , " In t r o d u c t io n  to  in f r a r e d  a n d  

Ram an s p e c t r o s c o p y " ,  2nd e d it io n .  A cadem ic  P re s s , 1975,

(a )  p . 278; ( b )  p . 257; ( c )  p . 246; ( d )  p . 237.

137. N . N a ka m o to , " I n f r a r e d  S p e c tra  o f In o rg a n ic  a n d  C o o rd in a t io n  

C o m p o u n d s , J o h n  W iley  a n d  Sons I n c . ,  N ew  Y o r k ,  1963.

138. B .E .  C a v i t ,  K .R .  G ru n d y  a n d  W .R . R o p e r , C hem . Comm. , 1972, 60.

139. J .  CoHm an, J .  K a n g ,  W. L i t t le  a n d  M . S u l l iv a n ,  I n o r g .  C h e m .,  1968,

7, 1298.

140. M . M ichm an  a n d  H .H .  Z e is s , J . O rg a n o m e t. C h e m ., 1970, 2 ^ , 161,

167.

141. " E ig h t  P eak  In d e x  o f M ass S p e c tra " ,  M S D C , 1s t e d it io n ,  1970, V o l.  1 ,2 .

142. J .H .  B o w ie , R .G .  C o o k s , G .E . Gream a n d  H .H .  L a f fe r ,  A u s t .  J .

C hem . , 1968, n ,  1247.

143. U .R .  M y e rs ,  R e v . M od . P h y s . ,  1952, 15.

144. B .N .  F ig g is  a n d  J . L e w is , "M o d e rn  C o o rd in a t io n  C h e m is t r y " ,  e d .

J . L e w is  a n d  R .G . W ilk e n s , In te rs c ie n c e ,  N ew  Y o r k ,  1960, p . 400.

145. "C R C  H a n d b o o k  o f C h e m is try  and  P h y s ic s " ,  CR C P re s s , B oca  K a to n , 

F la . ,  6 3 rd  e d it io n ,  1982-1983.

146. C .K .  J (3 rg e n se n , A c ta  C hem . S cand . , 1956, IV , 500.

147. C .K .  J<3rgensen, i b i d , 1957, IV , 151.

148. E .V .  S tro g a n o v  a n d  K . V .  O v c h in n ik o v ,  V e s tn ik  L e n in g ra d  U n iv .

12, N o . 22, S e r. F iz .  i  K h im . N o. 4, 152-7  ( 1957 ). C hem . A b s . ,

1957, 13356.

149. J .M . F le tc h e r ,  W .E . G a rd e n e r ,  A .C .  F o x  a n d  G . T o p p in g ,  J .  C hem . 

S oc. ( A ) ,  1967, 1038.



10-R

150, J , L .  W oodhead a n d  J .M , F le tc h e r ,  U ,K ,  A t ,  E n e rg y  R e s , G ro u p  

R e p , , A , E ,R .E ,  , R -4123  (1 9 6 2 ),

151, J ,A ,  M c C le v e r ty ,  P ro g . I n o r g ,  C h e m ,, 1968, IV , 49.

152, R .P .  B u r n s  a n d  C , A ,  M c a u lif fe ,  A d v ,  I n o r g ,  C h e m ,, R a d io c h e m . ,

1979, 22, 303,

153, G .N . S c h ra u z e r ,  V ,P .  M a yw e g , H ,W , F in c k ,  U . M ü lle r -W e s te rh o f f , 

a n d  W, H e in r ic h ,  A n g e w , C h e m ,, I n t ,  E d , E n g l . , 1964, 3, 381,

154, G .N , S c h ra u z e r ,  V ,P .  M a y w e g , H ,W , F in c k  a n d  W, H e in r ic h ,

J . A m . C h e m . S o c . ,  1966, 4604,

155, Yo M a su d a , K .  K o y a  a n d  S , M is u m i, N ip p o n  K a g a k u  K a is h i,  1975,

636, C hem . A b s , ,  1975, 36934k.

156, G .N ,  S c h ra u z e r  a n d  V ,P ,  M a y w e g , J ,  A m . C hem . S o c . ,  1965, 87 , 

1483.

157, O , S im ann  a n d  J . F re s c o , I n o r g .  C h e m ,, 1971, IV , 297.

158, C .W . S c h la p fe r  a n d  K , N a ka m o to , i b i d , 1975, lA ,  1338,

159, G .N . S c h ra u z e r ,  V ,P ,  M ayw eg  a n d  W. H e in r ic h ,  I n o r g ,  C h e m ,, 1965,

4, 1615.

160, S ,M , B loom  a n d  G , 0 .  D u d c k ,  I n o r g .  N u c l.  C hem . L e t te r s ,  1966, 2,

138.

161, T . A .  E l w o o d , P .F ,  R o g e rs o n  a n d  M .M . B u rs e y ,  J . O rg .  C h e m ,, 1969, 

M ,  1138,

162, R , N e im an  a n d  D , K iv e ls o n ,  J , C hem . P h y s , , 1961, 35, 156,

163, H ,R .  G e rsm a n n  a n d  J .D .  S w a le n , i b i d , 1962, 36 3221,

164, A ,  A l-M o w a li a n d  A . L ,  P o r te ,  J . C hem , S o c ,,  D a lto n  T ra n s .  , 1975, 

250,


