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ABSTRACT

This th e s is  re p o rts  scane e le c tro n  sp in  resonance and o th e r 

spectroscop ic  s tu d ie s  of ra d ia tio n  damage in  io n ic  cyanides, and 

in  a lk a l i  h a lid es  doped w ith  simple and complex cyanide ions*

A c o r re la tio n  o f e le c tro n  sp in  resonance da ta  fo r  F -cen tres  

has been obtained which r e la te s  th e  iso tro p ic  hyperfine coi:ç)ling, 

from th e  f i r s t  s h e l l  o f ca tio n s  surrounding th e  F -cen tre , to  th e  

l a t t i c e  s iz e  and th e  atomic rad iu s  of th e  c a tio n s . This c o r re la t io n  

has been used to  id e n tify  th e  e lec tro n  sp in  resonance spectrum o f the  

F -cen tre  in  - i r r a d ia te d  sodium cyanide. The e le c tro n  sp in  resonance 

spectrum of th e  Vĵ —cen tre  in  ^ - ir r a d ia te d  sodium and potassium  

cyanide i s  rep o rted .

The V ^-centre (The cyanogen negative  ion  (CN)^ ) has a lso  been 

prepared in  y - i r r a d ia te d  potassium  ch lo ride  doped w ith  cyanide io n s .

A s in g le  c ry s ta l  study o f th i s  r a d ic a l  has been performed and th e  

s tru c tu re  deteim ined and compared w ith  th e  HCN~ and Ĥ CN ra d ic a ls  

which were a lso  formed on i r r a d ia t io n  o f th e  doped potassium  

c h lo rid e . In  a U  th re e  ra d ic a ls  th e  unpaired e le c tro n  i s  in  th e  

plane of th e  m olecule and th e re  i s  a considerab le  d e lo c a liz a tio n  

o f th e  sp in  d e n s ity .

The e f fe c t  o f both > - i r r a d ia t io n  and u l t r a - v io le t  i r r a d ia t io n  

on fe rro u s  and ruthenium hexacyanide inco rporated  in to  a l k a l i  h a lid e  

l a t t i c e s  has been examined by e le c tro n  sp in  resonance, in f r a - re d  and 

e le c tro n ic  spectroscopy. The new s p e c tra l  bands have been



in te rp re te d  in  terms o f th e  form ation of iro n  and ruthenium ccmplexes 

in  ox ida tion  s ta te  ( l ) .  The e le c tro n  sp in  resonance sp ec tra  in d ic a te
7

a novel d is to r t io n  of th e  d t r a n s i t io n  m etal complex which produces 

a unique lig an d . P o ssib le  in te ip re ta t io n s  of th e  e le c tro n  sp in  

resonance sp ec tra  a re  d iscussed .

F in a lly  an in f ra - re d  study of îf- i r r a d ia te d  a lk a l i  h a lid es  

doped w ith  simple cyanide ions shows th a t  th e  m ajor product on 

i r r a d ia t io n  i s  the  cyanate io n . L ikely  mechanisms fo r  th e  form ation 

o f th i s  ion and th e  o th e r species  rep o rted  in  t h i s  th e s is  a re  

considered.
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Chapter 1

E lec tron  Spin Resonance and In fra -re d  Spectroscopy



In tro d u c tio n

To th e  author*5 knowledge no e lec tro n  sp in  resonance s tu d ie s

and very  l i t t l e  o p tic a l  work on ir r a d ia te d  s o lid  cyanides have been

rep o rted . D espite th i s  th e  cyanide group i s  a very  u se fu l m onitor

o f ra d ia tio n  damage. The simple cyanide io n , fo r  example, has a

c h a ra c te r is t ic  in f ra - re d  s tre tc h in g  ab so rp tio n , and i f  incorporated

in to  a param agnetic species  hyperfine coupling to  th e  magnetic

n u c le i and can, in  princip le^  be observed in  th e  e le c tro n

sp in  resonance spectrum . The cyanide ion forms a number of s ta b le

tr a n s i t io n  m etal conplexes and th e  in f ra - re d  sp ec tra  o f th ese  a re

s tro n g ly  dependent on th e  environment o f th e  io n ^ ." These complex
5 7cyanides a re  low -spin  and thus d and d complexes can o ften  y ie ld

2r e la t iv e ly  sim ple e le c tro n  sp in  resonance sp ec tra  .

The f i r s t  p a r t  of th is  th e s is  deals w ith  th e  theo ry  o f th e  

spectroscop ic  techniques used in  th i s  work. F u rther d e ta i l s  o f 

th e  theo ry  can be ob tained  from th e  books and a r t i c le s  given in  th e  

b ib liography  a t  th e  end of th e  th e s is .  Chapter 2 d ea ls  w ith  th e  

experim ental techniques used, w ith  a d e sc rip tio n  of th e  spectrom eters 

and th e  ra d ia tio n  sou rces. The rem aining chapters d escrib e  and 

d iscu ss  th e  ra d ia tio n  damage in  pure io n ic  cyanides, a lk a l i  h a lid es  

doped w ith  th e  simple cyanide ion and t r a n s i t io n  m etal cyanide 

complexes. Chapters 3, 4 and 5 a re  mainly concerned w ith  the  

sp ec tra  and s tru c tu re s  o f th e  species formed on i r r a d ia t io n ,  w hile 

in  th e  l a s t  chap ter th e  e f fe c ts  o f ra d ia tio n  in  th e se  systems i s  

summarised.



A* E lec tron  Spin Resonance Spectroscopy ( e . s . r . )

E lec tron  sp in  resonance ^ o c t r a  measure energy d iffe ren ces  

between d if fe re n t  sp in  s ta te s  in  a param agnetic sy ston . In  th e

sim plest case th e  species contains one unpaired e le c tro n  

and hence th e  p o ss ib le  magnetic sp in  s ta te s  a re  m^* 1 J .

In  th e  absence o f a m agnetic f i e ld  th ese  two m  ̂ s ta te s  a re  

degenerate (A-Kramers* D oublet^). A m agnetic f i e ld  l i f t s  th i s  

degeneracy/ and t ra n s i t io n s  between th e  two states* can be induced 

by applying electrom agnetic  ra d ia tio n  o f s u ita b le  energy. ■ For 

most commercial spectrom eters th e  magnetic f i e ld  i s  about 3,000 

gauss and th e  energy d iffe re n c e  then  re q u ire s  a  microwave 

frequency of about 9,000 Mc/s

Apart from th e  ap p lied  magnetic, f i e ld  th e re  a re  a number of 

o th e r f a c to rs  which determ ine th e  energies o f th e  d i f f e r e n t  

s ta te s ,  and i t  i s  th ese  in te ra c tio n s  which make e . s . r .  such a  

va lu ab le  to o l  fo r .  examining paramagnetic sp e c ie s . We w i l l  now 

consider th e  e f fe c ts  o f th ese  in te ra c tio n s  on th e  energ ies  o f  th e  

sp in  s ta t e s .  No a tte m p t-w ill be. made to  t r e a t  t h i s  f u l ly ,  

f u r th e r  d e ta i ls  can be found in  th e  a r t ic le s  ta b u la te d  in  th e  

b ib liog raphy  a t  th e  end of th i s  th e s is .



I .  The Spin Ham iltonian

In  th e  e .s .r*  experiment we a re  only in te re s te d  in  th e  energy 

le v e ls  a sso c ia ted  w ith  th e  l i f t i n g  of th e  degeneracy o f th e  

K r^ e rs*  doublet, and so we need only consider th e  e le c tro n  sp in  

p a r t  o f th e  s ta te  fu n c tio n , and th e  corresponding p a r t  o f th e  

H am iltonian. This tru n ca ted  Ham iltonian i s  known as th e  sp in  

H am iltonian (H . ) and i s  o f th e  form'^;

H .sp in

sp in '

ggPH.S 4. I [ l ( a ^ . 4 ) . S  +

(1)
where g^ i s  th e  e le c tro n ic  *g*-factor fo r  a f re e  e le c tro n .

g j  i s  th e  n u c lea r g -fa c to r  f o r  nucleus i .  
i
P and P ^ th e  Bohr and n u clear magnetons.

H th e  ap p lied  f ie ld .

S th e  e le c tro n  sp in .

I^  th e  n u c lea r sp in  fo r  nucleus i .

a^ th e  is o tro p ic  hyperfine  in te ra c t io n  f o r  nucleus i .

Bĵ  th e  a n iso tro p ic  hyperfine in te ra c t io n  fo r  nucleus i .  

th e  quadrupole te n so r  fo r  nucleus i .

The l a s t  term  o f ( l )  does no t a f fe c t  th e  d iffe re n c es  between 

th e  energy le v e ls  m onitored in  an e . s . r .  experim ent, and so can 

be neg lec ted  to  f i r s t  o rd e r. The quadrupole term  w i l l  no t be 

req u ired  e i th e r ,  and so th e  Ham iltonian reduces to :

.  g^pH .S  4 Ç  (2)

This Ham iltonian can a c t  on th e  sp in  s ta te  | m g,m ^ to  y ie ld  th e



4

energy le v e ls  re q u ire d . We w i l l  now consider th e  two terms in  

(2 ) and examine th e  e f fe c t  which each has on th e  energy t ra n s i t io n s  

observed in  th e  sp e c tra .

i .  The Spin Ham iltonian in  th e  Absence of In te ra c tio n  w ith  
Magnetic N uclei

a . O rb ita l Angular Momentum and g-values

In  th e  absence o f magnetic n u c le i th e  Ham iltonian reduces to :

« sp to  = (3)

This assumes th a t  th e  o r b i ta l  angular momentum has been com pletely

quenched, th e  degeneracy of th e  atomic o rb i ta ls  being l i f t e d  by 

e i th e r  a c ry s ta l  f i e ld  o r by bonding. In  th e  case where th e re  i s  

s t i l l  some angu lar momentum two fu r th e r  terms have to  be considered, 

th ese  a re :
PH.L + X L .S

where L i s  th e  angu lar momentum o p era to r
A i s  th e  sp in  o rb it  in te ra c t io n  param eter

In  a c tu a l p ra c tic e  th e  sp in  o r b i t  in te ra c tio n  AL.S induces some

re s id u a l angular momentum, even when th e  degeneracy of th e  o r b i ta ls

has been com pletely l i f t e d .  This o r b i ta l  angular momentum can be

considered to  a f f e c t  th e  energy le v e ls  in  one o f two ways:

1 . The angular momentum of th e  e le c tro n  causes a lo c a l  f i e ld  which 

adds o r su b tra c ts  from th e  app lied  f i e ld .  This i s  a u se fu l 

p ic tu re  in  p ra c tic e  fo r  deciding q u a l i ta t iv e ly  th e  e f fe c t  of 

o r b i ta l  angu lar momentum.

2. The angular momentum (L) can be considered to  couple w ith  th e  

sp in  (S) which i s  then  rep laced  by th e  r e s u l ta n t  -  J ,  where j  = 8 + L



In  p ra c tic e  th e  e f f e c t  o f th e  angu lar momentum i s  taken  in to  

account by rep lac in g  th e  constan t in  th e  Ham iltonian by a 

experim ental g-value o f th e  foim:

S  -  ê e 'S  *

where E i s  th e  u n it  m atrix
A i s  th e  amount th e  g-value obtained by p u ttin g  th e

experim ental r e s u l ts  in  th e  Ham iltonian H .g.8
v a r ie s  from th e  f re e  sp in  value  of 2.002319# • • •

jg i s  a te n so r  of th e  form: ^xx

A th e o r e t ic a l  c a lc u la tio n  o f g-values i s  d i f f i c u l t ,  but i t  i s  

u su a lly  p o ss ib le  to  determ ine th e  signs and approximate magnitude 

o f A g^y  The e f fe c t  of mixing in  ex c ited  s ta te s  o f th e  syston  

i s  considered  as a p e rtu rb a tio n  on th e  ground s ta te *  The 

adm ixture c o e f f ic ie n ts  o f th ese  h ig h er s ta te s  a re  ca lcu la ted  from 

f i r s t  o rd er p e rtu rb a tio n  th eo ry . Thus p e rtu rb s  th e  s ta te  

I ky mixing in  o th e r s ta te s  (m ^,m ^yin  th e  follow ing form:

Using th e  components L^, and th e  L^, forms of L^,

and Sy. th e  allowed )m^,mg^ s ta te s  can be found and th e  new 

s ta t e  i s  p f  th e  form:

0 , 0  + < = i l v ” s >  * ' s l v ' " ! )    * !°» è ) ' (3)



th e  value© o f  depend tpon A and th e  energy d iffe re n c e  between 

th e  s ta te  | 0, J ')  and th e  ex c ited  s ta t e .

Now i f  we operate  on th i s  s ta t e  w ith  th e  Ham iltonian th e  

e f f e c t  of th e  p e rtu rb in g  s ta te s  w i l l  depend on th e  d ire c tio n  o f th e  

f i e ld  which determ ines th e  d ire c tio n  o f th e  angu lar momentum jL. 

For a species having a x ia l  symmetry, where H  ̂ i s  d ire c te d  along th e  

ax is  of th e  o r b i ta l  con ta in ing  th e  unpaired e le c tro n , th e re  w i l l  be 

two p r in c ip a l  values o f g . These a re  ^  when th e  f i e ld  i s  along 

z , and gj  ̂when th e  f i e ld  i s  in  th e  x ,y  p lan e . The Ham iltonian 

can be w ritte n  in  th e  corrponent form;

pH.g.S -  + Pgj. (H^8  ̂ + HySy) (8)

b. The Use of Group Theory to  Determine th e  Angular Dependence o f
th e  g -ten so r

When th e  s ta te  | 0 , % ^ has been determined, group th eo ry  

can be used to  decide which of th e  components of 10 , J  ^  w i l l  be 

im portant when th e  f i e ld  i s  along th e  th re e  p r in c ip a l  d ire c tio n s  

X ,  y , and z . This i s  because th e  g -te n so r  depends on m atrix  

elements of th e  form; /  , j * i \
< t n  I ^ i I ^ o >

where ^ i s  th e  s ta te  | 0 , J  ^   ̂ ^  n ^  th e  p o ss ib le

p e rtu rb in g  o r b i ta l ,  and th e  component o f th e  angu lar momentum 

o p era to r along th e  i t h .  d ire c tio n . For t h i s  to  be non-zero th e  

m a trix  element must form a b as is  f o r  th e  t o t a l l y  symmetric 

re p re sen ta tio n  of th e  group *G* to  which th e  species belongs#
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Therefore th e  symmetrised d ire c t  product o f th e  ir re d u c ib le  

rep re sen ta tio n s  fo r  which and fonri a b a s is  must con tain

th e  ir re d u c ib le  re p re sen ta tio n  fo r  which forms a b a s is .  The 

former product can be found using product ta b le s ,  examples of 

which a re  given in  appendix B# The ir re d u c ib le  re p re sen ta tio n  

fo r  which forms a b as is  can be obtained d i r e c t  from ch arac te r 

ta b le s ,  as i t  transform s as a ro ta tio n  (See appendix A),

c . D irec tio n  of g -S h ifts

The sign  of A g depends on th e  sign  of / I , which in  tu rn  

depends on w hether th e  orbita.1 which i s  mixed w ith  i s  f i l l e d  

o r empty. I f  th e re  i s  mixing w ith  an empty o r b i ta l ,  th e  o r b i ta l  

motion of th e  e lec tro n  w i l l  be such th a t  th e  induced magnetic 

f i e ld  w i l l  tend  to  oppose th e  app lied  f i e ld .  The absorp tion  l in e  

w i l l  thus move to  high f ie ld ,  s ince th e  microwave frequency i s  

held  co n s ta n t. This d isp la ce sont to  high f i e ld  w i l l  cause a 

negative g - s h i f t .  I f  th e re  i s  m ixing w ith  a f i l l e d  o r b i ta l  then  

th e  re s u l ta n t  angu lar momentum w i l l  be of an e le c tro n  ho le . This 

w i l l  tend  to  enhance th e  app lied  f i e ld  and so such mixing w i l l  

cause a p o s itiv e  g - s h i f t .

d . Simple M olecular R adicals

In  s i 'ip le  m olecular species where th e re  i s  low symmetry, th e  

g - s h i f ts  can be d iscussed  q u a l i ta t iv e ly  w ithout th e  use o f ch a rac te r  

t a b le s .  Consider, f o r  example, th e  m olecular fragment A45-B-



Ô

having th e  unpaired e le c tro n  in  th e  'Jl^-system* The degeneracy 

o f th e  n  - o r b i ta l s  can be l i f t e d  e i th e r  by a c ry s ta l  f i e ld  o r by 

bending. Two sim ple cases w i l l  now be considered .

l'_The_U;io^ij2e^ E lectrpn_.ia 1 %  2  =bonding^O rbitH _

The o r b i ta l  scheme i s  shown in  f ig .  l ; 2 a .  When th e  magnetic 

f i e ld  i s  along th e  z -ax is  (F ig . l ; l )  o r b i ta l  angu lar momentum can 

only occur in  th e  x ,y  plane and hence only coupling w ith  th e  

o r b i ta ls  has any e f fe c t  on th e  g - s h i f t .  The 7t^-bonding o r b i ta l  

i s  f i l l e d  and so coupling w ith  t h i s  o r b i ta l  w i l l  le ad  to  a p o s it iv e  

s h i f t  in  gg^* The "R^-antibonding o r b i ta l  i s  empty and so 

coupling to  th i s  o r b i ta l  w i l l  le a d  to  a negative  g - s h i f t .  The 

amount of th e  coupling depends on th e  energy d iffe ren ces  between 

th e  o r b i ta l  con ta in ing  th e  unpaired e le c tro n  and th e  o r b i ta l  to  

which i t  i s  e x c ited . The n e t s h i f t  in  g^^ i s  thus p o s it iv e .

When th e  f i e ld  i s  along th e  x -ax is  th e  ^ - o r b i ta l  can be 

used fo r  o r b i ta l  motion, and s in ce  th i s  i s  empty th e re  w i l l  be a 

negative  s h i f t  in  g ^ .  The A-B <5* -bonding o r b i ta l  could a lso  be 

used fo r  coupling, bu t th i s  w i l l  be of sm aller e f f e c t ,  and th e  n e t 

s h i f t  in  w i l l  be n eg a tiv e .

When th e  magnetic f ie ld  i s  along th e  y -a x is  no o r b i ta ls  a re  

a v a ila b le  fo r  o r b i ta l  angular momentum and so w i l l  be very  

c lose  to  th e  f re e  sp in  v a lu e .

& '_% e_% ectron  i;i_ the_  ’l-^ n tib o n d in g  O rb ita ls^

This s i tu a t io n  i s  shown in  f ig .  I j2 b . As before  A i s
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y
A

F ig  1 ;1
The. M o le c u la r  O r b i t a l s  i n  t h e  A 5  B - f r a g m e n t

7 T

TT

<T

TT

c r* -fU-A-

û S x x > \0

a  b

F ig  1 ; 2

The E n e rg y  L e v e ls  o f  t h e  M o le c u la r  O r b i t a l s ,  i n  t h e  

A ?  B - f r a g m e n t  an d  P o s s i b l e  O r b i t a l  C o u n lin fr  ..  ̂ ■

C o n t r i b u t i n g  t o  t h e  g - s h i f t s
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zero since  when th e  f ie ld  i s  along th e  y -a x is  th e re  a re  no o rb ita ls  

which can mix w ith  th e  ground s ta te  and allow o r b i ta l  angular 

momentum. Further, w i l l  be p o s it iv e  as th e  main in te ra c t io n

w i l l  be w ith  the  f i l l e d  non-bonding o r b i ta l  on A, and A g ^  w i l l  

be negative  as th e  main in te ra c tio n  w i l l  be w ith  th e  o th e r empty 

TB ̂ #K)rbital*

i i .  The Spin Ham iltonian in  th e  Presence of In te ra c tio n  w ith  
Magnetic N uclei

a .  The H yperfine Coupling Terns

A m agnetic nucleus w i l l  a f f e c t  th e  e lec tro n  energy le v e ls ,

and th e  sp in  Hamiltonian then has th e  form:

«sp in  “ + S. A. I (9)

The e f fe c t  of th e  n u c lear sp in  % can be considered in  an .analogous 

manner to  th a t  fo r  includ ing  th e  o r b i ta l  angular momentum cont

r ib u tio n . For an a x ia l ly  sym netric sy stan  th e  sp in  Ham iltonian 

has th e  component form:
(10)

« sp in  = " « / y )  +

Here A i s  a coupling te n so r  w ith  components A , A andr  -o XX' yy z z '

assuming th a t  g  and A=have th e  same p r in c ip a l  ax is  system.

The A te n so r  co n s is ts  of two term s, an iso tro p ic  p a r t  *a*

and an a n iso tro p ic  p a r t  .

A = a .E + Bsr r; s
The an iso tro p ic  p a r t  B i s  due to  coupling v ia  a d ip o le -  

d ip o le  mechanism between th e  e lec tro n  and th e  n u c lear sp in  and
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i s  of th e  fo m î

B - <r-3> (1 - 3coŝ 0) I.S (11)

where i s  a fu n c tio n  o f th e  e le c tro n  d is t r ib u t io n  r e la t iv e

to  th e  nucleus in  q u estion  in te g ra te d  over a l l  space, 0 i s  th e  

angle between th e  mean p o s itio n  of th e  e lec tro n  and th e  laagnetic 

f ie ld *  Now ^  r""^^ i s  non^-zero only i f  th e  e le c tro n  i s  in  a p -  

d - o r f - o r b i t a l ,  fo r  in  an s - o r b i ta l  in te g ra tio n  over a l l  space 

gives a value of B equal to  zero .

The iso tro p ic  term  a r is e s  from th e  Fenni con tact teim ^, th i s  

req u ire s  a c tu a l unpaired e le c tro n  d en s ity  a t  th e  nucleus. Thus 

only e lec tro n s  in  s -o r b i ta ls  can cause th is  coupling d i r e c t ly .

The coupling o p era to r a i s :

& = I  (0) f  I .S  (12)

The experim ental A -tensor onlj’' contains co n trib u tio n s  from 

sp in  d en sity  a c tu a lly  in te ra c tin g  w ith  th e  nucleus, vjhile th e  

experim ental g - te n so r  contains co n trib u tio n s  from sp in  d en sity  

over th e  whole of th e  r a d ic a l .  I t  i s  p o ss ib le , th e re fo re , fo r  

th e  p r in c ip a l axes o f th e  two ten so rs  to  be non-co inciden t,

b . The Energy Levels

Once we have obtained  th e  sp in  Ham iltonian i t  i s  then  p o ss ib le  

to  c a lc u la te  th e  energ ies o f th e  d if f e re n t  s ta te s ,  by o p era tin g  on 

th e  s ta te s  |m^,  ̂ , I f  th e  f i e ld  H i s  along th e  z -d ire c tio n

(10) reduces to :
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«spin = G + A .  4A_ (S^I_ + S_ip  (13)

where I^  -  * U y 5 I_  -

For th e  case S * J  and I  « i  we have th e  m atrix :

1 2, 2 / * 2, -4 > 1 -4 , 4 > 1 -4 , - 4 j f

a *  i  \
0 0

(  i f  A  1 0 i \
0

( A f  2 1 0 4^x 0

<'•4?-4 1 0 0 0 "4S,PH, + lA ,

ro o ts  o f  t h i s  m atrix  a re :

i^ /y  1  i^p H g  and -  J  ( is ^ H ^ )^  + Ç ^ À J ^

I f  A i s  much le s s  than  th e  value  of g 

th e  fo u r eigen values a re :

h p h  -  i v
4^/H^ -

The s e le c tio n  ru le s  m  ̂ *» t  1 , m  ̂ ■* 0 hold  f o r  e . s . r ,  abso rp tions 

and th e  p o ss ib le  t r a n s i t io n s  are  shown in  f ig  l j 3  below.

“ s
• y r 4

 ^ -------------

I I
Fig 1 ;3  i

-2

I 4



13

c . The Second Order C orrection

I f  th e  n u c lea r hyperfine  in te ra c tio n  i® n o t very  much le s s

than  th e  g P H term  th e  o f f  d iagonal terms cannot be ignored, and

th e  measured values o f , A^, , and g^ w i l l  n o t correspond to

th e  th e o re t ic a l  coupling and o r b i ta l  mixing param eters. In  o rder

to  use th e  same param eters fo r  sm all and la rg e  s p l i t t in g s  th e

experim ental values a re  * co rrec ted* . The c o rrec tio n  terms can

e a s ily  be obtained* We w i l l  consider, as an example, th e

c o rrec tio n  fo r  A^ in  some d e ta i l ,  and quote th e  o th e r corrections*

The energy le v e ls  a re ; 1 . PH^ + xA//

2.
3* + 4 A//

{ ( ig ^ P H g )^  + ( iA ^ )  -  4a^

In  p ra c tic e  hv i s  h e ld  constan t and so th e  tvjo allowed tra n s i t io n s  

can be w ritte n ;

1 . h v  = + iA ^ + [( ig * P H ^ .)^  + ( iA * ) ^ ] *  + iA ^

2. hv = [ PH^)^ + igyyPH^ -  ^ A^

where and a re  th e  low and high f ie ld  l in e  p o s it io n s .

1. hv = *A^ + ig,;,PH_ + ig^PH_ [1 + Af^g2p2g2ji

2. hv = -&A  ̂ + ig^PH+ + ig^PH^ [1 + A fy^p2g2ji

D ividing through ty g P  to  p u t A ip  gauss* This assumes th a t

I  gj. i  g,e



l u

2 . ]bv = —&Â  + -&H + iH  [ l  + A^/  p igp  // + + / n ; ] *

E x p a n d in g  th e  s q u a r e  r o o t  te r r a  an d  n e g l e c t i n g  te r ra s  o v e r  
s e c o n d  o r d e r .

1 .  g  = iA /y + H . + a| / ^ ^ 2

2. | v  = -iAy, + H, + Af/^^2

T a k in g  1 .  f ro m  2 .

A ,, .  -  H . .

■

Thus i f  i s  th e  m e a s u re d  v a l u e  o f  A^ t h e n  th e
t r u e  v a l u e o f  A ^ i s  g i v e n  

A // =

b y :

[H^ - ] • [1-AjL y

S i m i l a r l y :
Aj. = [H+ - ] . [ i - ( a|

S// = h v
m t

[1

S i  = h v
ÏÏH4

[1 + ( a^  + .

w h e re  H+ ~ + H_]



d* H vperfine Tensors in  Radicals 

l--Tbe_Unpai£ed gL ectpqn.in  a Pu£e_P:=p£bit^_ 

An expression  f o r  th e  in te ra c t io n  of th e  

e le c tro n  w ith  a m agnetic nucleus, when th e re  

i s  no sp in  d en s ity  a t  th e  nucleus was given by 

equation (11). For a p -o rb i ta l  th e  coupling

Î
15

2B

-B

te n so r  has th e  foim: -B

2B Fig  1 ;4

where

(F ig .l ;4 )

a re  th e  p r in c ip a l  d ire c tio n s  of th e  ^ t e n s o r
* LB can be ca lcu la ted  from ;

r3B ■ 2 /5  < X  )  (14)

2^_%e_UHPlired ELectron__in a n _ s ^ J ^ b jr id  O rb ita l

In  t h i s  case th e re  i s  an iso tro p ic  coupling due to  th e  e le c tro n

in  th e  8- o r b i t a l  and an a n iso tro p ic  coupling o f th e  foim o u tlin ed

above. The t o t a l  hyperfine  te n so r  i s  thus o f  th e  form:

a B
a -  B

a + 2B

The is o tro p ic  p a r t  i s  thus th e  a lg e b ra ic  mean of th e  th re e  p r in c ip a l  

v a lu es . I f  a i s  o f th e  same s iz e  o r sm aller than  2B th e  value 

of a and hence a lso  B cannot be found w ithout am biguity, un less 

th e  signs of th e  p r in c ip a l  values a re  knoTA»n.
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I I .  E lec tron  Spin Resonance Spectra

In  th is  s e c tio n  we o u tlin e  th e  an a ly s is  of a recorded e . s . r .  

spectrum . G enerally  th e re  w i l l  bo a g -ten so r w ith  d if f e re n t  

p r in c ip a l  values along th re e  orthogonal axes, and a lso  a number of 

hyperfine  coupling ten so rs  ' a sso c ia ted  w ith  d if fe re n t  m agnetic 

nuclei each w ith  th re e  p r in c ip a l d ire c tio n s .

1» S o lu tion  Spectra

In  so lu tio n s  ra d ic a ls  w i l l  norm ally be tum bling so f a s t  th a t  

th e  a n iso tro p ic  coupling w i l l  average to  zero , and only th e  iso tro p ic  

coupling w i l l  be observed in  th e  spectrum. The observed g-value i s  

th e  average value o f th e  g -ten so r This s i tu a t io n  i s  a lso

observed i f  th e  ra d ic a ls  a re  tumbling f re e ly  in  a g lass  o r c ry s ta l ,  

o r  i f  th e  unpaired e lec tro n  i s  e n t i re ly  in  an s - o r b i ta l .  With only 

one g-value and iso tro p ic  hyperfine coupling th e  spectrum i s  

considerab ly  s im p lif ie d . A ra d ic a l  w ith  one m agnetic nucleus of 

sp in  3 /2  w i l l  produce a four l in e  spectrum. I f  more than  one 

magnetic nucleus i s  p resen t then  th e  absorp tion  l in e s  w i l l  be 

fu r th e r  s p l i t .  In  th e  case o f a number of m agnetically  equ ivalen t 

n u c le i a s e r ie s  of l in e s  a re  obtained  of equal s p l i t t i n g .  Six 

sodium n u c le i, fo r  example, each of sp in  3/2 w i l l  y ie ld  a 19 l in e  

spectrum of in te n s i t i e s :

1; 6; 21; 56; 120; 216; 336; 456; 546; 580; 546; 456; 336; 2 1 6 . . .e tc .
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i i *  S ing le  C ry s ta l S pectra

I f  th e  ra d ic a l  i s  f ix e d  in  a l a t t i c e  p o s itio n  in  a s in g le  

c ry s ta l  th en  th e  g-value and hyperfine  coupling w i l l  depend on th e  

angle between th e  p -  o r d -  o r b i t a l  con ta in ing  th e  unpaired e lec tro n  

and th e  m agnetic f i e ld .  In  general none of th e  p r in c ip a l  d ire c tio n s  

o f th e  g -  and l^yperfine coupling ten so rs  need be co in c id en t. The 

p r in c ip a l values of th e  g -  and hyperfine  coupling ten so rs  can be 

derived by record ing  th e  sp ec tra  a t  d if f e re n t  o r ie n ta tio n s  w ith  

re sp ec t to  th e  ap p lied  f ie ld  about th re e  orthogonal axes. Once 

th e  maximum and minimum values of th e  g - and h yperfine  coupling 

ten so rs  a re  ob ta ined , and th e  angle between th ese  fe a tu re s  and th e  

chosen th re e  axes, i t  i s  p o ss ib le  to  ob ta in  both  th e  p r in c ip a l 

values and th e  d ire c tio n  cosines o f th e  te n so rs  by d iag o n a lis in g  

th e  te n so r  m a trix . Computer programs a re  now a v a ila b le  fo r  t h i s  

o therw ise ted io u s  c a lc u la tio n . In  some cases, th e  r a d ic a l  l i e s  

w ith  i t s  p r in c ip a l  g -  and hyperfine coupling te n so rs  along th e  

th re e  chosen orthogonal axes. In  t h i s  case th e  p r in c ip a l  values 

can be obtained  d i r e c t ly .  Comparison w ith  powder sp ec tra  in  

some cases s im p lif ie s  th e  ca lcu la .tio n s .

l i i .  Randomly O rien ta ted  Radicals

In  th i s  case th e  ra d ic a ls  a re  f ix ed  e i th e r  in  a powdered 

c iy s ta l  o r in  a g la r s ,  and th e  sp ec tra  obtained a re  th e  envelope 

sp ec tra  of a l l  p o ss ib le  s in g le  c ry s ta l  sp e c tra . A number of 

au thors have d iscussed  th ese  l in e  shapes^"*^. A bsorption and
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d e riv a tiv e  curves In  f ig .  1 ;5  fo llow  Kneubuhl^# F ig . l ;5 a  and b 

i s  o f ra d ic a ls  w ith  a x ia lly  symmetric and n o n -ex ia lly  symmetric 

g -ten so rs  re sp e c tiv e ly .

I f  th e  abso rp tion  l in e s  do no t overlap , and i f  th e  p r in c ip a l  

d ire c tio n s  of th e  g - and hyperfine coupling ten so rs  co incide, a l l  

th e  e . s . r .  param eters can be obtained from th e  powder sp e c tra , 

except th e  d ire c tio n  cosines. O ften, however, l in e s  do overlap , 

and sometimes th e  | a -  B] term  i s  so sm all th a t  th e  hyperfine  

coupling i s  contained in  th e  l in e  w idth  of th e  perpend icu lar g« 

fe a tu re .  Even so powder sp e c tra  provide a check on th e  d iagonal— 

is a t io n  r e s u l ts  from s in g le  c ry s ta l  s tu d ie s , and should always be 

ob tained  and compared w ith  th e  s in g le  c ry s ta l  sp e c tra .

VJhere l in e s  w ith  d if f e re n t  g -value overlap , i t  may, in  some 

cases, be p o ssib le  to  reso lve  th e  sp ec tra  b e t te r  by in c reasin g  th e  

m agnetic f ie ld  and corresponding microwave frequency. In t h i s  case 

th e  s p l i t t i n g  ( in  gauss) between two l in e s  of d if f e re n t  g-value 

in c re a se s , w hile th e  sep ara tio n  of l in e s  caused by hyperfine  

coupling i s  independent of th e  f i e ld  s tre n g th , and so th e  sep ara tio n  

w i l l  no t in c rease .
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P i g l ; 5 .

A b s o r p t io n  and  F i r s t  D e r i v a t i v e  L in e  S h a p e s  f o r  

P o l y c r y s t a l l i n e  S a m p le s  o f  a  R a d i c a l  w i t h : -

a .  A x i a l  sy m m e try .

b .  N o n - a x i a l ‘ s y m m e try .



go

I I I .  Spin D en sitie s

From th e  e . s . r ,  epectrum we con, in  favourab le  cases, ob ta in  

values fo r  (a) and B fo r  a l l  th e  magnetic n u c le i which in te r 

a c t w ith  th e  unpaired e le c tro n . To tu rn  th e se  values in to  

param eters which w i l l  be o f use in  d iscussing  th e  o r b i t a l  con tain ing  

th e  unpaired e lec tro n , we in troduce th e  concept o f  sp in  d en s ity .

This i s  defined  as th e  hyperfine coupling constan t d iv ided  by th e

re le v a n t ty p e rf in e  constant i f  the e le c tro n  were completely in  a

p a r t ic u la r  o r b i ta l .  For example th e  experim ental B value  i s  

d iv ided  by th e  value  o f B i f  th e  e le c tro n  were p u re ly  in  a pure 

p -o rb ita ly  t h i s  i s  th e  "atomic" param eter.

In  some cases th e se  atomic param eters can be obtained

experim en tally , from atomic beam r e s u l t s .  Table 1 ;1  g ives th e  

experim ental r e s u l ts  fo r  a few a lk a l i  m etals and halogens. In  

o th e r  cases th e  value of ^ (O )^  and ^r*“̂  ^  a re  ca lcu la ted  using  

S la te r  o r  Self-Cons is te n t - F i  e ld  wav efunctions fo r  th e  re le v a n t s -  , 

p -  and d - o rb i ta l .  Table 1 ;2  l i s t s  th e  n o n - tra n s itio n  m etal m agnetic 

n u c le i f o r  which th ese  c a lc u la tio n s  have been perform ed. Most of 

th e  values were c a lcu la te d  by Morton, Rowlands and W hiff en frcm • 

8 .C .F . wave fu n c tio n s . These values have been checked and where 

nr cessary  co rrec ted  using  more rec e n t data  and a program w r i t te n  by 

Mr. D. J ,  A. T in lin g , Values fo r  th e  a lk a l i  m etals were ca lcu la ted
Q

by Gooding using th e  u n re s tr ic te d  H artree-Fock approxim ation tak in g  

in to  account exchange p o la r is a tio n . These a re  much c lo se r  to  th e
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experim ental va lu es  than  those o f lîorton e t  a l ,  who used normal 

r e s t r i c te d  H artree-Fock wave fu n c tio n s . Comparison of ta b le s  1*1 

and 1 ;2  in d ic a te s  th a t  care  has to  be taken  in  considering  th e  

accuracy of th e  sp in  d e n s it ie s  using  th e  ca lcu la ted  v a lu es .

The ca lcu la ted  r e s u l ts  fo r  a number o f ions a re  given in  ta b le  

1*3, and fo r  a number of unpromoted s ta te s  of n itro g en  in  ta b le  lj4 *

Table 1 :1
Experim ental Atomic Spin Resonance Data

Iso tope < r - 3 )
a

2B
b ^ iso  ------b

Ref

^  ( is ) 506,8 10

(2s) 6 3 .4 10

2h 7 7 .9 10

1 4 3 .4 10

1 .7 0 3 10.16 31 6 .1 10

39k 2 .9 4 5 3 .1 0 8 2 .4 10

361.1 10

133cs 820.1 10

31.08 9 5 .1 n
19p 4 9 .8 8 1059 11

35ci 4 9 .5 109.45 12

99bt 80.5 455-2 13

127i 9 4 .0 424 .41 14

a . Values in  A b. Values in  Gauss
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Table 1 :2

C alcu lated  Atomic Spin Resonance Data fo r  N uclei

Iso tope
•7

Abund. M s < ^ >
a

f ( 0 ) ^
a

2B
b

M -

99-98 3/2 1.135 139 9
%G 100 3/2 3.871 130 15

l l g 81.2 3/2 5-259 9.554 38 725 15
i . n 3 /2 11.481 18.77 66 1130 15

% 99.64 1 21.043 32.37 34 552 15
0 .0 4 5/2 33-73 51.83 104 1,660 15

^9p 100 3 /2 51-91 81.20 1,084 17 ,2 0 0 15
100 3/2 266 9

^A 1 100 5/2 7-159 16.00 42 985 16
29si 4-70 3 /2 13-848 25.833 62 1,220 16
31p 100 3/2 22-520 38.171 206 3 ,640 16
33s 0.74 3/2 32.667 53.735 56 975 16
35cx 75-4 3 /2 45-530 72.225 100 1,680 16
37ci 24 .6 3 /2 84 1,395 16
39k 93.08 3/2 63.5 9
^3ca 0.13 7 /2 9 .3 6 2 149 17
67zn 4.12 5/2 30 .687 376 18
^9ca 60.2 3/2 19-45 47 .157 106 2,675 18
73-Ga 39.8 3/2 134 3 ,4 0 0 18
73% 7.61 9/2 32-469 64.955 26 535 18
73*3 100 3/2 47-41 85.234 183 3 ,4 3 0 18
77se 7-5 1 /2 62.623 1 0 7 .07 270 4,840 18
79Br 50-57 3/2 80-588 131 .734 456 7,800 18

49.3 3/2 564 8 ,4 0 0 18

o o
a . Values in  A**-̂  b . Values in  Gauss,
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Table

C alcu lated  Atomic Spin Resonance Data  fo r  N uclei In  Ions

Iso tope S ta te < r - 3 > Ÿ (0 )2 A,“ iso Ref
a a b b

%e"^ ^8 5 .4560 I 8I .3 19
^8 2.9318 8 . 728I 21.227 661.8 20
2p 17 .6413 1 , 0 4 8 .3 20
2p 11.8299 3 0 . 9s 1 9 .2 9 5 2 9 .1 20
^S 15 .3073 30 .95 2 4 .9 6 528 .5 20

17q2 - ^8 22.0843 48.7555 67 .56 1,562 20
2p

27 .2557 48.795 8 3 .3 9 1,563 20
19?- ^S 43 .1718 7 3 .1 3 916.57 16,207 20

Table I t  4

C alculated Spin Resonance Data fo r  D iffe ren t S ta te s  in  Unpromoted
N itrogen Atoms and Ions

Species S ta te
a

^ ( 0 ) 2
a

2B
b b - ja a M .

1 5 .9 0 30 .2 9 2 5 .93 517 .2 20

1 5 .6 6 3 0 .5 4 25 .53 521.5 20

^S 1 5 .3 1 30 .95 2 4 .9 6 528 .5 20

% 20.87 32 .18 34 .03 549 .5 21

2 0 .3 2 32 .5 1 33 .1 4 555 .2 21

1 9 .9 6 32 .75 32 .56 559 .2 21

2 5 .8 6 42 .17 22

2 5 .2 6 41.18 22

^S 24 .3 7 39 .7 4 22

a. Values in  A""̂ b . Values in  Gauss.
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i .  The Sign o f Spin D ensity

The sp in  d e n s it ie s  c a lcu la te d  as above a re  a rough guide to  th e  

unpaired e le c tro n  d en s ity  in  th e  d if f e re n t  atomic o r b i ta l s .  I f  th e  

sp in  d e n s ity  i s  due to  a c tu a l  d e lo c a liz a tio n  of th e  unpaired e le c tro n  

in to  th e  o r b i ta l  in  q u es tio n , then  th e  sp in  den sity  i s  defined  as 

p o s it iv e .  The nucleus w i l l  be a ffe c te d  ty  sp in  d en s ity  of th e  

same value  as th e  m ajor p a r t  of th e  sp in  d e n s ity . I f  th e  

sp in  d en s ity  i s  not due to  d ire c t  d c lo c a liz a tio n  o f th e  unpaired 

e le c tro n , but due to  p o la r is a t io n  e f fe c ts ,  then  th e  sp in  of th e  

e le c tro n  need not be th e  same as th a t  of th e  major p a r t  of th e  sp in  

d en s ity . I f  th e  sp in  i s  not th e  same then  th e  sp in  d en s ity  is  

neg a tiv e . The p o s s ib i l i ty  o f negative  sp in  d en s ity , and 

p o la r is a tio n  mechanisms a re  d iscussed  fu r th e r  in  Chapter 4»
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B. In fra -re d  and Raman Spectroscopy

For a n o n -lin ea r polyatom ic molecule o f n-atoms th e re  a re  3n-6 

degrees o f v ib ra tio n a l  freedom and 3n-6 fundamental frequencies* 

Some of th ese  may be degenerate and no t a l l  th ese  can be observed 

in  th e  in f ra - re d  o r Raman sp e c tra  because of th e  s e le c tio n  ru les*  

The use o f group theory  g re a tly  a id s  th e  in te rp re ta t io n  o f th e  

sp ec tra  as i t  p re d ic ts  which : t r a n s i t io n s  w i l l  be i . r .  o r Raman 

a c t iv e .

I .  S e lec tio n  Rules o f In f ra - re d  and Raman Spectra

For a v ib ra tio n a l  mode to  couple w ith  th e  i . r *  ra d ia tio n  th e re  

must be a change in  d ip o le  moment on changing th e  r e la t iv e  p o s itio n s  

of th e  n u c le i.  For Raman sp ec tra  th e re  must be a change in  

p o la r is a t io n .  The s e le c tio n  ru le  f o r  an i . r .  abso rp tion  i s  

determ ined by th e  in te g ra l:

where p i s  th e  d ipo le  moment o p e ra to r.
! It

V and V th e  v ib ra tio n a l  quantum numbers (For fundamental 
normal modes th e se  a re  0 and 1 re sp e c tiv e ly ) .

th e  normal coordinate o f v ib ra tio n .

This in te g ra l  can be reso lved  in  th re e  d ire c tio n s  and thus depends 

on P y , and p ^ .  I f  one of th ese  in te g ra ls  i s  non-zero th e

normal v ib ra tio n  a sso c ia te d  w ith  i s  i . r .  a c tiv e .

S im ila rly  fo r  th e  Raman sp ec tra  th e  s e le c tio n  ru le  i s  •: 

determ ined by th e  in te g ra l:
,

U/a.. • I  II

V V
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where a  i s  th e  e le c tro n ic  p o la r is a b i l i ty  o p era to r o f th e  m olecule,

and has s ix  components a  , a  , and a  , and^ x x ' yy* z z ' x y ' xz^ y z '
hence (2) can be reso lved  in to  s ix  components. I f  one of th ese  

in te g ra ls  i s  non-zero th e  normal v ib ra tio n  asso c ia ted  w ith  i s  

Raman a c tiv e .

These in te g ra ls  w i l l  only be non-zero i f  they  form a rep resen

ta t io n  which includes th e  t o t a l l y  symmetric re p re se n ta tio n . The 

fundamental normal modes a re  those  from th e  ground s ta te  to  one o f 

th e  ex c ited  s ta te s  in  which th e  v ib ra tio n a l  mode has a quantum 

number o f one. i s  in v a r ia n t under any syrametiy operation

w hile th e  syrametiy of i s  th e  same as th a t  f o r  Q^. Thus fo r

i . r .  t r a n s i t io n s  th e  in te g ra l  ( l )  does not van ish  when th e  

ir re d u c ib le  rep re se n ta tio n  fo r  which fo r  example, forms a b a s is

is  ex ac tly  th e  same as th a t  fo r  S im ila rly  fo r  Raman sp ec tra

a  must be o f th e  same re p re se n ta tio n  as Q •
XX a

The operato rs p p ^ ,  and p ^ transform  in  th e  same way as 

those  of t r a n s la t io n a l  motion T^, T^ and T^ re sp e c tiv e ly  (U sually 

w r i tte n  x ,y , a.nd z in  ch a rac te r  ta b le s ) .  The p o la r is a b i l i ty  

opera to rs  e tc .  transform  in  th e  same way as th e  product xy etc*

and th ese  a re  a lso  l i s t e d  in  th e  ch a rac te r  ta b le s .  I t  i s  thus 

p o ss ib le  to  read from ch a rac te r  ta b le s  which normal modes w i l l  be 

a c tiv e  in  th e  i . r .  o r  Raman spectnxn.

Two fu r th e r  observations may be made:

i .  I f  th e  m olecule has a cen tre  o f syiimetry then  th e  i . r .  and 

Raman a c tiv e  bands w i l l  be m utually exclusive , th e  i . r .  bands being
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anti-syim netric w ith  re sp ec t to  th e  cen tre  (u) and th e  Raman bands 

symmetric (g ) .

11. The to ta l ly  syim ietric ir re d u c ib le  re p re se n ta tio n  i s  always 

Raman active*

Two types of m olecules a re  s tu d ied  in  th i s  work, th e  l in e a r  

ABC m olecule and th e  o c tah ed ra l M(AB)^ molecule* These w i l l  be 

t r e a te d  here as examples o f th e  symmetry methods used, th e  methods 

o f ob ta in ing  th e  a c tu a l  normal modes are t r e a te d  in  a number o f 

b o o k s ^ '

i .  The L inear ABC Molecule

This molecule has 3n-5 v ib ra tio n a l  degrees of freedom and hence 

th e re  a re  fou r v ib ra tio n a l  modes. The m olecule i s  o f th e  C^^^ 

symmetry group (See appendix A ) ,  and th e  normal modes a re  shown in  

f ig  l ;6 b .  In  f ig  l ;6 a  th e  normal modes o f th e  ABA l in e a r  m olecule 

(D ^^) are shown fo r  comparison. From ta b le  A; 1  a l l  th re e  modes 

transform  in  th e  same way as components of both  th e  p o la r is a t io n  and 

th e  d ipo le  moment and hence a l l  th re e  modes a re  Raman and i . r .  a c t iv e .

i i .  The 'O ctahedral M(AB)^ M olecule (0^ )̂

There a re  33 v ib ra tio n a l  modes, th e  13 normal modes a re  shown 

in  f ig  1;7* From ta b le  Aj3 th e re  i s  a cen tre  of symmetry and thus 

th e  i . r .  and Raman a c tiv e  bands a re  m utually  ex c lu s iv e . Only th e  

normal modes which transform  as  T^^ a re  i . r .  a c tiv e , w hile those

which transform  as A_ , E and T„ a re  Raman a c tiv e . From th eseIg  g 2g
con sid e ra tio n s  only one A-B and one M-A s tre tc h in g  t r a n s i t io n  

should be observed in  th e  i . r .  s p e c tra .
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F i r *  1 ; 6

a .  The No m a l  Llodes o f  V i b r a t i o n  f o r  an ABA I lo le c i i l e

b .  The No m a l  Llodes o f  V i b r a t i o n  f o r  an ABC I .Io lecule

( C ^ ^ )

Z *

TT
t

I""



P i g .  1 ;7 29

V

X
V (CN)

Vo A.

V(MC)

>
3̂ &
V (CN) y (Mc)

TY

6 (MON) V (CN) Y (MO)
V8

ô (m cn)

gS

X

k

V 9 ^ l u
ô(CMO)

Vio T. y

Ô(MCN) Ô(CMC)

Ï12

6 (MON)

Y T2u

ô(CMC)

The Nox-iBal M od^s o£  V ib r a t io n ,  o f  t h e  M(AB)g M o le g u le



30
l i l .  S i te  %ïïimetry

The symmetiy considera tions above apply to  is o la te d  m olecules* 

I f  th e  molecule i s  in  a c ry sta l^  th e  environment may lower th e  

symmetry, and i f  th e  c ry s ta l  i s  io n ic  t h i s  may have q u ite  a  s tro n g  

e f fe c t  on th e  i . r .  spectra* In  many cases th e  s i t e  symmetiy can be 

t r e a te d  as a p e rtu rb a tio n  on th e  normal modes o f th e  iso la te d  

m olecule. Normally s i t e  ^nnmetry a l t e r s  th e  ch a rac te r  of each 

ir re d u c ib le  re p re se n ta tio n , and in  sane cases l i f t s  degeneracies. 

U sually more v ib ra tio n a l  t r a n s i t io n s  become allow ed. C o rre la tio n  

ta b le s  have been prepared to  show how th e  rep re sen ta tio n s  a re  

p ertu rbed  by th e  s i t e  symmetiy. Table 1*5 i s  a c o r re la tio n  ta b le  

fo r  0^ syim etiy to  a number of low er symmetries.

An M(AB)^ molecule in  a cubic l a t t i c e  has 0^ symmetiy, b u t i f  

th e re  i s  a vacancy o r im purity  ion  n ear one of th e  lig an d s  to  

compensate fo r  a charge unbalance, then  th e  symmetry w i l l  be 

reduced to  The ir re d u c ib le  rep re se n ta tio n s  o f th e  0^ group

which transform  in  th e  same way as th e  s tre tc h in g  v ib ra tio n s  in  

M(AB)^ a re  c o rre la te d  to  a s i t e  symmetry of in  f ig  1 ;6 . From 

ta b le  A; 2 (C haracter ta b le  fo r  C ^ )  th e  a^ and e modes w i l l  be

i . r .  a c tiv e , and th e  a^, b^, b^ and e w i l l  be Raman a c tiv e . Since 

th e re  i s  no cen tre  o f symmetiy th e  i . r .  and Raman bands a re  no t 

now n e c e ssa r ily  m utually ex c lu s iv e . Thus in s tea d  o f only one A-B 

s tre tc h in g  band th e re  a re  now fo u r allowed t r a n s i t io n s .  The . 

in te n s itie s  of the  v^ and v^ bands depend, in  p a r t ,  on th e  s tre n g th  

of th e  c ry s ta l  f i e ld  causing th e  d is to r t io n .
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Table Is 5 

C o rre la tio n  Table fo r  th e  Group

1 & , V °2d &h.
4 4 ĝ

*2g 4 =lg 4 ®g
"g E V®g
^Ig V®g Ag+E Ag+E W ^2 V̂ "g
2̂g "2 V"g I^+E Bg+E W ^2 V g

4u 2̂
4 ®lu 4 ®2 \
E V®2 % v \

l̂u 2̂ V® A^+E W °2 V®u
2̂u ®2û®u Ag+E Bĵ +E

F ig JU â

C o rre la tio n  Diagram fo r  th e  A-J3 S tre tch in g  Modes In  th e  M(AD)̂  
Molecule wh<.n t he Svirnietry i s  Reduced to  C^^

°h C
'4v

V l, Vg %
(R.Aj) —

■ ^ (R.A. and I .R .)

T3, ®g
(R.A,) ~ (R.A. and I .R .)

(R.A. and I .R .)

^ 6 * ^7 h u (I .R )  - “1
(R.A. and I .R .)
(R.A. and I .R .)

(R.A.) Raman a c tiv e . ( I .R .) In fra - re d  a c t iv e .



Chapter 2

Experim ental Methods
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I* P repara tion  of Samples

i .  C ry sta l Growing

C ry sta ls  of both pure cyanides and a lk a l i  h a lid es  doped w ith  

e i th e r  cyanide or complex cyanide ions were req u ired  in  th i s  

in v e s tig a tio n . These c ry s ta ls  were grovm e i th e r  by slow evaporation  

o f aqueous so lu tio n  o r by slow ly cooling th e  m olten conpound o r  

m ixture.

a . From S o lu tion

Evaporation of an aqueous so lu tio n  i s  no t s u ita b le  fo r  growing 

pure c ry s ta ls  of th e  a lk a l i  cyanides s ince  th e re  i s  a tendency to  

hydrolyse in  w ater, and growing from d ried  methanol d id  no t y ie ld  

pure c ry s ta ls  e i th e r .  We have however used th e  aqueous so lu tio n  

method to  dope a lk a l i  h a lid es  w ith  both  simple and conplex cyanide 

io n s. The so lu tio n  method has th e  advantage o f being r e la t iv e ly  

sim ple, but i t  i s  d i f f i c u l t  both to  grow la rg e  c ry s ta ls ,  and to  

co n tro l the  amount o f iiip u rity  incorporated . In  some cases th e  

im purities  a re  incorporated  more e a s ily  than th e  requ ired  ion . 

In fra -re d  sp ec tra  showed th a t  a l l  c ry s ta ls  grown by th is  method 

contained an app rec iab le  amount of w ater inco rpo ra ted  in to  th e  

l a t t i c e .

Cyanide ions were incorporated  in to  a lk a l i  h a lid es  by slow 

evaporation o f a so lu tio n  con tain ing  a te n  to  one excess of th e  

h a lid e . In f ra - re d  sp ec tra  showed th a t  a l l  c ry s ta ls  obtained  

using  potassium  cyanide as th e  dopant contained a high concen tra tion  

of th e  fe rro u s  hexacyanide io n . C rysta ls  grown-using sodium
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cyanide contained no observable amounts o f th i s  ion* C ry s ta ls

doped w ith  th e  conplex cyanide ions were grown from so lu tio n s

contain ing  1  -  0 , 001^ o f th e  conplex*

b* From th e  Melt

A number of methods have been devised to  grow c ry s ta ls  frcm th e

melt* The main fe a tu re s  of th ese  methods a re  th e  slow red u c tio n  of

th e  tem perature from above th e  m elting  p o in t to  about 20° below and

th e  seeding o f th e  m elt e i th e r  w ith  a sm all c ry s ta l  o r  some fe a tu re
27in  the  c ru c ib le . We have used a Stockbarger furnace to  p repare  

some doped a lk a l i  h a lid e  c ry s ta ls .  This method uses a furnace w ith  

a  tem perature g rad ien t through which th e  c ru c ib le  i s  low ered. The 

c ru c ib le  i s  drawn to  a sharp p o in t a t  th e  low er end to  f a c i l i t a t e  

th e  form ation o f a s in g le  c r y s ta l .  When a ttem pting  to  dope w ith  

cyanide io n s , un less  th e  c ru c ib le  i s  evacuated, th e  major ion 

incorporated  i s  th e  cyanate io n . In  order to  reduce to  a minimum 

th e  ox ida tion  and hydro lysis  of th e  cyanide io n , a f re s h  sanple 

o f sodium cyanide was used each tim e. The reagen t b o t t le  was 

opened in  an oxygen-free dry box, and mixed w ith  th e  h a lid e  which 

had p rev iously  been d ried  a t  100°C fo r  th re e  days and cooled in  th e  

dry box* Bsfore sea lin g ^ th e  c ru c ib le  was evacuated to  about 0.001 

mm of Hg. and g radually  heated to  remove as much o f th e  adsorbed gas 

as p o ss ib le . A fte r  th e  c ru c ib le  had been lowered through th e  

fu rnace , a p rocess which took about 3 6  hours, i t  was l e f t  to  anneal 

a t  a tem perature about 20° below th e  m elting  p o in t .  F in a lly  th e  

tem perature was lowered slowly to  room tem perature, th e  c ry s ta ls
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cut along cleavage planes and s c a le d  in to  anpoules befo re  removing 

from th e  dry box.

The conplex ions a l l  decomposed below th e  m elting  p o in t o f  th e  

h a lid e  and so th ese  could no t be in troduced in to  th e  l a t t i c e  ty  th is  

method.

The p rep a ra tio n  o f pure c ry s ta ls  of sodium c^mnide was attem pted 

by modifying th e  Stockbarger furnace so th a t  th e  c ru c ib le  could be 

evacuated during th e  growing o f th e  c ry s ta l .  In  th i s  case th e  

tem perature o f th e  furnace was lowered slow ly keeping th e  h igher 

winding about 15° above th e  lower one. The constan t evacuation 

was necessary  as gases were given o ff  w hile th e  cyanide was m olten.

I t  was hoped th a t  th i s  method would a lso  roughly zone re f in e  th e  

c ry s ta l ,  bu t although s in g le  c ry s ta ls  were ob ta ined , they were no t 

pure enough fo r  th e  colour cen tre  experim ents.

i i .  Pressed Discs

Samples s u i ta b le  fo r  i . r .  were conveniently prepared by comp»

ress in g  th e  f in e ly  powdered h a lid e  in  a s t e e l  d ie  a t  about 20 tons
2Ôp er square inch and about 2 mm of Hg p ressu re  . The p re p a ra tio n  

of th e  potassium  ch lo rid e  and bromide d iscs  was s tra ig h tfo rw ard , but 

sodium s a l t s ,  because of th e i r  h igher m elting  p o in t, d id  n o t form 

good d is c s . In  th i s  case a d isc  was formed by adding potassium  

bromide to  th e  sanp le , followed by ca re fu l mixing in  an ag a te  b a l l  

m i l l .

VJhen using  th e  p ressed  d isc  technique th e re  i s  a chance th a t  

h a lid e  ions may be incorporated  in to  th e  conplex io n s , o r  th e  l a t t i c e  

may a f fe c t  th e  s i t e  symmetry. Therefore th e  sp e c tra  of a l l  th e
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d if f e r e n t  species examined were a lso  run as Nujol mulls*

The main advantage of th ese  p ressed  d isc s  i s  th a t  they  can be 

i r r a d ia te d  e a s i ly  and a s e r ie s  o f sp ec tra  can be run o f th e  same 

sample a f t e r  d i f f e r e n t  i r r a d ia t io n  tim es .

II*  The Spectrom eters

i .  The E le c tro n  Spin Resonance Spectrom eters

Three e . s . r ,  spectrom eters wore used in  th i s  in v e s tig a tio n , two 

a t  Z-band and one a t  Q-band frequencies* The two Z-band machines 

were a V arian V 4502-O3 w ith  ICX) k c /s  m odulation, and a machine 

constructed  by Mr J .  A* B rivati^^*  The Q-band machine, u n lik e  

th e  Z-band spectrom eters which have c ry s ta l  d e te c tio n , has a supers, 

heterodyne d e te c tio n  system. This l a t t e r  system has th e  advantage 

of re q u irin g  ve iy  l i t t l e  in c id e n t microwave power, and hence th e  

sp ec tra  of sangles which s a tu ra te  e a s ily  can be recorded . This i s  

e sp e c ia lly  u se fu l f o r  Q-band sp ec tra  a t  low tem perature where samples 

s a tu ra te  very  easily*

The V arian spectrom eter has a v a r ia b le  ten p e ra tu re  attachm ent 

which enables sample tem peratures between lOO^K and 378°K to  be 

ob tained . The tem perature could be co n tro lled  to  w ith in  2-3^*

In  th e  o th e r X-band machine th e  sanple cav ity  i s  mounted in  an 

in su la tin g  b a th . Using a s u i ta b le  coo lan t, such as l iq u id  n itro g en  

s o lid  carbon dioxide/m cthanol o r ic e /w a te r , th e  sample could be kep t 

a t  a constan t tenperatu re*  This instrum ent was id e a l  fo r  s in g le  

c ry s ta l  spec ta , and runs as long as 1 $ hours a t  77^K have been 

performed, th e  microwave frequency and th e  tem perature remaining
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s ta b le .  The Q-band cav ity  could be cooled by p lac in g  a copper 

ex tension  o f th e  c a v ity  In  a bath  of coo lan t, and tem peratures 

down to  about lOO^K could be reached.

Powdered sanplcs were contained in  quartz  sanple tu b es , which 

were f re e  of param agnetic in p u r i t i e s . S in ^ e  c ry s ta l  sanples were 

mounted on th e  end of a perspex rod. The end of th i s  rod was 

detachable and a n m b er of d if f e r e n t  ends were prepared so th a t  th e  

c ry s ta l  could be ro ta te d  about axes perpend icu lar to  100, IIO and 

I I I  p lan es . In  th e  instrum ent used fo r  th e  s in g le  c ry s ta l  sp e c tra  

th e  c ry s ta l  was ro ta te d  and th e  angle could be read to  w ith in  0 .5 ^ .

The g-values quoted in  t h i s  th e s is  a re  a l l  co rrec ted  w ith  an 

e x te rn a l re fe ren ce , "charged d ex trose” , which has a sharp abso rp tion  

a t  2 .0023 , th i s  re fe ren ce  being run a t  th e  beginning and end of 

each s e r ie s  o f spectra* Thus e r ro rs  due to  th e  f ie ld  probe being 

in  a s l ig h t ly  d if f e re n t  p o s itio n  from th e  sanple a re  e lim in a ted .

AH g-values in  th i s  th e s is  a re  su b jec t to  an experim ental e r ro r  of 

about 1 0 . 0004 , fo r  broad l in e s  th e  e r ro r  may be much g re a te r  than  

t h i s .  The e r ro r  in  th e  hyperfinc  s p l i t t in g  a lso  depends on th e  

w idth  of th e  l in e s .  AH hyporfine coupling co nstan ts  in  th i s  

th e s is  a re  in  gauss, un less  o therw ise s ta te d .

i i .  In fra -re d  Spectrom eter

A ll th e  i . r .  sp ec tra  were recorded on a Perkin  Elmer 225 double 

beam instrum ent. A low tem perature attachm ent of th e  cold  f in g e r  

type^^ was used to  record sp ec tra  down to  about 100% . On slow and 

expanded scans th e  sp ec tra  were rep roducib le  to  1 cm*^.
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H i .  V is ib le  and U ltra -v io le t  Spectrometer

A ll sp ec tra  were recorded on a "Beckman DK 2A. Thin s l ic e s  

o f c ry s ta ls  were used fo r  transm ission  sp e c tra , and both pressed  

d iscs  and f in e ly  ground powders fo r  d iffu se  re f le c ta n c e .

I I I .  R adiation Sources

i .  Gairma R adiation Source

A ll ^ - i r r a d ia t io n  was c a rrie d  out in  a "Gamma C e ll 200", w ith  

a Cobalt-60 iso to p e . Cobalt-60 emits about equal numbers of 

photons of energy 1.332 and 1.173» The dose r a te  f e l l  fron  2*20 

X 10^ to  1 .69 X 10^ radh/hour during th e  course o f th i s  work.

A Dewar f la s k  placed in  th e  cav ity  o f th e  c e l l  enabled 

ir r a d ia t io n  a t  ten p era tu res  between ambient and 77%* L ight 

s e n s itiv e  samples were i r r a d ia te d  in  ampoules enclosed in  aluminium 

f o i l ,  and pressed  d isc s  were ir r a d ia te d  in  th e  holders used to  

mount them in  th e  i . r .  spectrom eter.

i i .  U ltra -v io le t  I r r a d ia t io n  Source

A medium p ressu re  mercury lamp was used in  a l l  p h o to ly tic  

experim ents. This has high energj'- r a d ia tio n  bands a t  254, 265, 

260, 296 , 302 and 313 m)uk . Quartz co n ta in ers  were used in  a l l  

p h o to ly sis  experim ents, and fo r  low tem perature work a Q uaitz 

Dewar f la s k  was used which enabled ten p e ra tu re s  down to  77^ to  be 

reached.
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IV. The Chemicals Used and th e i r  P u rity

The main chemicals used in  t h i s  in v e s tig a tio n  are  ta b u la ted  

below. The a lk a l i  h a lid es  were d ried  a t  100% fo r  1-3 days and 

then  cooled in  a dry-box. The a lk a l i  cyanides were kept in  a 

dry-box and a new reagent b o t t le  used to  prepare about twenty 

sea led  ampoules of th e  powdered cyanide a t  a tim e.

Chemical Grade Min %  P u rity ^  NÔ

KCl Analar 99.8 0.002 0.0005

KDr A nalar 99.0 0.001

NaCl Analar 99.9 0.002 0 .0003

NaBr Reagent 99.0 0.001
KCN A nalar 96 0.02
NaCN Reagent 96

K^Fe(CN)^ Reagent 99
KjFe(CN)^ Reagent 99



Chapter 3

Colour Centres in  I r ra d ia te d  Cyanides
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Colour Centres

Two param agnetic species have been s tu d ied  ex ten s iv e ly  in  

i r r a d ia te d  a lk a l i  h a lid e s , th ese  a re  th e  F- and V ^^centres.

Centres analogous to  th ese  have been id e n t i f ie d  and s tud ied  in

^ - ir r a d ia te d  sodium cyanides. Two o th e r param agnetic cen tres  have 
been observed, one o f  which has been te n ta t iv e ly  assigned to  th e  

F ^-cen tre .

In  th is  chap ter th e  e . s . r .  data  fo r  F - and Vj^-centres in  th e  

a lk a l i  h a lid es  i s  reviewed. To f a c i l i t a t e  assignm ents o f e . s . r .  

sp ec tra  to  F -cen tres a g eneral c o rre la tio n  has been found which 

r e la te s  the  is o tro p ic  coupling of th e  f i r s t  s h e l l  of ca tio n s  

surrounding the  F -cen tre  to  physical- param eters o f th e  ions and th e  

l a t t i c e .  The use o f th is  c o rre la tio n  i s  d iscussed  fo r  F -cen tres  in  

n o n -a lk a li h a lid es  and used to  id e n tify  th e  F -cen tre  spectrum in  

sodium cyanide.

I .  The F -cen tre

I f  an a lk a l i  h a lid e  c ry s ta l  i s  ^ - ir r a d ia te d ,  i t  soon becomes 

coloured, and a number of absorp tion  bands appear in  th e  v is ib le  

and u l t r a - v io le t  reg ion . The m ajor absorp tion  band i s  known as the  

F-band. This band i s  a lso  observed i f  th e  c ry s ta l  i s  heated  in  th e  

presence of a lk a l i  m etal vapour. The method of form ation in d ic a te s  

an e le c tro n  excess cen tre , and the  accepted model of th e  F -cen tre  i s  

an e le c tro n  trapped  a t  an anion vacancy^^* This model of de Boer 

d id  not however define  th e  s ta te  o f th e  e le c tro n  o r th e  ex ten t of 

d e lo c a lis a tio n  in  th e  c ry s ta l .  This inform ation was not f o r th 

coming from o p tic a l  s tu d ie s , but using  magnetic resonance methods i t
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has been p o ss ib le  to  o b ta in  a p a r t i a l  p ic tu re  o f th e  F -d e o tro n  

d is t r ib u t io n .

i .  O p tica l Work on th e  F -cen tre  and R elated  E lec tro n  Excess Centres 

The energy of th e  F-band depends on th e  s iz e  o f th e  l a t t i c e  and 

M ollwo^ found th a t  was given very  c lo se ly  by;

" 6 0 0 d ^

where X and d (The l a t t i c e  constan t) a re  in  Ivey re f in e d
max

and d (The 1;max
32th is  r e la t io n  and obtained  :

X m o x  -  703 d l 'S t

A number of o th e r absorp tion  bands in  i r r a d ia te d  a lk a l i  h a lid es

have been a t t r ib u te d  to  e le c tro n  excess c e n tre s , where th e  e lec tro n s

a re  trapped  a t  aggregates o f vacancies . The absorp tion  band energy

of th ese  cen tres  a lso  v a r ie s  w ith  l a t t i c e  s iz e .  Models fo r  many of

these cen tres  a re  s t i l l  u n ce rta in , bu t th e  M-band has been shown to
33be two ad jacen t F -cen tres  .

i i .  M agnetic Resonance Work on th e  F -cen tre

The e . s . r ,  spectrum of an F -cen tre  i s  u su a lly  a broad l in e  of 

50-700  gauss from p o in ts  of maximum s lo p e , w ith  g-values s l ig h t ly  

le s s  than  th e  f re e  sp in  v a lu e . The l i n e  w idths and g-values o f 

F -cen tres  in  th e  a lk a l i  h a lid es  a re  l i s t e d  in  ta b le  3 ;1 . The 

o r ig in  o f th e  broad l in e  was f i r s t  s a t i s f a c to r i ly  explained by Kip, 

K i t t e l ,  Levy and P o rtis^ ^ , who a t t r ib u te d  i t  to  unresolved hyperfine 

coupling to  th e  surrounding s h e lls  of io n s . For a number o f a lk a l i  

h a lid es  th e  hyperfine  in te ra c tio n s  have been reso lved , e .g . those  f o r  

sodium flu o rid e^^  and lith iu m  flu o rid e^
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Table 3:1

rhe E.S,,R. Line Widths and e-values fo r  F -cen tres in  Alkal:

H alide Line Width e-value No of S h e lls Ref
(gauss) (38) Resolved

LiF 150 2.0018 1;2 37
LiCl 57 2.0018 0 37
LiBr 1.9997 0 38

NaF 220 2.0001 1;2 37,39
NaCl 140 1.9978 0 37
NaBr 300 1 .9846 0 37

KF 100 1 .9964 0 35
KCl 46 1 .9 9 5 8 0 34
KBr 125 1 .9829 0 34,36
KI 210 1 .9649 0 36

RbCl 420 1.9804 0 4 0 ,4 1
RhBr 380 1.9673 0 40

Rbl 640 1 .9494 0 a

CsCl 700 1 .9 6 8 1 42

CsBr 1 .9 5 8 6 38

Csl 1 .9 5 8 38

E.S.R . sp ec tra  of F -cen tres  have a lso  been rep o rted  

in  th e  a lk a lin e  e a r th  f lu o r ides^^ sodium h y d r id e ^  and sodium azide^% 

The use o f E.N.D.O.R.^^’enables th e  re so lu tio n  o f th e  F -cen tre  

sp ec tra  to  be improved, and coupling to  up to  e ig h t s h e lls  

surrounding th e  cen tre  have been observed. Table 3 ;2  l i s t s  th e  

coupling to  th e  f i r s t  few s h e lls  o f io n s, f o r  F -cen tres  in  e lk a l i  

h a lid es  w ith  th e  sodium ch lo rid e  s tru c tu re .
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Table 1:2

Hyperfine In te ra c tio n s  o f th e  S h e lls  o f  Ions Surroundine F -cen tres  

H alide Tonp. Hyperfine Coupline to  th e  Ions (Gauss) Ref*
% Cations Anions

S h e ll a 2B S h e ll a &
LiF 1 13.94 2.28 2 37*80 1 0 .6 7 37

3 0.18 0 .4 8 4 0 .1 7 0 .8 9

5 0.10 0.18 6 0.62 0*49

LiCl 1 .3 1 6 .8 1*22 2 4 .0 1 0 .6 4 37

3 0.74 1 .4 8 4 0.18 0 .0 4

5 0.07 6 0 .0 7

NaF 4 1 38.18 2.98 2 34.28 0 .6 4 39

3 1.07 0.21 4 2 .3 2 0 .8 5

5 0.25 0 .1 4 6 0 .5 3 0.36

NaCl 90 1 22.27 2 .1 2 4 .4 6 0 .7 6 35

3 0.12 0.12 4 0.16 0 .0 4

5 0.22 6 0 .0 9 0 .0 4

KF 90 1 12.24 1.14 2 12.67 2 .9 3 35

KCl 90 1 7.39 0.67 2 2*46 0*35 35

3 0.11 0.02 4 0*38 0.08

KBr 90 1 6.54 0 .5 5 2 1 5 .2 9 1 .9 3 35

3 0.96 0.02 4 2 .0 3 0 .2 9

5 0.06 0.01 6 0 ,3 0 0 .01

KI 20 1 5.34 0 .4 4 2 17*66 2*14 35

RbCl 90 1 35.04 3 .5 7 2 2.06 0 .2 7 40

3 2.21 0 .1 7 4 0*57 0.31

RbBr 90 1 31.33 2.85 2 13 .69 1 .4 3 40

3 2*00 0 .0 7 4 3 .25 0 .1 3

5 0 .9 1 0 .0 7 6 0.26 0 .05
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i i i .  General C o rre la tio n  o f F -cen tres

The c o rre la tio n s  o f F -cen tre  da ta  by MoHwo^^ and Ivey^^ have 

been o f g re a t value  in  assign ing  co lour cen tre  o p tic a l  bands to  

th i s  c e n tre . I t  w as.thus decided to  look fo r  a s im ila r  c o rre la tio n  

which would used in  in te rp re t in g  e .s . r*  data  o f colour c e n tre s .

The most c h a ra c te r is t ic  fe a tu re  o f th e  m agnetic resonance data  fo r  

F -cen tres  i s  th e  is o tro p ic  coupling to  th e  f i r s t  s h e l l  o f c a tio n s , 

and hence p o ss ib le  c o rre la tio n s  involv ing  th i s  q u a n tity  were examined.

To map th e  e le c tro n  d en s ity  in  an F -cen tre  from e . s . r .  co ip lin g  

constan ts  sp in  d e n s it ie s  f o r  th e  s -o r b i ta ls  o f th e  f i r s t  s h e l l  o f  

ca tio n s were c a lc u la ted  using  th e  * atom ic' iso tro p ic  values fo r  th e  

AlkA.1 i m eta ls . These are  known from atomic beam measurements 

(Table l ; l ) .  Table 3; 3 l i s t s  th e  ca lcu la ted  t o t a l  sp in  d e n s it ie s

in  th e  s - o r b i ta l  of the  c a tio n s , fo r  th e  F -cen tres  in  Table 3;2*
s

This w i l l  no t be th e  ab so lu te  va lue  s in ce  we have used gaseous

atomic v a lu es , w hile th e  atoms in  th e  c ry s ta l  a re  charged and

surrounded by o th er io n s . S ince, however, th e  e f fe c ts  of charge

and th e  surrounding ions should be s im ila r  in  a l l  cases i t  does allow

comparisons to be made. As w i l l  be shown l a t e r  th e  sp in  d en s ity  on

th e  second and subsequent s h e lls  o f ions i s  probably due to  sp in

p o la r is a t io n , r a th e r  than  a c tu a l d é lo c a lis a tio n . The hyperfine

coupling to  th ese  o u te r  s h e lls  i s  sm all in  most cases and so in  th i s

model we n eg lec t i t .  Even th e  la rg e  hyperfine coupling to  th e

f lu o r id e  ion in  lith iu m  f lu o r id e  does not in d ic a te  a la rg e  sp in -
19d en s ity , because of th e  la rg e  magnetic moment o f th e  F n u cleu s.
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Table.3.^3.

Spin D ensities in  the  s -o rb i ta l  of the  F ir s t  Shell of Cations around 
the  F-centre in  A lkali Halides

C rystal Tfl (&) L.P. (A)

1 . LiF 58.3 1.45 4.017 0.5910
2 . LiCl 28.6 5.13 0.2838

3. NaF 71.4 1.80 4.62 0.7432

4 . NaCl a - 7 5.628 0 . j ,n i ,

5. KF 89.2 2.20 5.33 0.8845
6. KCl 53.4 6.28 0.5408

7. KBr 48.9 6.59 0.4680
8. KI 39.0 7.05 0 .3 8 2 2

9. RbCl 58.2 2.35 6.54 0 .5830

10. RbBr 52.0 6.85 0 . 5 0 7 4

Atomic r a d i i  (rj^) from J .C . S la te r  1964 J .  Chem. Phys. Ü  3199 
L a ttic e  param eters (L .P .) from L andolt-B om stein  Tables Vol 1 
p a r t  U ,  Springer, B e rlin , 1955*

We then  assig n  the  e le c tro n  d en s ity  no t in  th e  s - o r b i ta l  o f th e  

ca tions e i th e r  to  th e  cav ity  o r to  th e  p -o rb i ta ls  of th e  c a tio n s .

Since unpaired sp in  d en s ity  in  th e  p -o rb i ta ls  w i l l  p la c s  a s ig n if ic a n t  

amount of sp in  d en sity  in  th e  cav ity , th ese  two p ic tu re s  need not be 

d i f f e r e n t .  The energy o f an e le c tro n  in  a p - o rb i ta l  on th e  ca tio n  

which i s  o r ie n ta te d  such th a t  i t  would p lace  sp in  d en s ity  in  th e  

vacancy w i l l  be s tro n g ly  dependent on th e  c ry s ta l  f ie ld s  in  th e  

c av ity . To a f i r s t  approximation th e  wave fu n c tio n  o f th e  F -e le c tro n  

can be described; , , , ,,
Y ,  -  '  t . .  •  ' Y . :

X + y  = 1
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The r e la t iv e  s iz e s  of x  and y  a re  dctenained by a la rg e  number of 

fa c to rs .  Two p o ssib ly  im portant fa c to rs  a re : 1 . The e lec tro n  

a f f in i t y  o f th e  c a tio n  and 2* The e le c tro n  a f f in i ty  o f th e  cavity*

1 , The e lec tro n  a f f i n i t y  of th e  s -o r b i ta ls  on th e  ca tio n  decreases

from lith iu m  to  rubidium, bu t th e  value o f in creases  from
8

lith iu m  to  rubidium (Table 3;3)« The value o f in creases  w ith
s

in c reasin g  s iz e  of th e  s - o r b i ta l  on th e  ca tio n  r e la t iv e  to  th e  

l a t t i c e  s iz e , which may in d ic a te  th a t  th e  hyperfine coupling depends 

on th e  volume of s - o r b i ta l  a v a ila b le  to  con tain  th e  unpaired e le c tro n .

2. The e lec tro n  a f f in i t y  o f th e  vacancy depends on th e  opposing

fa c to rs  of p o te n tia l  and k in e t ic  energy# The la rg e r  th e  cav ity  th e

low er th e  k in e tic  energy of th e  e le c tro n  and hence th e  h igher th e

e lec tro n  a f f in i ty  of the  ca v ity . However, th e  la r g e r  th e  cav ity ,

th e  low er th e  p o te n tia l  e n e r g y  and ohis reduces th e  e le c tro n

a f f in i t y  o f the  c a v ity . A p lo t  o f /% +  ag a in s t l a t t i c e  param eter 
f û  s

(F ig . 3 ; l )  shows th a t  th e  sp in  d e n s ity  in  th e  s -o r b i ta ls  of th e

ca tio n  f a l l s  w ith  in c reasin g  s iz e  o f c a v ity . This may in d ic a te

th a t  th e  sp in  d en s ity  in  th e  s - o r b i ta ls  o f th e  ca tio n  f a l l s  w ith

in c reasin g  s iz e  of c a v ity , and hence th a t  th e ' k l îie tic

energy e f fe c t  predom inates over th e  p o te n tia l  energy and a lso ,

perhap^ th e  e le c tro n  a f f in i t y  o f th e  s -o r b i ta ls  on th e  c a tio n s .

F ig . 3 ;1  as i t  stands can be used as a c o r re la tio n  fo r  F -ce n tre s ,

cen tres  w ith  th e  same ca tio n  f a l l in g  on s t r a ig h t  l in e s ,  which a re

roughly p a r a l le l  to  th e  l in e s  fo r  o th e r  cations# A b e t te r

c o r re la tio n  has been found, however, fo r  when i s  p lo tte d
8
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a g a in s t th e  cuLe of th e  r a t io  o f th e  atomic rad iiis (r« )  o f  t&ie
3

ca tio n  to  th e  l a t t i c e  param eter (L .P .)  ( i . e .  p ) a H  th e

F*Kïentre re s ia lts  f a l l  on a s tr a ig h t  l i n e .  Since th i s  r a t io  i s

p ro p o rtio n a l to  th a t  o f th e  volume occupied by th e  o u te r  s -o r b i ta ls

o f the  ca tio n s  to  th e  volume o f th e  u n i t  c e l l ,  we have p lo t te d  in

f ig .  5;2 y/Op̂ + a g a in s t 4 * ^ 1 ^  ^ . I t  i s  in te re s t in g  to  note
8 (L .P •)

th a t  th is  p lo t  passes through th e  o r ig in , and when>CKr+ •  lOOjS th e
'  8

volume r a t io  i s  unity* This again  suggests th a t  th e  s iz e  o f  th e  

o u te r s - o r b i ta l  i s  iirp o rtan t. F u rth e r th e  e le c tro n  is  d is tr ib u te d  

in  such a manner th a t  in c reasin g  th e  s iz e  of th e  s - o r b i ta l  r e la t iv e  

to  th e  volume of th e  u n it  c e l l  has th e  e f fe c t  o f incorr)orating  more 

o f th e  e le c tro n  in  th e  s - o r b i ta l  and hence in c reasin g  th e  hyperfine 

coupling .

The use of th i s  c o r re la tio n  (F ig . 3;2) w i l l  be d iscussed  

fu r th e r  when F -cen tres  in  n o n -a lk a li h a lid e s  a re  considered . I t  i s  

found th a t  th i s  c o rre la tio n  i s  s a t is fa c to ry  fo r  c ry s ta ls  which have 

th e  sodium ch lo ride  s tru c tu re ,  but only approxim ately tru e  i f  th e  

s tru c tu re  d if f e r s  markedly from th i s .

iv .  The E ffe c t of Temperature and P ressu re  on th e  Iso tro p ic  Coupling
to  th e  F i r s t  S h e ll o f  Anions

Cooling th e  c ry s ta l  or applying a h y d ro s ta tic  p ressu re

decreases th e  l a t t i c e  s iz e  and i t  fo llow s from th e  above d iscu ssio n

th a t  th e  iso tro p ic  coupling to  th e  ca tio n  would be expected to

in c re a se . Table 3 ;4  l i s t s  th e  is o tro p ic  coupling o f th e  c a tio n s ,

a t  a number of tem peratures, fo r  F -cen tres  in  fo u r a lk a l i  h a lid e s .



Q_
-I

H—(/)
Z
<

z
O

u

z
O

0:
iLl CO
I—
W
û:
<
I
u

OJ

h-z
LÜ
tr

Û.<

o
S o o^  <T> m O O Q O O O O O(O If) ^  m V-

4Ô

m IfO
0.

*/.



49
In  a l l  cases th e  hyperfine in te ra c t io n  decreases on cooling* On

i n

in re asè  in  p ressu re , however, th e  coupling does in crease  s l ig h t ly  •

A ca tio n  in  the  f i r s t  s h e l l  surrounding th e  F -cen tre  i s  

surrounded by f iv e  an ions. These anions w i l l  decrease th e  e le c tro n  

a f f in i t y  of th e  o u te r s - o r b i ta l  o f th e  c a tio n , and th i s  coord ination  

e f fe c t  w i l l  in c rease  as th e  l a t t i c e  i s  compressed. This e f fe c t  

w i l l  oppose th e  o ther e f fe c ts  mentioned above which would otherw ise 

have produced a la rg e r  in c rease  in  coupling. In  th e  case o f cooling 

th e  l a t t i c e  th is  w i l l  fu r th e r  in crease  th e  e f fe c t  of coord ination  

by reducing io n ic  movement.

Table 3 :4

Hyperfine Coupling to  the F ir s t  Shell of Cations a t  Various
Temperatures

anperature NaCl KCl KDr KI Refs

1.3°K 21-95 7.35 37
20° 5 .3 2 35
90° 22.27 7 .4 1 6 .5 3 5 .39 35

300° 7 .4 9 6 .7 1 35

V .  Anisotropic Coupling in  F-centre E.S.R. Spectra
O I

The model of Kip e t a l  , assumed th a t the e lectron  could be 

described by a molecular o rb i ta l  of the  form:

where 0^ i s  an s-atom ic o r b i ta l  on th e  i^^  ca tio n , which in  th e  

c iy s ta l  w i l l  be p o la rise d  by th e  asymmetric c ry s ta l  f i e ld  which
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e x is ts  n ear th e  vacancy* This can be taken in to  account by an 

admixture of p - o rb i ta l  ch a rac te r . Inu i and Uemura^^ and Kojliiia^^ 

have made q u a n ti ta t iv e  c a lcu la tio n s  fo r  th e  F -cen tre  in  lith iu m  

f lu o r id e  using l in e a r  combinations of s -  and p - o rb i ta ls ,  and obtained  

good agreement w ith  param eters obtained from th e  o p tic a l  spectrum*

For a ty p ic a l  anion vacancy, e .g . in  potassium  ch lo rid e  (F ig  3;3) 

th e  p o te n tia l  in  th e  vacancy i s  no t sp h e ric a lly  ^ m e t r i c a l ,  bu t th e  

ch lo rid e  ions re p e l th e  F -e le c tro n  and th e  potassium  ions a t t r a c t  i t .  

The shape of th e  o r b i ta l  i s  th u s  defined  ty  th e  c ry s ta l  param eters.

The s p a t ia l  d is t r ib u t io n  of th e  e le c tro n  can, in  p r in c ip le ,  be 

determ ined from th e  experim ental a n iso tro p ic  coupling to  th e  an ions. 

Although such ca lc u la tio n s  involve a number of approxim ations, they 

should allow some q u a l i ta t iv e  conclusions to  be drawn.

One simple model of th e  F -cen tre  p laces th e  e le c tro n  e i th e r  in  

ca tio n  s -o r b i ta ls  o r in  the  cav ity^^, w ith  th e  e le c tro n  d ensity  

sp h e ric a lly  symm etrical in  th e  cav ity . In  th i s  case th e  sp in  

d en s ity  not on th e  cations can be considered a c tin g  from th e  cen tre  

of th e  cav ity  so long as th e  charge i s  considered to  be contained 

in  th e  cav ity  and no t beyond. A p o in t-d ip o le  approxim ation can then  

be used to  c a lc u la te  th e  a n iso tro p ic  2B term, using  th e  a n iso tro p ic  

p a r t  of th e  sp in  Ham iltonian:

B =
r

The value of 2B was found by summing th e  e f fe c t  of th e  e le c tro n  a t  th e  

cen tre  of th e  c a v ity , and th e  e le c tro n  d e n s ity , considered as a p o in t
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F ig . 3;3

C l 0 1

C l C l

An Anion Vacancy in  a P o tass ium  C hlo r ide  L a t t i c e  

Assuming no D i s t o r t i o n  of  the  L a t t i c e
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charge on each of th e  o ther f iv e  c a tio n s . The values ob tained  as a 

percentage o f th e  experim entally  measured 2 B term  a re  shown p lo tte d  

in  f ig .  The choice of th e  anion radius as ab sc issa  i s  pu re ly

a rb i tra ry  and no s ig n if ic a n c e  should be a ttach ed  to  th e  s t r a i ^ t  l in e s  

drawn through th e  p o in ts . From th i s  f ig .  i t  i s  c le a r  th a t  th e  

simple model i s  inadequate.

I f  we now l i f t  th e  r e s t r i c t io n  of sp h e ric a l symmetry we can 

include sp in  d en s ity  in  p -o rb i ta ls  on th e  c a tio n . U nfortunately  

th e  2B terms fo r  a lk a l i  m eta ls , although known from gas phase 

work (Table l ; l ) ,  a re  p o ssib ly  in ap p ro p ria te  s in ce  th e  s p a t ia l  

d is tr ib u tio n  o f th e  p -o rb i ta ls  w i l l  be a ffe c te d  by th e  l a t t i c e  more 

than  th a t  of th e  s -o rb i ta ls ..  Using th e  2B values f o r  atomic sodium 

and potassium  we g e t th e  percentage p -ch a rac te r  on th e  m etal given 

in  ta b le  3;5* Also ta b u la ted  a re  th e  p /s  r a t io s  from th e  p -  and s -  

ch arac te r both ca lcu la ted  from gas phase r e s u l ts  (+) and a lso  th e  

p /s  r a t io  ca lcu la ted  only from th e  experim ental iso tro p ic  v a lu es-(x )*  

The values fo r  th e  p -c h a rac te r  a re  obviously too high i f  th e  gas 

phase SB terms a re  used.

Table 3:5

H alides 2B (gauss) p /s (+ )

NaF . 3.78 227 29 3 .2 0 .4 0
NaCl 2 .2 2 132 58 3.2 1 .3 9

KF 1.14 221 11 2.36 0 .1 2 1
KCl 0.64 124 47 2.32 0 .8 7 2
KDr 0.54 105 51 2.15 1 .0 4
KI 0 .2 2 Ô5 61 2.19 1 .5 6

+ Using gas phase r  p and ^  (O) va lues
X Using gas phase y  (0) values on ly .
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To examine th e  a n iso tro p ic  coupling fu r th e r ,  we have used

orthogonalised  S la te r  o r b i ta l s ,  to g e th e r  w ith  th e  param eters given
51by Clement! and Raimondi fo r  a l l  o r b i ta ls  except th e  o u te r  rp-* 

o r b i ta l s ,  which we have used as our only v ariab le*  From th e  

experim ental value o f th e  a n iso tro p ic  coupling and having made a 

c o rre c tio n  fo r  th e  e f fe c t  o f th e  e le c tro n  d en sity  on th e  o th e r 

ca tio n s in  th e  f i r s t  s h e l l ,  we have ca lcu la ted  th e  exponent 

necessary  to  produce th e  co rrec t a n iso tro p ic  coupling. The r e s u l t s  

a re  given in  ta b le  3; 6. Also given a re  th e  exponents expected fo r  

th e  o u te r  s - le v e l  o f th e  atom (those  fo r  th e  p - le v e l  a re  expected 

to  be s l ig h t ly  sm aller, bu t were no t given by Clement! and 

Rairnondi^^). S ig n if ic a n tly , perhaps, in  every case th e  p -o rb i ta ls  

a re  co n tracted  r e la t iv e  to  th e  f re e  atom.

Table 3 :6

C alculated  Exponents fo r  th e  Outer p -o rb i ta ls  of th e  F ir s t  Shell
of Cations

H alide

Exponent 
C alcu lated
C lanenti^^
Exponent(a>
a* For th e  o u te r n s -o rb i ta l

LiF LiCl NaF NaCl KF KCl KBr KI

1.12 0.76 1,48 1.10 1.93 1.23 1.17 1.08

0.64 0.64 0.836 0.836 0.874 0.874 0.874 0.874

The Clonenti-Raimondi param eters apply s t r i c t l y  to  an iso la te d  

atom, and we have ap p lied  them to  an ion  having a  form al charge of 

+ 5/6* However th e  s -c h a ra c te r  was a lso  ca lcu la ted  from gas phase 

values and so we a re  c o n s is ten t i f  no t co rrec t in  an ab so lu te  sense .
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From th e  above considera tions i t  ■would seem th a t  th e  F -e lec tro n  

i s  lo c a liz e d  in  an o r b i ta l  which co n s is ts  o f a combination of th e  s -  

and p - o rb i ta ls  of th e  ca tio n s . The p -o rb i ta ls  a re  con tracted  

r e la t iv e  to  th ese  in  th e  gas phase, which explains th e  high p -  

c h a rac te r  obtained i f  th e  gas phase atomic 23 terms a re  used. The 

s -o r b i ta ls  a re  a lso  probably con trac ted , and so in  th e  f i r s t  p a r t  of 

th i s  d iscu ssio n  we would have over-estim ated  th e  s -c h a ra c te r . The 

e f fe c t  o f charge on th e  s - o r b i ta ls ,  however, should be le s s  than  on 

th e  p - o r b i ta l s .

In  view o f the  many d if f e r e n t ,  bu t in te r r e la te d  fa c to rs  d e te r

mining th e  hyperfine  coijpling, th e  exp lanation  of th e  iso tro p ic  

c o r re la tio n  w ill  be very  conp licated . At p re se n t, th e re fo re , we 

m erely wish to  confine a t te n t io n  to  i t s  p r a c t ic a l  use , a p o in t which 

w ill, be d iscussed  l a t e r  when th e  F -cen tres  in  n o n -a lk a li h a lid es  are  

considered.

v i .  Coupling to  O ther Shells Around an F -cen tre

Around th e  F -cen tre  th e re  a re  s ix  n ea re s t neighbour neighbour 

cations and tw elve an ions. The anions a lso  form p a r t  of th e  w alls  

o f th e  cav ity  (F ig . 3j3)> end in  f a c t  i f  th e  ca tio n  i s  sm all they  

may fonn a m ajor p a r t .  They w i l l  n o t, however, have a high e lec tro n  

a f f in i t y  an so a high sp in  d en s ity  on th ese  atoms is  not expected.

The hyperfine in te ra c t io n  w ith  th e  second s h e l l  o f ca tions i s  much 

sm aller than w ith  th e  f i r s t  (Table 3;2) and so can be neg lec ted  to  

a f i r s t  approxim ation. The experim ental hyperfine in te ra c t io n  i s  

known a lso  fo r  th e  anions (Table 3 ;2 ), bu t we have to  decide which
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of th e  h a lid e  s -o r b i ta ls  contains th e  sp in  d en s ity . I f  i t  i s  in  

th e  valence n s -o r b i ta l  then  th e  hy p erfin e  coupling occurs by a sp in  

p o la r is a tio n  mechanism. For t h i s  o r b i ta l  th e  * atomic^ values have 

been ca lcu la ted  (Table 1;2)* I f  on th e  o th e r hand th e re  i s  a c tu a l  

d e lo c a liz a tio n  of th e  unpaired e le c tro n , then  th e  unpaired  e le c tro n  

has to  go in to  an o u te r  ( n + l) s -o rb i ta l  and th e  ' atomic ' values a re  

unknown. However, i f  th e  wave fu n c tio n  of th e  corresponding a lk a l i  

m etal i s  tak en , an approxim ation to  th e  req u ired  value can be 

obtained^^. Using a value  of c a lcu la ted  by th i s  method

th e  sp in  d en s ity  in  th e  n+l s - o r b i ta ls  o f  th e  f i r s t  s h e l l  o f h a lid e  

ions has been ca lcu la ted  (Table 3;7)« The sp in  d e n s itie s  c a lc u la ted  

using th e  n+l param eters a re  f a r  too la rg e  i f  th e  e a r l i e r  d iscu ssio n  

i s  even q u a l i ta t iv e ly  c o rre c t. The sp in  d e n s itie s  ca lc u la ted  

using th e  ns-param eters give a more reasonable  r e s u l t ,  and g ive some 

weight to  th e  assunption  th a t  th e  byperfine  in te ra c t io n  w ith  o u te r  

s h e lls  i s  a sp in  p o la r is a tio n  e f f e c t .

Table 3:7

Coupling to  th e  F i r s t  Shell o f Anions and Spin D ensities  in  th e
n s -  o r n+ l s -o r b i ta ls

Halide a m /^ h a :
IdF 37.8 10.67 40 2 .7
LiCl 4 .0 0 .6 4 28 2 .9
NaF 34.28 6 .9 8 37 1 .5
NaCl 4 .4 6 0 .7 6 31 3 .2

KF 1 2 .6 7 2 .9 3 13 0 .9
KCl 2 .4 6 0 ,3 7 18 1 .8
KBr 1 5 .2 9 1 .9 3 21 2 .4

(1 ) .  The sp in  d e n s itie s c a lc . using  fo r  n+l o r b i ta l .

(^) The sp in  d e n s itie s  calc* using  A^^^ fo r  n s i^ r b i ta l
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v i i .  F -cen tres  in  N on-alkali H alides

52F -cen tres  have been observed in  a lk a lin e  e a r th  oxides , and
I o

flu o r id e s  , in  lith iu m  and sodium hydride and sodium az id e . In  th e

l a s t  th re e  cases th e  s tru c tu re  i s  s im ila r  to  th e  sodium ch lo rid e

l a t t i c e .  The e . s . r .  param eters fo r  sodium h y d r id e ^  and azide^^

a re  given in  ta b le  3 ;8 . In  th e  case o f lith iu m  hydride only a
53broad l in e  was observed, bu t Lewis and P re tz e l ^ have obtained  th e  

sp in  d e n s itie s  on th e  f i r s t  s h e l l  of ca tions by comparing th e  l in e

w idths o f th e  F -cen tre  in  ^ iH  and *^LiH. The sp in  d en s ity
L  ^  8has been ca lcu la ted  and a lso  th e  f a c to r  / ( l  p )3* Data fo r

th ese  th re e  c ry s ta ls  has been inco rpo rated  in  f ig .  3 ;2 , as p o in ts  

A, B, and C (see ta b le  3 ;8 ) . These p o in ts  a l l  f a l l  below th e  

c o r re la tio n  l in e .  Thus in  a l l  cases th e  c o rre la tio n  has over

estim ated  th e  hyperfine  coupling to  th e  ca tio n s . In  a l l  th e se  

c ry s ta ls  i t  i s  p o ss ib le  th a t  th e re  could be more d is to r t io n  o f th e  

l a t t i c e  around th e  vacancy than w ith  th e  a lk a l i  h a lid e s .

Table 3:3

Spin D ensities (yC^+ ) and o th er Param eters of F-c e n tre s  in  Non-
^ A lk a li H alides

NaN  ̂ (A) LiH (B) NaH (C)
g-value 2 .0 0 3  2 .0 0 4  1.9979
a(M) exp. (gauss) 9 .1  26.5
a(M) c a lc , (gauss) 14*3 33*5

%  17 45 50

(S) 1 .80 1.45 1 .80

L.P. (A) 6.56 4.085 4-88
4Ti ,  0 .2 5 9 6  0 .5 6 2 0  O .63O6

/ (L .P .)3
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I I .  The V ^-centre in  A lk a li H alides and o th er L a ttic e s

I f  an a lk a l i  h a lid e  i s  ^ - i r r a d ia te d  a t  77^K one of th e  species  

■which can be observed in  th e  e . s . r .  spectrum i s  a Hal^ r a d ic a l .

This r a d ic a l  i s  known as th e  V ^-centre . The y ie ld  o f t h i s  cen tre  

in creases  i f  th e re  a re  e le c tro n  tra p s  inco rpo rated  in to  th e  h a lid e  

l a t t i c e .  This cen tre  i s  thus an e le c tro n  d e f ic ie n t  c e n tre . I t  i s  

o rien ted  along th e  110 ax is  of th e  c ry s ta l ,  which i s  th e  expected 

o r ie n ta tio n  i f  th e  fondation  of t h i s  ra d ic a l  involves th e  form ation 

of a  halogen atom which a tta ck s  a neighbouring anion, both atoms 

s tay in g  close to  t h e i r  normal l a t t i c e  p o s itio n s . In  f a c t  th e  

form ation of th e  chemical bond reduces s l ig h t ly  th e  d is tan ce  

between th e  n u c le i.

The f i r s t  rep o rted  work on th i s  cen tre  was by C astner and 

Kanzig^^. The e f fe c t  o f th e  l a t t i c e  s iz e  was s tu d ied  by Bailey^^ 

who examined th e  F“ cen tre  in  lith iu m , sodium, potassium , 

rubidium and caesium f lu o r id e s . He shov'^ed th a t  th e  is o tro p ic  

coupling to  th e  f lu o r in e  nucleus, and th e  g-values^ decreased w ith  

l a t t i c e  s iz e , w hile th e  a n iso tro p ic  coupling increased  s l ig h t ly .

This behaviour was a t t r ib u te d  to  changes in  th e  F-F bond d is tan ce .

I t  has a lso  been p o ss ib le  to  o b ta in  Cl^ and Br^ in  i r r a d ia te d  

ammonium h a lid es^^ . These m atrices y ie ld ed  s im ila r  hyperfine  

coupling data  to  th a t  o f th e  ra d ic a ls  in  a lk a l i  h a lid e  c r y s ta ls ,  

but th e  e . s . r .  l in e s  were b roader. The u l t r a - v io le t  bands 

a sso c ia ted  w ith  th e  Vj^-centre a re  s im ila r  in  a l l  l a t t i c e s  showing 

th a t  un like  th e  F -cen tre  th e  m atrix  has only a second order e f fe c t
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on th e  energy le v e ls  of th e  r a d ic a l .  The experim ental r e s u l ts  
fo r  th e  Vj^-centres in  t h e i r  re sp ec tiv e  h a lid e s  a re  given in  ta b le

3 ;9 .

Mixed Vj^-centres, such as FC1*“, FBr", and ClBr*" have been 

prepared . In  th e  case of FC1~, FBr“" and FX” , th e  ra d ic a ls  a re  

o rien ted  along th e  111 d ir e c t io n s '^ ,  th e  r a d ic a l  occupying one 

anion and one i n t e r s t i t i a l  s i t e .  Schoemaker has ca lcu la ted  th e  

sp in  d e n s itie s  on th e  n u c le i in  F^, FCl*", FBr"" and F l"  (Table 3;9)* 

The t o t a l  spin  d en sity  i s  about 125^, which he a t t r ib u te s  

to  n eg lec t o f overlap terms in  th e  n o rm alisa tio n . There i s  in  

f a c t  a s ign  am biguity in  th e  experim ental r e s u l ts  and o th e r workers 

using  th e  o th e r sign  combination of th e  experim ental coupling 

ten so r have obtained a t o t a l  sp in  d en s ity  of about 100^% Bailey^^ 

and Schoemaker^^ argue th a t  fo r  th e  same species trapped  in  

d if f e re n t  c ry s ta ls ,  i f  A, and vary in  th e  same sense then  they  

have th e  same s ig n , bu t i f  they vary  in  th e  opposite  sense then  they  

have opposite  s ig n . B ailey showed th a t  (A^, A^) fo r  F~ v a r ie s  

from (887, 5Ô) to  (908, 28) going from lith iu m  to  potassium f lu o r id e , 

and hence he claims th e  signs a,re op p o site .

The m olecular o r b i ta l  s tru c tu re  o f th e  bonding s h e l l  in  th ese  

cen tres  can be w ritte n ;

(C S )2  ( 71^)^ (

th e  su b sc rip ts  u and g-a re  only ap p licab le  to  th e  homonuclear 

sp ec ies , but th e  g en era l form o f th e  o r b i t a l  i s  unchanged. The
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T a b le  3 ;9

Fbcperimental R esu lts fo r  3C and FX~" species

a. Coupling Constants and Spin D en sities  in  3C Species

L a ttic e ^  i / / -J. ^ H s )  •^F (p ) 2 % Ref
KF Fg 90S -28 0.016 0 .586 1 .2 0 4 54
KCl Cl^ 101 12.5 0.024 0.582 1 .2 1 2 54
KBr Br" 450 79 0 .0 1 9  0.586 1 .2 1 0 54
KI 387 100 0 .0 2 0  0 .563 1.166 57

b . Coupling Constants and Spin D en sities  of KX*" in  KCl L a ttice^ ^

Species 2
®F(s)

»2
°F(t,) "tcCs )

.2
x(p) I f i

FCl 0.011 0 .5 6 2  0 .032 0 .7 0 0 1 .305

FBr 0.008 0 .5 3 8  0 .030 0 .7 2 0 1 .297

FI 0.006 0 .4 9 8  0 .035 0 .7 0 3 1 .242

c . H-values fo r  th e  Species XT and FX**

L a ttic e Species
5 ^  5i: % so

KF 2.0020 2.0218 2.0155 54
KCl 2 .0012  2 .0426 2 .0284 54
KBr B r; 1 .9833  2.169 2 .1071 54
KI IE 1 .9 1 3 57
KCl FCl 2.0018 2 .030 2.0206 58
KCl FBr 1 .9 8 9 1  2 .125 2.0797 58
KCl FI 1.9363 58

A ll A values in  gauss.
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unpaired e lec tro n  i s  in  an antibonding - o r b i t a l .  This is

c o n s is te n t w ith  th e  i n s t a b i l i t y  of th e se  sp e c ie s . Indeed only

FI" i s  s ta b le  a t  room tem perature.

The decrease in  th e  sp in  d en s ity  on f lu o r in e  down th e  s e r ie s

FCl", FBr", FI"" i s  c h a ra c te r is t ic  o f th e  unpaired e le c tro n  in  an
59antibonding o r b i ta l  .

The g-values given in  ta b le  3;9 show th a t  th e re  i s  coupling 

w ith  f i l l e d  o rb ita ls  when th e  magnetic f i e ld  i s  p erp en d icu lar to  

th e  r a d ic a l ,  but, when i t  i s  p a r a l l e l ,  coupling i s  no t p o ss ib le  

un less th e re  a re  empty d -o rb i ta ls  a v a ila b le . Hence only w ith  th e  

bromide and iodide species i s  g^ much le s s  than th e  f re e  sp in  v a lu e . 

These r e s u lts  a re  co n s is te n t w ith  a ra d ic a l  having th e  unpaired 

e lec tro n  in  an o r b i ta l  along th e  bond a x is .
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I I I .  Colour Centres in  Sodium Cyanide

i .  The Structuire o f th e  Sodium Cyanide C ry sta l

At room tem perature sodium cyanide has an averaged sodium 

ch lo rid e  l a t t i c e ,  w ith  a cubic l a t t i c e  constan t of 5*83 t  O.OO5 A 

S p ec ific  heat measurements e x h ib it two regions o f anomalous h ea t 

cap ac ity  w ith  maxiua a t  1?2°K and 288°K The upper t r a n s i t io n

i s  r e la te d  to  th e  change from th e  low tem perature orthorhombic form 

to  th e  high tem perature cubic form. The low tem perature o rtho 

rhombic form i s  a d is to r te d  sodium ch lo rid e  l a t t i c e  w ith  four 

rec tan g u la r faces 6.01 by 5.61 and two rhoirbic faces w ith  edges

6.01 and angle ?6.9°* Cyanide ions a re  o rien te d  w ith  th e i r  axes 

in  th e  d ire c tio n  of th e  major axes o f th e  rhombic fa c e s .
62W ells suggests th a t  a t  room tem perature th e  cyanide ions 

a re  randomly o rien ted  along the  fou r body diagonals o f th e  u n it  

cube, f re e  ro ta tio n  being u n lik e ly  fo r  s te r i c  reasons. A s im ila r  

s i tu a t io n  occurs w ith  potassium  cyanide, but th e  phase t r a n s i t io n  

between th e  cubic and orthorhombic forms occurs a t  about 16?°K.

In th e  cubic form th e  cyanide ions cannot remain p a r a l le l  to  each 

o th e r, but th e re  i s  disagreem ent as to  whether th e re  i s  f re e  

ro ta tio n .  Pauling^^ favoured f re e  ro ta tio n , w hile F re n k e l^  

proposed th a t  above th e  phase t r a n s i t io n  tem perature th e  cyanide 

ions s t i l l  behave as to rs io n a l  o s c i l l a to r s ,  but a re  f re e  to  tak e  

up one of sev e ra l equ ivalen t p o s it io n s , A n u clear magnetic 

resonance study of th e  e f fe c t  of re o r ie n ta tio n  o f th e  cyanide ion
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on th e  f i e ld  g rad ien t n ear th e  sodium ions in  sodium cyanide, by 

Coogan and Gutowsky^^ gave some evidence fo r  p a r t i a l l y  f re e  ro ta tio n  

of th e  ions above th e  phase t r a n s i t io n  tem peratu re . The a c tiv a tio n  

energy fo r  th e  re o r ie n ta tio n  i s  o f th e  o rder of 6 K cal/m ol, From 

th i s  they  ca lcu la ted  th a t  th e  o r ie n ta tio n  jump frequency was about 

5x10^ sec"*^ a t  th e  phase change.

I t  would seem th e re fo re  th a t  a t  room tem perature th e  ions 

although not ro ta tin g  f re e ly  a re  nonetheless re o r ie n ta tin g  them selves 

ra p id ly . The sh o rt t r a n s i t io n  tim es fo r  u l t r a - v io le t  and e . s . r .  

spectroscopy, however, a re  such th a t  th e se  techniques w i l l  probably 

m onitor random, but f ix e d  ions.

i i .  Experimental R esu lts

The presence o f an F -cen tre  in  X -irra d ia te d  sodium cyanide was

rep o rted  by I s e t t i  and Neubert^^, The only o th er cyanide which

has been examined i s  potassium  cyanide where an F -cen tre  was a lso

produced on X -irradiation^*^. In  both cases th e  cen tres  were

id e n tif ie d  by th e i r  c h a ra c te r is t ic  u l t r a - v io le t  spectrum. Using

th e  io n ic  cyanides w ithout fu r th e r  p u r if ic a t io n ,  we have found

th a t  only sodium cyanide colours on 3- i r r a d ia t io n . Potassium

cyanide was found to  contain  an ap p rec iab le  amount of iro n  im purity

and d id  not colour even a f te r  prolonged i r r a d ia t io n .  As su ita b le

methods o f p u r if ic a t io n  were no t a v a ila b le , and a lso  since
39th e  sm all magnetic moment of th e  K nucleus would make observation  

o f th e  byperfine in te ra c t io n  to  th e  ca tio n s  u n lik e ly , only th e  

F -cen tre  in  sodium cyanide has been s tu d ie d .
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a . The O p tica l Spectrum o f I r r a d ia te d  Sodium Cyanide

I s e t t i  and Neubert^^ found th re e  abso rp tion  bands in  X-

i r r a d ia te d  sodium cyanide a t  530 mji , 360 mp , and 285 mp , w ith  a

shoulder a t  251 mp . The co lo u ra tio n  was u n stab le  and bleached

w ith  a h a l f - l i f e  o f about 30 m inutes. On b leaching  th e  band a t

530 mp s h if te d  and th e re  was evidence fo r  two bands, one a t  540 mp

and th e  o th e r a t  457 mp • The fo r  an F -cen tre  in  sodium
32cyanide ca lcu la ted  from Iv ey ’s ru le  i s  5O5 mp . They concluded 

th a t  th e  band a t  457 mp was th e  F-band and th a t  th e  band a t  540 m p 

might be th e  band, although th e  evidence f o r  th e  l a t t e r  assignment 

was very  poor. We have repeated  th e  o p tic a l  work using 

i r r a d ia t io n  to  produce th e  colour cen tres  in  powdered sodium cyanide. 

Measuring th e  d iffu se  re f le c ta n c e  absorp tion  broader bands than  

those  o f I s e t t i  and Neubert were ob tained , bu t th e re  were w e ll 

defined  maxima a t  520 mP and a t  360 mp and on bleaching th e  

bands d id  not s h i f t .  The u l t r a - v io le t  sp ec tra  d a ta ,,fo r i r r a d ia te d  

sodium cyanide, to g e th e r  w ith  Susman’s re su lts^ ^  fo r  potassium  

cyanide a re  given in  ta b le  3; 10* The fo r  th e  F-band in

th ese  two cyanides c a lcu la ted  from Iv ey ’s ru le  a re  a lso  g iven.

I r r a d ia t io n  a t  7 7 reduces th e  in te n s i ty  o f both  th e  F-band 

and th e  band a t  360 mp compared w ith  th e  in te n s i ty  o f th e  bands 

when th e  i r r a d ia t io n  o f th e  sample was c a rrie d  out fo r  th e  same 

tim e, b u t a t  room tem perature.
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Table 3:10

O ptical Band Wavelengths fo r  F -cen tres in  Sodium and Potassium Cyanide

NaCN KCN

*^max This Work 52Qnp
b. Ref 66, 67 457mp 589mp

*^max (C alc .) 505mp 6l9mp

b . E lec tron  Spin Resonance Spectra o f I r ra d ia te d  Sodium Cyanide

Powdered sodium cyanide- was ir r a d ia te d  fo r  vary ing  len g th s  

of tim e and th e  e . s . r .  sp ec tra  recorded . With low ir r a d ia t io n  

tim es th e  spectrum co n s is ts  of a s e r ie s  o f l in e s  19*5 gauss a p a rt 

w ith  f in e  s tru c tu re  on th e  cen tra l th ree l in e s  (F ig 3 ;5a) On 

fu r th e r  i r r a d ia t io n  th e  c e n tra l l in e s  become le s s  w e ll reso lved  

and th e  super-byperfine s tru c tu re  can be seen more e a s ily  (F ig 3;5b)* 

The tim e requ ired  to  produce a p a r t ic u la r  spectrum was s tro n g ly  

sample dependent. For example th e  spectrum shown in  f ig  3; 5b was 

observed for seme sanples which had been i r r a d ia te d  fo r  only 10 

hours. To e lim in ate  such e f fe c ts  a l l  comparison experiments were 

performed w ith  samples from sealed  ampoules f i l l e d  a t  th e  same tim e. 

The two se ts  of h jp e rf in e  coupling a re  not caused by th e  same 

sp ec ie s , s ince  th e  r e la t iv e  in te n s i t ie s  o f th e  two s ig n a ls  a re  

dependent on both i r r a d ia t io n  time and th e  sample used. The 

species causing th e  la rg e r  s p l i t t in g  (Species A) has a byperfine 

coupling of 19*5 gauss w ith  a c e n tra l g-value, when co rrec ted  

to  second o rder in  th e  sp in  Ham iltonian, of 2.0019. The second 

species (Species B) i s  th e  dominant species a f t e r  10 days



S.R. Spectra of NaCM ^ - i r r a d i a t e d  a t  100°^

a .  A f t e r  5 h o u r s  
i r r a d i a t i o n

^0 gauss

b .  C e n t r e  5 l i n e s  a f u e r  
3 days  i r r a d i a t i o n

10 g a u s s
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i r r a d ia t io n  (F ig .3;6)* The înyperfine coupling i s  about 2*6 gauss,

bu t v a r ie s  from 2 .0  to  2.Ô gauss* The o sn tra lg -v a lu e  fo r  th e  

species "B" v a r ie s  w ith  i r r a d ia t io n  tim e, bu t a t  a l l  tim es i s  g re a te r  

than  th e  f re e  spin  value  (2.0023) *

The e . s . r .  spectrum a l t e r s  markedly on cooling* At 16^0 both 

s e ts  of Irçrperfine l in e s  become le s s  w e ll reso lved  and on fu r th e r  

cooling th e  broad c e n tra l  l in e  becomes reso lved  in to  a s e t  o f l in e s  

w ith  an average s p l i t t i n g  of 8 .1  gauss, and c e n tra l g -value of 

2.0035  (Species C). The s p l i t t in g  was not constan t (F ig .3 ;7 ) 

varying from 7*3 gauss between th e  cen tre  two l in e s  to  9*0 gauss 

between some of th e  o u te r ones. On fu r th e r  cooling th i s  spectrum 

i s  again broadened ou t, and a t  tem peratures below about 100°K th e  

spectrum is  as shown in  f i g . 3 ;8 , and fo r  reasons d iscussed  in  the  

next chap ter th i s  spectrum was assigned to  th e  cen tre  (ON)".

This species can a lso  be observed in  i r r a d ia te d  potassium  cyanide.

The experim ental coupling constan ts  and g-values fo r  spec ies  A, B 

and C a re  given in  ta b le  3;11*

Table 3 :H

Expérim ental E.S.R . Data fo r  Species A, B, and C in  NaCN 

Species Ai^pCgaviss)

A 1 9 .5  t  0 .5  2 .0019

B 2 .5  i  0 .5  >  2 .0023

0 8*  1  2  2.0035

+ Not is o tro p ic .
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F ig .3 ; 7  69

E . S .R .  Spec trum  o f  N'aCN d " - i r r a d i a t e d  f o r  4-0 h o u r s  
a t  Room T e m p e ra tu re

a .  Recorded  a t  20 C

10 g a u s s

b .  Recorded  a t  0 C
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F ig  3 ;3

20 g a u s s

E .S .R .  Spec trum  o f  Sodium Cyan ide  ^ - i r r a d i a t e d  f o r  

10 h o u r s  a t  300°K Recorded  a t  77
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When sodium cyanide i s  i r r a d ia te d  a t  77^K and wanned to  roan 

tem perature the  e . s . r .  spectrum i s  alm ost e n t i re ly  th a t  o f species 

A, (F ig*3J 9)- On cooling th e  sarrç>le th e  spectrum becomes le s s  

w e ll reso lved  u n t i l  a t  about 5^0 th e  spectrum i s  id e n t ic a l  to  th a t  

of th e  room tem perature i r r a d ia te d  samples a t  th i s  tem perature.

I f  th e  sample i s  i r r a d ia te d  a t  7 7 ^  and th e  spectrum recorded 

w ithout warning, th e  spectrum i s  id e n t ic a l  to  t l ia t  shown in  

f ig * 3 ;0 . On warming to  room tem perature and then reco o lin g  to  

77°K th e  spectrum i s  again  id e n tic a l  to  th a t  in  f ig .3 ;0 «

On cooling th e  sample down beloiv rocsn tem perature th e  s tre n g th  

of th e  absorp tion  decreases markedly, fo r  th e  low tem perature 

i r r a d ia te d  samples, and so species C which was observed a t  about 

i s  probably not a sso c ia ted  w ith  species A. In  th e  room tem perature 

i r r a d ia te d  samples th e  s ig n a l s tren g th  d id  n o t f a l l  so much on 

co o lin g .

The low tem perature i r r a d ia te d  samples luminesced when warmed 

above 77°K- The l ig h t  given o ff  appeared b lu e ish , bu t was not 

strong  enough to  observe in  an o p tic a l  spectrom eter. This 

luminescence would in d ic a te  th a t  th e re  was some chemical re a c tio n  

tak in g  p lace  when th e  ir r a d ia te d  c ry s ta l  was warmed. Since th e  

e .s . r *  spectrum was e s s e n t ia l ly  th e  same before and a f t e r  warming 

n e ith e r  th e  i n i t i a l  o r  th e  f in a l  products of th e  re a c tio n  causing 

th e  luminescence were observed in  th e  e . s . r .  spectrum.
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c . The E ffec t of Im purities

The samples used in  th e  foregoing experiments •were a l l  prepared 

in  an oxygen fre e  diy box to  p revent th e  hyd ro lysis  o r o x ida tion  o f 

th e  cyanide. I f  th e  cyanide i s  handled in  th e  atmosphere, 

e sp e c ia lly  as a powder, i t  f a i l s  to  co lour on i r r a d ia t io n  o r y ie ld  

th e  normal room tem perature e . s . r .  spectrum. Pressed d iscs  o f 

sodium cyanide a lso  f a i le d  to  colour on i r r a d ia t io n .

I f  th e  exposure to  th e  atmosphere i s  only s l ig h t  th e  e . s . r .  

sp ec tra  of species B i s  predominant even in  th e  samples i r r a d ia te d  

a t  7 7 ^ .  However, on prolonged exposure to  th e  atmosphere only a 

broad fe a tu re le s s  e . s . r .  l i n e  i s  d e tec ted  a f t e r  i r r a d ia t io n .

This contam ination of th e  samples was a very  se rio u s  problem, 

even fo r  samples which had been prepared  in  a diy-boxk D iffe ren t 

r e s u l ts  were obtained  fo r  each batch  o f samples which were made up, 

and fu r th e r  in v e s tig a tio n s  should employ zone-refined  samples. In  

th e  absence of a s u ita b le  zo n e-re fin in g  apparatus a s i n ^  c ry s ta l  

was grown in  th e  Stockbarger fu rnace , as explained in  chap ter 2 .

The re s u l t in g  c ry s ta l  cleaved w e ll fo r  a s o f t  c ry s ta l ,  but d e sp ite  

a l l  p recau tions in  handling, the  compound s t i l l  did not give on 

i r r a d ia t io n  one e . s . r .  s ig n a l when th e  sanple was a t  room 

to n p e ra tu re . Species A was p re sen t, and a lso  a fu r th e r  broad 

l in e  around th e  f re e  sp in  reg io n . The wing l in e s  o f species A 

could e a s ily  be seen, but were no t s tro n g  enough to  enable th e  

a n iso tro p ic  values to  be ob ta ined . D espite th e  la c k  o f sucess 

in  p reparing  a pure s in g le  c ry s ta l  th e  c ry s ta l  ob tained  d id  show
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th a t  species A gave apparen tly  iso tro p ic  wing l in e s  o f th e  same 

s p l i t t i n g  as th e  powdered sodium cyanide.

i i i .  D iscussion

a .Id e n t i f ic a t io n  of th e  F -cen tre  in  Sodium Cyanide

The v is ib le  spectnm  of i r r a d ia te d  sodium cyanide showed th a t  

th e re  was probably an F -cen tre  in  th e  c iy s ta l .  The e . s . r .  spectrum 

showed two s e ts  o f iso tro p ic  l in e s  (Species A and B), and a lso  

probably a fu r th e r  species causing a broad l in e  underneath th e  

c e n tra l  l in e s .

For an F -cen tre  in  sodium cyanide n ine teen  l in e s  would be 

expected from in te ra c t io n  w ith  s ix  n ea re s t neighbour sodium io n s .

A g-value below th a t  of th e  f re e  sp in  value i s  expected, and s ince  

sodium cyanide has th e  sodium ch lo rid e  l a t t i c e  we would expect the  

e . s . r .  da ta  fo r  th e  F -cen tre  to  f i t  th e  previous c o r re la tio n  (Fig 3 ;2) 

For species B up to  t h i r t y  l in e s  have been observed, th e  c e n tra l  

g -value s h if t in g  w ith  i r r a d ia t io n  tim e, which makes th e  measurement 

o f th e  c e n tra l  g-value d i f f i c u l t .  The g -value i s  however l ik e ly  

to  be h igher than th a t  o f f re e  sp in . The byperfine  s p l i t t in g  of 

2 .6  gauss would give a sp in  d en s ity  o f in  th e  s -o r b i ta ls  o f the  

sodium io n s , which when p laced  on th e  genera l c o rre la tio n  l in e ,  

w ith  th e  c o rre c t value f o r  th e  ab sc issa  o f O.369Ô, i s  w e ll o ff  th e  

l in e .  Species A on th e  o th e r  hand has a c e n tra l  g-value of 2.0019 

and th e  t o t a l  sp in  d en sity  in  th e  s -o r b i ta ls  o f  th e  sodium ions i s  

3 1 % ,  which f i t s  very  w e ll on th e  c o r re la tio n  l in e  (F ig, 3;2 p o in t D) * 

Species A i s  thus assigned  to  th e  F -cen tre .
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The change iû  th e  spectrum recorded when th e  sample i s  below 

16°C can be a t t r ib u te d  to  th e  e f f e c t  of th e  phase change a t  

16°C^^. This change occurs ra p id ly  when th e  tem perature i s  

lowered, and i s  r e v e rs ib le .

b .  The S tru c tu re  of th e  F -cen tre

The experim ental param eters of th e  F -cen tre  a re  given in  ta b le  

3; 12. The exact f i t t i n g  o f th e  data  to  th e  g en era l c o rre la tio n  

in d ic a te s  th e  s im ila r i ty  between th e  a lk a l i  h a lid e  l a t t i c e s  and 

th e  high tem perature form of th e  sodium cyanide l a t t i c e .

Table 3:12

E.S.R. Data fo r  th e  F -cen tre  and Species B in  I r r a d ia te d  NaCN 

Species A^g^(Gauss) ^ ^
s

A. F -cen tre  19.5 37

B. (F^? cen tre ) 2 .6  5 S .2

a# For s ix  equ ivalen t c a tio n s . b . For ten  equ ivalen t ca tions,

We have attem pted to  o b ta in  a h a lf  l i f e  fo r  th e  bleaching of 

th e  F -cen tre , from th e  e . s . r .  d a ta , using low tem perature i r r a d ia te d  

samples. The bleaching  was, however, s tro n g ly  sample dependent, 

and only a rough estim ate  of th e  h a lf  l i f e  could be determ ined. 

I s e t t i  and Neubert quote a h a lf  l i f e  of 27 m i n u t e s b u t  our 

value was of th e  o rder of 4 1 2 hours. The o p tic a l  band in  our 

samples a lso  bleached w ith  a h a lf  l i f e  of th e  same o rd e r. This
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d iffe ren ce  may be due to  th e  d iffe re n c e  in  energy o f th e  ra d ia tio n  

used, bu t i t  i s  more probable th a t  th e  h a lf  l i f e  i s  h igh ly  dependent 

on th e  p u r ity  of th e  sample, and u n t i l  very  pure sairples are  

a v a ila b le  r e l ia b le  h a lf  l iv e s  cannot be ob tained .

c« The Species B and C

The species  B and C remain to  be assigned , and th e re  i s  good 

reason to  consider th ese  two as r e la te d .  V i e  have te n ta t iv e ly  

assigned B to  th e  F ^ -cen tre , which i s  an e le c tro n  trapped  a t  two 

anion v acan cies , fo r  th e  fo llow ing reasons:

1 . The many l in e s  which a re  no t a l l  equally  spaced, but which 

appear roughly iso tro p ic  in  th e  powder, must come from a cen tre  

where th e re  i s  a la rg e  number of n u c le i of r e la t iv e ly  high sp in .

2 . This species i s  formed much more re a d ily  by i r r a d ia t io n  a t  

room tem perature, than  a t  77°K. This i s  a c h a ra c te r is t ic  of a 

m u ltip le  vacancy cen tre^^ .

3* A s im ila r  spec ies  has been suggested to  exp la in  a s im ila r  e . s . r .
69spectrum in  i r r a d ia te d  sodium az ide  ^

With an F ^-cen tre  th e re  w i l l  be te n  sodium n u c le i which i f

th%r were a l l  equ ivalen t would y ie ld  th ir ty -o n e  l in e s .  Work on

th e  t r i p l e t  M-ce n tre  (F ^-cen tre) in  a lk a l i  h a lid e s  showed th a t  two
70ca tio n s  had a coupling twicB as la rg e  as th e  r e s t  . This may 

exp la in  why th e  l in e s  a re  no t ex ac tly  equally  spaced in  th i s  species, 

The species C can then  be a r e la te d  cen tre  which can form in  

th e  low tem perature form of sodium cyanide* The number o f l in e s  

given by species C i s  u n ce rta in  and th e  byperfine  coupling i s  not
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co n stan t. F u rther work on t h i s  and th e  o th e r  spec ies  w i l l  req u ire  

a s in g le  c ry s ta l  study .

d . The V, -c e n tre  — "" k-----------
The Vj^-centre in  sodium and potassium  cyanide (CN)^ i s  a 

m olecular species  r a th e r  than  a p h y sica l d e fe c t and so d iscu ssio n  

o f th e  s tru c tu re  i s  l e f t  u n t i l  th e  next chap ter, where a s in g le  

c ry s ta l  e .s .r*  study of th e  r a d ic a l  trapped  in  a potassium  ch lo rid e  

l a t t i c e  i s  reported* The main d iffe ren ce  between (CN)* and th e  

halogen V^-cen tres  i s  th a t  in  th e  former th e  unpaired e le c tro n  i s  

in  a 71-antibonding  o r b i ta l  and in  th e  l a t t e r  a ^  •an tibond ing  

o r b i t a l .



Chapter 4

Simple Inorganic R adicals



7Ô

A. In tro d u c tio n

Three simple inorgan ic  m olecular species have been id e n t i f ie d  

in  i r r a d ia te d  a lk a l i  cyanides o r a llc a li h a lid e s  doped w ith  th e  

cyanide io n . These a re  th e  m ethylene imino ra d ic a l  (H^CN), th e  

hydrogen cyanide negative  ion  (HCN“) and th e  cyanogen negative  ion 

(CN)~, These ra d ic a ls  have r e la te d  s tru c tu re s  which can be
71discussed  using Walsh*s o n e-e lec tro n  m olecular o r b i ta l  schemes •

In  t h i s  chap ter th e  follow ing to p ic s  a re  b r ie f ly  d iscussed ,

I .  Simple m olecular o rb ita l  th eo ry , conjugation, hyper conjugation 

and the Walsh diagram s. I I ,  The meclianisms fo r  d e lo c a liz a tio n  of 

sp in  d en s ity  and a b r ie f  review o f th e  evidence fo r  a hyper con ju g a tiv e  

mechanism of d e lo c a liz a tio n  o f sp in  d en s ity  in  ra d ic a ls  w ith  p -  

p ro to n s . F in a lly  th e  e le c tro n  sp in  resonance data  fo r  th e  th re e  

r a d ic a ls  mentioned above i s  described , and th e  s tru c tu re s  of th ese  

ra d ic a ls  coapared w ith  those of r e la te d  rad ica ls#

I ,  Bonding Theory in  Simple Radicals

i# Simple M olecular O rb ita l Theory

M olecular o rb i ta ls  (m#o*s) can be ob tained  by tak in g  a l in e a r

combination o f a b a s ic  s e t  of atomic o r b i ta l s ,  th e  n u c le i being
72considered f ix e d  (th e  Bom-OpperJieimer approximation )• Each 

m .o. i s  thus o f th e  form: yv ^  ^  ^*1^1

where i s  th e  i  th  atomic o r b i ta l

i s  th e  c o e f f ic ie n t  determ ining th e  co n trib u tio n  of 

to  th e  m#o#
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The energ ies o f th e  e ig e n s ta te s  o f th e  m olecule a re  given by 

th e  i  th  dim ensional secu la r  determ inant | j » 0 •

This can o fte n  be fa c to r is e d  by symmetry co n s id e ra tio n s , and a s e t  

o f  ’symmetrised* m .o’s  i s  obtained  ( i p f  which transform  as an 

ir re d u c ib le  re p re se n ta tio n  o f th e  symmetry group. These ’canonical* 

m .o’s a re  u se fu l in  d iscussing  th e  t o t a l  energy o f th e  syston , bu t 

a re  no t in d iv id u a lly  u se fu l f o r  d iscu ssin g  th e  mary bond a d d itiv e  

p ro p e rtie s  o f th e  m olecule, e .g .  bond en erg ies . These o r b ita ls  

can, however, be transform ed in to  an e n t i re ly  equ ivalen t s e t  by 

tak in g  combinations o f Y^.’s  to  o b ta in  another s e t  o f  m .o’s :

These non-canonical m .o’s o r equ ivalen t o rb i ta ls  form only  a b a s is  

f o r  a red u c ib le  re p re se n ta tio n , l ik e  a s e t  of atomic o r b i ta l s .

The only r e s t r i c t io n  on th e  combination being th a t  a symmetry 

op era tio n  on one member o f the  s e t  must transform  i t  in to  another 

member o f th e  s e t .

The energ^r of th e  e lec tro n s  in  a s e t  of m .o’s i s  th e  sum o f 

th e  energy of th e  e le c tro n s  in  th e  is o la te d  m .o’s and th e  in te r 

ac tio n  energy o f the  e le c tro n s . I f  a s e t  of two cen tre  m .o’s i s  

ob tained  such th a t  th e  energy o f in te ra c t io n  betiveen th e  e lec tro n s  

in  th e  d if fe re n t  o r b i ta ls  i s  weak, then  th e  bonds can be regarded 

as lo c a l iz e d . I f  th e  energy o f in te ra c t io n  o f e le c tro n s  in  th e se  

two cen tre  m .o’s i s  no t n e g lig ib le , then  d e lo ca lized  o r b i ta l s  must 

be used, o r th e  lo c a liz e d  p ic tu re  co rrec ted  to  tak e  in to  account 

th e  d e lo c a liz a tio n .
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Four im portant fa c to rs  d e tem in e  th e  ex ten t of In te ra c tio n  of

lo c a liz e d  o r b i ta ls  j th e se  a re  symmetry, d is tan ce  and energy d iffe ren ces

between th e  p o ss ib le  in te ra c tin g  o r b i ta l s ,  and e le c tro n  c o rre la tio n

e f f e c t s .  The f i r s t  th re e  fa c to rs  can be id e n t i f ie d  w ith  th e  n e c e ss ity

o f overlap between th e  in te ra c t in g  o r b i t a l s .  The f in a l  f a c to r  has 
73two e f fe c ts  j charge c o r re la t io n , and sp in  c o rre la tio n -  Thus 

lo c a liz e d  o r b i ta ls  o f th e  same symmetry in te ra c t  i f  they  a re  of 

s im ila r  energy and near each o th e r . In  th e  case of n-system s 

t h i s  in te ra c tio n  can be tra n sm itted  along a %-bond, i . e .  conjugation*

i i*  The Energies o f M olecular O rb ita ls  and th e  E ffec ts  of t h e i r
In te ra c tio n s

By so lv ing  th e  sec u la r  equation a s e t  of m.o. e ig e n s ta te s  w ith  

t h e i r  corresponding energ ies can be ob ta ined . I f  two o r more of 

th e se  m .o’s in te ra c t  t h e i r  energies a re  m odified. This i s  shown 

in  f ig  4 ;1  fo r  a s in p l i f ie d  case of two bonding o r b i ta ls  o f th e  

same symmetry, ^  ^  and and two a sso c ia ted  antibonding o rb ita ls  

y) ^ and * These o r b i ta ls  have energies such th a t  ^
I . I

and E^ /  E^ . In  th i s  case th e  bonding o rb i ta ls  a re  com pletely 

f i l l e d  and th e  antibonding o rb ita ls  empty. There a re  two p o ssib le  

in te ra c t io n s : -

a .  In te ra c tio n  between th e  two bonding o r b i ta l s .

A l in e a r  combination of 'V and V. i s  taken and tivo new’ a * D
o r b i ta ls  a re  obtained one of energy 6 below E^ and th e  o th e r  6 

above E^ (F ig  4 ; l ) ^  Since both 4^^ and were f i l l e d  both th ese  

two new o rb ita ].s  a re  f i l l e d  and th e re  i s  no no t gain  o r  lo s s  of
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energy of th e  %rstem as a whole. The energy displacem ent ^ i s  

given from f i r s t  o rder p e r tu rb a tio n  theory  by:

6 = < Y a i  V. l Y b >
S a

where V i s  th e  in te ra c tio n  o p e ra to r.

The energy o f th e  in te ra c tio n  depends inverse ly  on th e  energy 

d iffe re n c e  between th e  two o r b i ta l s .

b . In te ra c tio n  between th e  bonding and an tibond ing or b i t a l s

In  th is  case (F ig  4 ;lb )  th e re  a re  fou r valence e le c tro n s  and 

th e  in te ra c tio n  does not a f f e c t  th e  t o t a l  energy of th e  system .

The energr o f in te ra c t io n  i s  sm aller in  th i s  case, however, because 

o f the  la rg e r  energy d if fe re n c e .

In  ra d ic a ls  where th e re  i s  an unpaired e le c tro n , in te ra c t io n  

o f bonding o r b ita ls  can a f f e c t  th e  t o t a l  energy o f th e  system .

In  th ese  cases In te ra c tio n s  can a f f e c t  th e  energy and e le c tro n  

d is t r ib u t io n  in  th e  system considerab ly .

i i i .  Con.iugation

An exaiTple of a conjugated molecule i s  bu tad iene, CH^aCH-CHaCH ,̂ 

where th e  two 7t-bonds can be considered d e lo ca liaed  over th e  

whole system. This d e lo c a liz a tio n  i s  due to  th e  f a c t  th a t  a l l  

th e  p -o rb ita ls ,  of th e  co rre c t symmetiy, on th e  carbon atoms can 

overlap and hence th e  cen tre  bond can have some double bond c h a ra c te r . 

The two d e lo ca lized  &nd Y g bonding and th e  Y 3 s,nd 

an tibonding m.o*s a re  shown in  f ig  4 ;2 . In  th e  ground s ta t e ,

e le c tro n  c o rre la tio n  w i l l  tend  to  lo c a l iz e  th e  iP-electrons in  th e
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te rm in a l C-0 region* This s in p le  m .o. model thus over-emphasises 

th e  amount of d e lo c a liz a tio n , and th i s  i s  t ru e  fo r  a l l  s im ila r  

systems where only one valence-bond s tru c tu re  can be w r itte n  down7^.

iv .  Hypercon.tugation

In some resp ec ts  a -CH^ group a c ts  as i f  i t  were an unsa tu ra ted
75group. In  1934 Wheland noted th a t  th e  replacem ent o f hydrogen

atoms in  ethane by metlryl groups tends to  weaken th e  c e n tra l  C*-C

bond and suggested th a t  a lk y l su b s titu e n ts  could s ta b i l i z e  f re e

r a d ic a ls  : H H
H— C — CH,. H. C=CH„

i \
H H

76P auling  po in ted  out th a t  th e  shorten ing  o f th e  Ĥ C — C, bond .In

m etbyl-^oetylene r e la t iv e  to  th e  s in g le  bonds in  ethane was s im ila r

to  th a t  found in  conjugated molecules* This was explained in  terms
77o f a s im ila r  mechanism to  th a t  o f Wheland* M ulliken used th e

term  byperconjugation to  describ e  t h i s  phenomenon.

Chemical evidence fo r  byperconjugation had a lready  been found 
7Ôby Baker and Nathan . They proposed a  new mechanism fo r  e le c tro n  

re le a se  which ac ted  in  th e  opposite  sense to  th e  in d u c tiv e  mechanism^^ 

and was p ic tu red  as : H C

Dewar concludes h is  review o f th e  evidence f o r  hyperconjugation 

by saying th a t  although q u a l i ta t iv e ly  th e  e f fe c ts  quoted as  evidence 

fo r  ■ th i s  mechanism can be explained w ithout recourse to  byper

conjugation , th e  s iz e  o f th e  e f fe c ts  a re  such th a t  byperconjugation 

may be im portant.

As w ith  conjugation, lyperpercon jugation  i s  l ik e ly  to  be more 

more im portant in  f re e  r a d ic a l  than  in  c la s s ic a l  m olecules.
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y* The Walsh Diagrams

Many au thors have po in ted  out th a t  th e  s tru c tu re  of a la rg e

number o f s in p le  molecules seems to  th e  governed by q u ite  sim ple 
71 79-61num erical ru le s  * • For example a l l  known AB  ̂ m olecules

w ith  up to  s ix te e n  valence e lec tro n s  a re  l in e a r  (e .g .  CO^),while

those  w ith  seventeen to  twenty valence e lec tro n s  a re  bent in  t h e i r

ground s ta te  (e .g . CO*, NO^).

In  1942 M ulliken^^ published  a c o rre la tio n  diagram fo r  th e  AB^
71m olecule. This work was extended in  1953 by Walsh who gave a 

new c o r re la tio n  diagram fo r  AB  ̂ and a lso  fo r  AH ,̂ AH ,̂ AB^, HAB and 

H^AB. The l a s t  two w i l l  be req u ired  l a t e r  and a re  reproduced in  

f ig s  4; 3 and 4j4* These diagrams have been veiy  u se fu l in  . 

d iscu ssin g  th e  e le c tro n ic  s tru c tu re  o f s in p le  m olecules and •

ra d ic a ls  *  ,  and p re d ic tin g  w hether a  molecule would be l in e a r

o r b en t. Using th ese  schemes i t  has been p o ss ib le  to  p re d ic t  m.o. 

schemes fo r  bent m olecules which would otherw ise have been ted io u s  

to  o b ta in .
71Walsh used a l in e a r  combination of atomic o r b i ta ls  trea tm en t 

fo r  l in e a r  molecules and considered th e  e f fe c ts  o f bending on th e  

energ ies o f th ese  m .o 's .  He used symmetry co n sid e ra tio n s and a 

m ixture o f lo c a liz e d  and non -lo ca lized  o r b i ta ls ,  sometimes in  th e  

same diagram. For example in  th e  Ĥ A diagram (P ig  4 5 5a) he used 

th e  fu l ly  lo c a liz e d  m.o*s fo r  th e  l in e a r  case, bu t fo r  th e  ben t case 

th e  upper a^ m .o. i s  th e  lo c a liz e d  2s lo n e -p a ir  and th e  low er a^ m.o. 

th e  d e lo ca lized  in-phase combination of th e  two lo c a l is e d  m.o^s which



F ig .4 ;3

W alsh  D iagram  f o r  HAB M o le c u le s

Ô5

ITT

9 0 ° HAB B ond A ng le
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d escrib e  th e  bonds* Walsh was, however,^able to  o b ta in  a co n s is ten t 

scheme by making th e  fo llow ing assum ptionsî

1* In  th e  90° AB  ̂ molecule th e  s - o r b i ta l  on A does no t co n trib u te  

to  th e  m .o’s , but a c ts  as a lone pair*

2 . I f  a m.o. changes, w ith  change in bond ang le , from being b u i l t  

from a p - o rb i ta l  on A to  being b u i l t  from an s « o rb ita l  on A th e  

o r b i ta l  becomes more t ig h t ly  bound and more confined to  A.

3* I f  th e  valence s ta te  of A does no t change when th e  bond a n ^ e  i s  

changed th e  follow ing su b sid ia ry  e f fe c ts  deteim ine w hether th e  

o r b i ta l  becomes more, o r le s s ,  t ig h t ly  bound:

i .  I f  th e  o r b i ta l  i s  antibonding between th e  end atoms a 

l in e a r  molecule i s  favoured.

i i .  I f  th e  o r b i ta l  i s  bonding between th e  end atoms, a ben t 

m olecule i s  favoured*

Since Walsh’s paper th e re  has been much d iscussion  on th e  

s ig n if ic an c e  of th e  b inding  energy re fe r re d  to ,  w hether i t  was in  

f a c t  equ ivalen t to  th e  io n isa tio n  p o te n t ia l  of th e  o r b i ta l s ,  and 

a lso  w hether i t  contains th e  in te m u c le a r  Coulomb re p u ls io n s .
rti

The f i r s t  assunption  has a lso  been challenged .

The e s s e n tia l  idea iirp lied  in  th e se  curves i s  th a t  o f a one 

e le c tro n  model, in  which th e  e f fe c t  of changes o f valence ang le on 

th e  energy o f each e le c tro n  i s  considered. Coulson and Neilson^^ 

c r i t i c i z e  th e  suggestion  th a t  th e  binding energy i s  th e  io n is a tio n  

ener©r, since  a sum of th e  io n isa tio n  energy includes a l l  in t e r s  

e le c tro n  and exchange energies tw ice, and w i l l  hence no t y ie ld  th e
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c o rre c t t o t a l  energy, as th ese  w i l l  v a ry  considerably  w ith  angle*

They a lso  p o in t out th a t  th e  n u c lea r-n u c lea r in te ra c tio n s  have no t 

been included and th a t  th e se  a re  important*

Schmidtke and Preuss^^ reproduced th e  diagrams q u ite  w e ll 

(F ig  4; 5b) by making th e  le v e ls  eigenvalues of a pseudo-Ham iltonian 

con ta in ing  no in te r - e le c tro n ic  o r n u c lea r o p e ra to rs , b u t th e  n u c lea r 

charge on th e  c e n tra l  atom had to  be given an a r b i t r a r y  v a lu e  • The 

t o t a l  energy was siirp ly  th e  sum of th e  sep ara te  o n e-e lec tro n  en e rg ie s .

Coulson and NeHson^^ defined  a p a r t i t io n  o f energ ies in to  

n u c lea r rep u lsio n  and e le c tro n ic  energ ies in  th e  form:

E = 2 l

where = 2

i s  th e  core energy fo r  o r b i ta l

£  i s  th e  io n isa tio n  energy

J  i s  th e  Coulomb in te g ra l

K i s  th e  Exchange in te g ra l

i s  th e  in te m u c le a r  Coulomb rep u ls io n s .

A p lo t  of e^ a g a in s t  valence angle was thus attem pted , bu t t h i s

does not tak e  in to  account n u c lea r rep u ls io n s , and th e  diagrams a re

d if f e re n t  from those  of Walsh in  a number of re sp ec ts  (F ig  4; 5a and

c . ) . The most n o ticeab le  d iffe re n ce  i s  th e  behaviour of th e  h ig h est

a^ o r b i ta l  which in creases  in  energy on bending r a th e r  than  decreasing
87as in  th e  Walsh scheme. Krauss used a more so p h is tic a te d  s e l f -

consistent-w ave fu n c tio n  and q u a l i ta t iv e ly  changed th e i r  r e s u l t s .

He concluded th a t  th e re  was l i t t l e  evidence fo r  a one e le c tro n
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type p a r t i t i o n  of th e  t o t a l  energy.

R ecently  Boer e t  a l  have shown th a t ,  in  th e  framework o f th e

S.C .F , th eo ry , th e  ^atom isation* energy (A) of a m olecule i s  given

approxim ately ty  th e  d iffe ren ce  in  energy o f th e  o r b i ta ls  in  th e

m olecule and th e  d isso c ia ted  atoms. The t o t a l  energy th u s  v a r ie s

as  a fu n c tio n  of th e  geometiy o f th e  molecule in  th e  same way as  th e

energy o f th e  o r b i ta ls  in  th e  m olecules, and so th e  two e r ro rs

p o in ted  ou t ty  Coulson and N eilson cancel each other*
89Le c le rc  and Lorquet used an extended Huckel approximation

which approximates th e  t o t a l  energy to  th e  sum o f one e le c tro n

en e rg ie s , to  o b ta in  Walsh diagrams fo r  H^N, H^O and Ĥ C (F ig  4; 6b,
c , and d ) .  The o rder o f occupation o f th e  p r b i ta l s  depends on th e

n a tu re  o f th e  c e n tra l  a tan , bu t th e  r i s e  o r  f a l l  o f th e  curves

corresponding to  th e  f i r s t  occupied o r b i ta ls  agrees remarkably w e ll

w ith  Walsh * s p re d ic tio n s , although th e  syronietiy la b e ll in g  does n o t.

This i s  p a r t ic u la r ly  n o ticeab le  in  th e  r e la t iv e  w eights of th e  2s

and 2p o r b i ta ls  used . The s /p  r a t io  i s  r e la t iv e ly  in s e n s it iv e  to

th e  changes in  th e  valence ang le , which is  c o n t r e ^  to  Walsh *s f i r s t

assum ption. M ulliken^^ has questioned th i s  f i r s t  assum ption, and
go

th e  S .C .F . m .o. c a lcu la tio n s  fo r  Ĥ O of E lliso n  and Schûll 

in d ic a te s  th a t  th e  s - o r b i ta l  on th e  c e n tra l  atom i s  used in  bonding 

o r b i ta ls  f o r  th e  90° m olecule.
89Le c le rc  and Lorquet conclude th e i r  paper , "Walsh *s method i s  

a  s im u la tion  of an S .C .F . c a lc u la tio n , which i s  i t s e l f  an 

approxim ation to  th e  exact so lu tio n  of th e  Schrodinger equation .
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The e r ro rs  in  a l l  s tages cancel out in  an i n t r i c a te  way".

To summarise, although no-one i s  a b so lu te ly  d e a r  as to  what 

Walsh*s binding energy e n ta i l s ,  o r w hether h is  assumptions can be 

accepted as c o rre c t, th ese  diagrams a re  n ev erth e less  extrem ely 

u se fu l as a guide to  th e  way th e  energ ies o f m^o^s a re  a f fe c te d  

by bending th e  m olecule.

I I .  E lec tro n  Spin Resonance o f Simple R adicals 

1. The Use of Spin D ensities  in  Simple R adicals

I f  an m.o. i s  constructed  from a l in e a r  combination o f an s -  

and . p -o rb i ta ls  ( V  ^  and ^  2 l'aspec tiv e ly )  on a tan  A, and a 

number o f o th e r atomic o r b i ta ls  on o th e r atoms

1 . . .  f  -  < i T Î  •  ' z Y J  - ^ 1  " i S - f

The sp in  d e n s itie s  defined  in  chap ter 1 a re  equated to  th e  rd e v a n t  
2 ’

c^*s, th e  c o e f f ic ie n t  determ ining th e  c o n tr ib u tio n  of each atomic

o r b i ta l  to  th e  m .o. I f  overlap terms a re  neg lected :

58Thus th e  t o t a l  sp in  d en s ity  should be u n ity . Recently, Schoemaker 

has shown th a t  overlap co n trib u tio n s  may be im portant in  c e r ta in  

cases. There w i l l  a lso  be e rro rs  due to  th e  assumptions used in  

th e  c a lc u la tio n  of th e  sp in  d e n s it ie s .

We w i l l  now consider th re e  model systems th a t  w ill, be used 

in  l a t e r  d iscu ss io n s . These a re  th e  a  and P coupling in  a lk y l 

ra d ic a ls , and th e  a l l y l  r a d ic a l .
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i i .  The a-o ro ton  Hyperfine Coupling in  th e  n  C-H Fragment

The hyperfine coupling of th e  o-protons in  th e  fragm ent,

and in  th e  r e la te d  7 t-rad ical ions has been tre a te d  by a number of

a u t h o r s T h e  problem i s  to  exp la in  th e  iso tro p ic  s p l i t t in g

due to  th e  proton when th e  unpaired e le c tro n  d en sity  i s  in  a pure

p - o rb i ta l  on th e  carbon atom w ith  zero e lec tro n  d en s ity  a t  the p ro ton .

A number o f q u a n ti ta t iv e  models have been proposed, using  both th e  
91 92. 9Lvalence bond '  * and m olecular o r b i ta l  approximations*

93Here we w i l l  describe  b r ie f ly  th e  m.o. trea tm en t of Weissman *

The ground s ta te  of th e  C-H fragment can be w r itte n  :
2 1(' jx) , where <5̂  i s  th e  C-H bond. With th is  co n fig u ra tio n  

can be mixed o th e r ex c ited  s ta t e s .  E x c ita tio n  o f th e  e le c tro n  from 

the  "Tx-orbital to  ano ther 7 t-o rb ita l  w ill not y ie ld  sp in  d en s ity  a t  

th e  p ro ton . An e le c tro n  in  a ti- o r b i ta l  cannot be mixed w ith  aie 

5"- o r b i t a l  because of th e  d iffe ren ce  in  symmetry, nor a<S w ith  a 7i 

and so th e  only e x c ita tio n  which need be considered in  th i s  

connection i s  th e  c? bending to  o ' antibonding .

9-  — »

The ground s ta te  can be w ritte n :

b ( i )  ^ b
0 =s

^ b ( 3 )
a p a  = —

> / Z

% (1 )  ^ ( 2 )  7t(3)|
7l(l) 7l(2) 71(3)

and corresponding to  the  excited  s ta te  there  a re  th ree  s ta te  

functions w ith eigenvalue 8^ = § ;

apa
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D,

D,

JL
7 6

1

76
1

76

1 (3) j aap

11
It (3) apa

s ; ( 2) (3) paa

We have to  f in d  a l in e a r  combination o f and to  ob ta in  th e

improved wave function» One combination vdJLl be a q u a rte t s ta te  

and th e  o th e r two w i l l  be do u b le ts . We a re  only in te re s te d  in  

doublet s ta te s  which a re ;

v/2
( Dg _ D3 )

0 ^  can be thought of as a combination of th e  s in g le t  e  s ta te  

( (5^) a  (c5^) P w ith  71 , so w i l l  no t in troduce  sp in  d en s ity  in  th e  

- o r b i t a l s .  w ith  th e  in c lu s io n  of i s  th e  only fu n c tio n

which w i l l  produce unpaired sp in  in  th e  o rb ita ls»  The t o t a l

wave fu n ctio n  i s  thus:
0  + A0-1

This trea tm en t p re d ic ts  negative  sp in  d en s ity  a t  th e  p ro ton , as has
97been shown experim entally  .

i i i .  The A llv l Radical

This r a d ic a l  i s  a good example o f one in  which two valence—bond

s tru c tu re s  can be w r itte n  fo r  th e  ground s ta t e .  In such a systan

a la rg e  amount of d e lo c a liz a tio n  w i l l  be expected^^. This molecule

w i l l  be d iscussed  in  terms of both th e  valence bond and m olecular 
98o r b i ta l  th e o r ie s  . The simple th e o r ie s  y ie ld  d if f e re n t  r e s u l t s ,

although refinem ents tend  to  reduce th e  d iffe ren ces ,
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The two valence bond s tru c tu re s  can be w ritte n :

y  ^  .CHg— C H ^ C H g  y  CH =  C H - C H g .
a b e  a b c

The valence bond function  fo r  th e  ground s ta te  i s :

0 = ( ^ 1  + Y p )  = | | a ( l )  b(2) c(3)
V?  ̂ V6 ' "JÏ

I f  we consider so le ly  th e  sp in  wave fu n c tio n  and c a lc u la te  th e  t o t a l  

sp in  in  each atomic o r b i ta l ,  we ob ta in  f a  on a and c and f  P on th e

cen tra l atom b. Thus th e re  i s  § p o s it iv e  sp in  on th e  end atoms and

3 negative  spin  on th e  c e n tra l  atom. The t o t a l  i s  norm alised 

c o rre c tly  to  u n ity .

Using a simple m olecular o r b i ta l  p ic tu re  th e  two p a ired  7X-  

e lec tro n s  a re  in  an o r b i ta l  over th e  whole o f th e  m olecule of th e  

form: f  (a  + y/z b + c)

and th e  unpaired e lec tro n  i s  in  an o r b i ta l  w ith  a node a t  th e

c e n tra l  atom, th e  o r b i ta l  being of th e  form;

y  P = (a  -  c)
' s /2

Thus one would p re d ic t 50% of th e  unpaired e le c tro n  on th e  te rm in a l

carbon atoms and zero d en s ity  on th e  c e n tra l  atom. I f  however,

s p a t ia l  c o rre la tio n  of e lec tro n s  o f opposite  sp in  i s  taken  in to
98account by co n fig u ra tio n a l in te ra c t io n  ,  negative  sp in  d en s ity  a t

the  c e n tra l  carbon atom i s  ob tained . I f  refinem ents to  th e  valence

bond p ic tu re  a re  considered th e  amount of negative  sp in  d e n s ity  on

the  c e n tra l  atom i s  reduced.
99Fessenden e t  al^^ c a lcu la te d  from th e  pro ton  coupling th a t  the  

spin  d en s ity  on th e  c e n tra l  carbon atom was 1 . 6 %  and on th e  end
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carbon atom 58%* The signs were no t obtained  experim entally , b u t 

an a l l y l  type ra d ic a l  id e n t i f ie d  by H e lle r  e t  a l ^ ^  was shown to  

have 19% negative sp in  d en s ity  on th e  c e n tra l  atom. Seme 

experim ental evidence fo r  negative  sp in  d e n s itie s  in  r e la te d  

systems was given by Hanna and McConnell^^^.

iv .  The Hyperfine Coupling to  th e  P -p ro tons in  th e  E thy l R adical

The coupling to  th e  a -p ro to n s  in  7i ra d ic a ls  i s  due to  a sp in

p o la r is a tio n  e f f e c t .  The s iz e  o f th e  e f fe c t  can be taken  as a

measure of th e  degree to  which Hund*s ru le  i s  broken down by chemical

bonding^^. This mechanism i s  thus u n lik e ly  to  cause a h igh  sp in

d en sity  a t  th e  p -p ro ton . The coupling due to  th e  P -p ro ton  i s  in

f a c t  2 6 .9  gauss conpared w ith  th e  a  -p ro ton  coupling o f only 22.38
102gauss. Colpa and de Boer have considered th e  sp in  p o la r is a tio n

fi I
mechanism in  a C -  C ' fragment and showed th a t  i t  was p o ss ib le  to

d is tin g u ish  between two d i s t in c t  p o la r is a t io n  mechanisms. These

a re  d ire c t  sp in  p o la r is a tio n  and consecutive p o la r is a t io n . The

f i r s t  a r is e s  from a d ire c t  p o la r is a tio n  of th e  C - H  bond by the
11

unpaired e le c tro n  on C , and th i s  co n trib u tes  a ca lcu la ted  coupling 

of —1 .7 6  gauss. The consecutive p o la r is a t io n  mechanism a r is e s
M n t

from th e  unpaired tc- e le c tro n  on C p o la r is in g  th e  G -  C bond which
I

consecu tively  p o la r is e s  th e  C - H  bond. This gave a co n trib u tio n  

of th e  opposite  sign  (+0.65 gauss) and so th e  t o t a l  coupling was 

only -1 .1  gauss. These authors concluded th a t  th e  sp in  d en sity  

on th e  p -p ro tons a r is e s  from d ire c t  overlap between th e  7 t-e le c tro n
I

and th e  C - H  bond. This i s  a hyper con ju g a tiv e  mechanism.
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This hyper con ju g a tiv e  mechanism had been p o s tu la te d  by

92 103Bersohn and Chesnut who used an m .o. treatm ent to  exp lain

th e  hyperfine coupling* A valence bond trea tm en t was c a rr ie d  out

by McLachlan^^^. In  most treatm ents th e  m e tl^ l p ro tons a re

considered using a pseudo hetero  atom approach s im ila r  to  th e

e a r l i e r  work of Coulson^^^. In  th is

way, o r b ita ls  a re  obtained  which can

overlap w ith  th e  unpaired e lec tro n  in

th e  7Î -o rb ita l*  For example the
Fig 4; 7

combination shown in  f ig  4; 7 has th e

same symmetry as a p - o rb i ta l  and th e  s i tu a t io n  i s  thus s im ila r  to  

th e  a l l y l  r a d ic a l ,  and a s im ila r  trea tm en t w i l l  p lace  sp in  d en s ity  

on th e  p ro tons, and a sm all negative sp in  d en s ity  on th e  P -carbon 

atom.

The valence bond and m.o. trea tm en ts  a re  fundam entally 

d if f e r e n t .  In  th e  valence bond mechanism th e  7 i-e le c tro n  sp in  

d e lo c a liz a tio n  i s  e n t i r e ly  produced by exchange p o la r is a tio n , w hile 

in  th e  Huckel m .o. trea tm en ts  the d e lo c a liz a tio n  i s  e n t i r e ly  due to  

e le c tro n  t r a n s f e r .  Lazdins and Karplus^^^ have considered both th e  

a l l y l  and th e  e th y l r a d ic a ls  by a treatm en t th a t  includes both 

exchange p o la r is a tio n  and e lec tro n  t r a n s f e r  to  f in d  out th e  r e la t iv e  

w eights of th ese  e f f e c ts .  They used a co n fig u ra tio n a l in te ra c tio n  

m .o. method w ith  sem i-onp irica l param eters^ and found th a t  60% of 

th e  d e lo c a lisa tio n  was con tribu ted  by exchange p o la r is a t io n  and 

from e lec tro n  t r a n s f e r .  Thus n e ith e r  th e  simple m.o. nor th e
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sim ple valence bond trea tm en ts  p rov ide , by them selves, a com pletely

s a tis fa c to ry  d e sc rip tio n  of th e  sp in  d e lo c a liz a tio n  in  th e se  systems.

The apparen tly  good r e s u l ts  which were obtained by th ese  simple

trea tm en ts  being due to  th e  em pirica l n a tu re  of th ese  ca lcu la tio n s#

The pseudo-hetero atom technique n eg lec ts  a c o n trib u tio n  from
102th e  antibonding o r b i ta l  in  th e  m ethyl group . This leads to

e rro rs  in  th e  c a lc u la tio n  of sp in  d e n s itie s  on th e  a l ip h a t ic

protons in ,  fo r  example, 9, 10 - dim ethylanthracene, which were a
102fa c to r  o f fo u r too low . How f a r  th i s  can be explained in  terms 

of th i s  e r ro r  o r the  e rro rs  po in ted  out by Lazdins e t  a l^^^  i s  n o t, 

however, c lear*

Some fe a tu re s  of byperconjugation a re  obscured by th e  

pseudo-hetero atom method. One of th e se  i s  th e  dependence of the
t

coupling on th e  o r ie n ta tio n  o f th e  C — H bond to  th e  p -e le c tro n  

on th e  a-carb o n  atom. I t  has been suggested th a t  th e  P-coupling
Tl

constan t Q i s  r e la te d  to  th e  angle © between th e  C T t-o rb ita l and
If I 107-111

th e  C -  C ' p lane by th e  follow ing r e la t io n  •

Q (0) = cos^0

where B̂  = sp in  p o la r is a tio n  coupling

B  ̂ = coupling due to  byperconjugation mechanism when 0 = 0 #

Experim ental evidence from ra d ic a ls  trapped  in  s in g le  c ry s ta ls
m

seems to  support th i s  re la tio n sh ip  « In  th e  • e tb y l case th e  

m ethyl group is  ro ta tin g  and th e  only coupling observed i s  the  

averaged coupling which i s  one h a lf  of B^.
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B. The Methylene Imino R adical

I .  Experim ental R esults

A sample of potassium  ch lo rid e  doped w ith  cyanide ions was 

prepared  by growing from aqueous so lu tio n . On ÿ - i r r a d ia t io n ,  fo r  

24  hours, of the  powdered sample th e  e . s . r .  spectrum showed amongst 

o th e r s ig n a ls  a doublet of t r i p l e t s .  The doublet s p l i t t in g  i s  180 

gauss. A s im ila r  spectrum was observed when th e  sample was cooled 

to  77°K. The c ry s ta ls  obtained  by fu sing  potassium  ch lo rid e  w ith  

potassium  cyanide d id  no t y ie ld  th i s  doublet on i r r a d ia t io n ,  but i f  

th e  dopant was potassium  th iocyanate  a very  strong  s ig n a l was obtained 

on i r r a d ia t io n .  In f ra -re d  sp ec tra  showed th a t  th e  l a t t e r  sample 

contained app rec iab le  q u a n ti t ie s  of cyanide, bu t th e  fo m e r  d id  not 

give an absorp tion  peak a t  a l l .  The e . s . r .  spectrum of th e  

i r r a d ia te d  th iocyanate  doped sample i s  shown in  f ig  4j9»

D euteration  confirmed th a t  th e  doublet was due to  coupling to  

p ro to n s , but th e  hyperfine coupling of about 180 gauss i s  very  high 

fo r  coupling to  only one pro ton . More probably i t  i s  a ^ tr ip le t*  

caused by two equ ivalen t p ro to n s , w ith  th e  c e n t r a l ‘t r i p l e t  always 

obscured by o th e r sp ec ies . The byperfine coupling i s  thus about 

90 gauss, which agrees w e ll w ith  th e  spectrum of th e  methylene
1 •] p

imino ra d ic a l  (H^CN) observed by Cochran e t  a l  « The c e n tra l  g -  

value of 2 .0 0 3 1  agrees w e ll w ith  th a t  of 2 .0 0 2 4  fo r  th e  Ĥ CN ra d ic a l .
TIP

The r a d ic a l  observed by Cochran was s ta tio n a ry , and so th ey  were 

no t ab le  to  ob ta in  th e  iso tro p ic  param eters, and one o f t h e i r  

a n iso tro p ic  fe a tu re s  was contained in  t h e i r  l in e  w id th . Our r e s u l ts



CD
F i S . 4 ; 8

®S «.iVR. Spec t rum  o f  KCl Doped w i t h  T h io c y a n a te  i o n  
a f t e r  20 h o u r s  I r r a d i a t i o n

9 . ?  g a u s s

■180 g a u s s ------------------------------ 4



101

to g e th e r  w ith  those of Cochran allow  evalua tion  of th e  t o t a l  sp in  

d e n s ity . We have confirmed th a t  th e  j a -  B | terai would have 

been contained in  th e i r  l in e  w id th . The e^tperimental r e s u l t s ,
n p

to g e th e r  w ith  those o f Cochran a re  given in  ta b le  Also

included in  th e  ta b le  a re  th e  c a lcu la ted  sp in  d e n s it ie s ;

Table 1 :1

E.S.R . Data and Spin D en sitie s  fo r  th e  H_CN R adical

________________ 4 sg(H ) 4  4 , ^

This Work ,91.4 '  9 .5  (25) 36 1 .7  73.3  H I

Ref 112 8 7 .4  (1 1 . 5 ) 2 2 .9  3 4 .4  2 .1  6 7 .2  1 0 3 .7

g = 2 .0 0 3 1  co rrec ted  to  second order in  th e  sp in  Hamiltonian*
( ) in d ic a te s  e . s . r .  data  n o t observed experim entally .

I I .  The E lec tro n ic  S tru c tu re  o f Ĥ CN

From Walsh*s diagram fo r  an Ĥ AB m olecule (F ig 4 ;4) th e  m.o*s

can be w ritte n :

(la^)^ (2a^)^ (3a^)^ (Ib^)^ (Ib^)^ (2bg)^

where ( la ^ )  i s  an s - o r b i ta l  on B

(2a^) i s  a C-N - o r b i t a l

( 3a_ ) i s  a C-il - o r b i t a l  )
I )*(hydrogen group o r b i ta ls )

(Ib^) i s  a C-H - o r b i t a l  )

(Ib^) i s  a C-N 71- o r b i t a l

(Zb^) i s  a Ti-antibonding C-N o r b i ta l  in  th e  p lane o f th e

molecule and fon iia lly  on th e  n itro g en  atorii

4:The unpaired e lec tro n  i s  in  th e  (2bp) o r b i ta l  fo rm ally  on the
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n itro g en  atom and so th e  coupling to  th e  o th e r n u c le i should be sm all. 

There i s ,  however, approxim ately 36^ of th e  t o t a l  sp in  d en s ity  on th e  

hydrogen atoms (Table 4 ; l ) .  This can only have occurred ty  the
I

mixing of th e  .2b^ o r b i ta l  w ith  th e  only o th e r o r b i ta l  o f th e  

c o rrec t symmetry, th e  ou t-o f-phase  hydrogen group o r b i t a l .  This 

hyperconjugation lead s  to  la rg e  coupling because o f th e  sh o rt C-N 

bond and a lso  because th e  hydrogen atoms a re  held  in  th e  p lane o f 

th e  m olecule, which a lso  c o n ta in s  th e  2b^ o r b i ta l .

The o rb ita ls  which can be used to  d iscuss th e  mechanism of 

p lac in g  unpaired e lec tro n  d en s ity  on th e  p ro ton  a re  shown in  f ig  4j9*

Fig 4;9

©
These o r b i ta ls  a re  th e  an tisym m etrical hydrogen group o r b i ta l  (Ib^) 

and th e  in -p lan e  p -o rb i ta ls  on th e  n itro g en  and carbon atoms.

This s i tu a t io n  is  very  s im ila r  to  th a t  in  th e  a l l y l  r a d ic a l  d iscussed  

e a r l i e r .  With th e  a l l y l  r a d ic a l  sim ple valence bond treatm ents 

p red ic ted  negative sp in  d e n s it ie s  on th e  c e n tra l  atom, and high 

p o s it iv e  sp in  d en sity  a t  th e  te rm in a l carbon atoms. The t o t a l  

sp in  d en s ity  in  Ĥ CN on th e  n itro g en  and hydrogen atoms of 111^ 

can be in te rp re te d  in  terms o f about 10^ negative  sp in  d en s ity  on 

th e  c e n tra l  carbon atom.
113An m .o. study o f th e  Ĥ CN ra d ic a l  by Corvaja e t  a l  , u s in g  th e  

hyperccn jugative model, ob tained good agreanent w ith  th e

experim ental pro ton  s p l i t t i n g .  Adrian and Karplus have considered
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th e  (3-p ro to n  hyperfine coupling in  th e  r e la te d  v in y l r a d ic a l^ ^ ,  

and have ca lcu la ted  th e  e f fe c t  o f changing th e  angle between 

th e  a-p ro to n -carb o n  bond and th e  double bond. VJhen th i s  bond angle 

i s  180^ th e  unpaired e lec tro n  i s  in  a p - o rb i ta l  s im ila r  to  th e  

s i tu a t io n  in  th e  Ĥ CN ra d ic a l .  I t  i s  in te re s t in g  to  note th a t  th e  

tra n s  pro ton  has a la r g e r  hyperfine in te ra c t io n  than  th e  c is  p ro ton , 

which^ i t  was suggested '^^  i s  due to  th e  r e la t iv e  weakness o f th e  cS' 

bond between th e  carbon atoms a t  th e  sh o rt double C-C bond d is ta n c e , 

when th e  bonding i s  pure p . There i s ,  however, no experim ental 

evidence fo r  th e  assignment o f th e  la r g e s t  coupling to  th e  tra n s  

p ro to n . Dixon^^^ has a lso  c a lc u la te d  th e  coupling to  th e  (3 -p ro tons 

and obtained  th e  high tra n s  coupling. This he a t t r ib u te s  to  a 

negative  resonance in te g ra l  o f th e  7i-type, between an bond and

th e  unpaired e le c tro n  on th e  a-carbon a ton . Such a tra n s  e f fe c t  has 

a lso  been n o ticed  in  th e  m.o. theory o f ^ - e le c t r o n  sy s tem s^ ^ .

Adrian e t  a l"^ ^  obtained a p -p ro ton  coupling of ?0 gauss whai 

9 = 180°. This in  good agreement w ith  th e  va lue  of about 90 gauss 

in  Ĥ CN when th e  sh o rte r  C-N bond i s  taken in to  accounté

F u rth er d iscu ssio n  o f th e  e le c tro n ic  s tru c tu re  o f Ĥ CN is  

postponed u n t i l  th e  next sec tio n  where i t  i s  compared w ith  th e  

r e la te d  HCN" ra d ic a l .
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C. The Hydrogen Cyanide Negative Ion

I .  Related Radicals

Before discussing the hydrogen cyanide negative ion i t  is  

in s tru c tiv e  to  consider the re la te d  fo m y l (HCO), v in y l (CH*CH )̂ 

and HPOg ra d ic a ls .

i .  The Fom yl Radical

a . The E lectronic and V ibrational Spectra

The e lec tron ic  ground s ta te  of th is  radical^*^**^ showed th a t

the  ra d ic a l is  bent w ith  a bond angle of 120°, and th a t  the  ground
2  ̂ 71s ta te  was A , which had been pred icted  by Walsh (Fig 4;3)*

120 121The i . r .  spectrum ' showed th a t  the  C-H bond is  weak, the

C-H stre tch in g  frequency being severa l hundred wavenumbers below th a t
120in  formaldehyde (H^CO). The re su lts  fo r  HCO are  conpared w ith 

o ther molecules in  tab le  4;2* A ll C-H stre tch in g  v ib ra tions of 

protons adjacent to  a carboryl group are of lower energy than those 

of C-H bonds In  the hydrocarbons, both sa tu rated  and unsaturated .

This i s  would ind icate  de localiza tion  of the  C-H bonding e lectrons 

over the  carbonyl group* The weakening of the  C-H bond 

is  very pronounced in  HCO.

The C=0 s tre tc h  in  HCO is  of higher energy than in  Ĥ CO or 

CĤ CHO, but 200 lower than in  carbon monoxide (CO), which 

suggests some t r ip le  hx>nding cliaracter in  the  C-O bond.

These i . r .  re su lts  ind ica te  th a t  in  HCO both the  non-bonding 

e lectrons on oxygen and the  C-H bonding o rb ita ls  are  delocalized and
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Table 4»2

I .R . Parameters fo r  a Number o f Carbonyl Catnpounds 

Species C-H s t r .  C-J) s tr»  C^O s t r .  CHO bend Ref

HCO 24Ô8 1937 1821 1084 120
H CO 2780 g 1 7U  g 122

2834 s 1712  s 123

CH.CHO 2840 g 2070 1743 . 0 ,

^  2876 s 2103

-CĤ  2962,2972 125
=CH  ̂ 2922,2853 125
=CH 2890 125

CO 2143 126

AU value in  • g= gaseous va lu e , s = s o lid  s ta te  v a lu e .

one would not expect th e  unpaired e le c tro n , form ally  on th e  carbon 

atom to  be fu l ly  lo c a liz e d  in  a non—bonding o r b i ta l .

b . The E lec tron  Spin Resonance Spectra of HCO

The e . s . r .  data  fo r  HCO^"^*"* ,̂is ta b u la te d  below to g e th e r  w ith  

th e  ca lcu la ted  sp in  d e n s it ie s .

Table 4:3

E.S.R. Data and Spin D en sities  in  th e  HCO Radical^*^***^

Axis g-values A(^^C)

X 2 .0 0 4 1 —4*21 —4»9

y 2.0027 1 7 .9 8 -0 .6
z I . 996O -1 3 .7 7 5.5

tro p ic 2.0010 13 4 .7 1 3 5 .8
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13The C asymmetric te n so r  was s p l i t  in to  two ten so rs  o f  th e  foim:

—4 . 2X 6 .3 5 - 1 0 .5 6

1 7 .9 8 - 3 .1 8 + 21.16 ,
- 1 3 .7 7 - 3 .1 8 - 10 .5 6

13From co n sid e ra tio n  o f both  th e  g -te n so r and th e  C hyperfine

coupling te n so r  th e  th re e  p r in c ip a l  d ire c tio n s  were assigned  as

fo llow s. The y -d ire c tio n  along th e  carbon o r b i ta l  occupied fo im ally

by th e  unpaired e lec tro n , th e  z -d ire c tio n  th e  o th e r in -p lan e  a x is ,

and th e  x -d ire c tio n  p e rp en d icu la r to  th e  m olecular p lan e .

The sp in  density  in  th e  p ^ -o rb i ta l  i s  thus in  a - o r b i t a l  of

th e  C-O bond, and th e  value i s  r a th e r  high fo r  pure sp in  p o la r is a t io n .

T h is , however, i s  c h a ra c te r is t ic  of ra d ic a ls  of th i s  type (see  below). 
13The C -tensor was obtained  from an envelope spectrum and hence i t  

i s  p o ss ib le  th a t  th e  va lues a re  not as accu ra te  as o r ig in a l ly  

q u o te d ^ ^ . The ^y /s  r a t io  f ra n  th e  above data  i s  2.69 which i s  

r a th e r  h igh  fo r  th e  known bond angle o f 120°. This should produce, 

assuming a l l  th e  in -p lan e  ^ - o r b i t a l s  a re  id e n t ic a l ,  a p /s  r a t io  of 

2 and a te n so r  o f the  form:
I i;I -7 .8 6

This cannot be e a s ily  accounted fo r  in  th e  experim ental te n so r  by a 

sy s ta n a tic  e r ro r .  The d é lo c a lis a tio n  of th e  e le c tro n  onto th e  

pro ton  may reduce th e  is o tro p ic  s p l i t t i n g  from th e  carbon. Adrian 

and co -w orkers^^  c a lcu la ted  a bond angle o f 125° using th e  ^^C 

hyperfine coupling te n so r .

The la rg e  pro ton  coupling in  th i s  r a d ic a l  (136 gauss) i s  ty p ic a l  

f o r  a-pro tons in  ra d ic a ls  where th e  unpaired e le c tro n  i s  in  an

1 -7 .8 6
1 5 .7 2
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o r b i ta l  having considerable s -c h a ra c te r .  The hyperfine coupling i s  

so la rg e  th a t  any mechanism used to  p lace  t h i s  sp in  d en s ity  on th e  

p ro ton  w i l l  s ig n if ic a n tly  a f f e c t  th e  e le c tro n ic  s tru c tu re , u n lik e  th e  

mechanism fo r  a -p ro to n  coupling in  th e  m ethyl r a d ic a l .

c . Spin P o la r is a tio n  of th e  tc- o r b ita ls  in  «S' Radicals

The r e la t iv e ly  high sp in  p o la r is a tio n  o f th e  71 - o r b i ta l s  i s  a lso  

found in  o th e r ra d ic a ls  where th e  unpaired e lec tro n  d en s ity  i s  in  an 

in -p lan e  o rb ita l#  For example in  CO  ̂ th e  a n iso tro p ic

te n so r  i s  made up o f two term s:

-5 .2 8 - 7 .0 6 1.78
- 7 .9 5 = —7.06 + -0 .8 9

1 3 .2 3 1 4 .1 2 -0 .89

Here th e  r a t io  o f th e  two 2B terms i s  7*9 compared w ith  3-3 ih  HCO. 

The sp in  p o la r is a tio n  req u ire s  a mixing in  of a s u ita b le  ex c ited  

s ta te  analogous to  th e  G onfiguratiorÆ l in te ra c t io n  in  th e  C-H 

fragment described  e a r l i e r .  In  th is  case, however, th e  p o la r is a tio n  

i s  of a 7t -  by a ^ - o r b i t a l .  The sp in  d e n s it ie s  in  th e  p^ and p^ 

o r b i ta ls  in  NO ,̂ CO  ̂ and HCO are  given in  ta b le  4; 4, to g e th e r w ith  

th e  p /s  r a t io  o f th e  lo c a liz e d  o r b i ta l  form ally  con tain ing  th e  

unpaired e le c tro n . A p lo t  o f ^x/p^ (F ig 4;10) ag a in s t th e  p /s  

r a t io  shows th a t  th e  la rg e r  th e  e -c h a ra c te r  o f th e  unpaired e le c tro n  

th e  h igher th e  sp in  p o la r is a t io n  of th e  o u t-o f-p lan e  o r b i ta l .

d . The. E lec tro n ic  S tru c tu re  o f HCO

From th e  Walsh diagram (F ig  4 ;3) th e  e le c tro n ic  s tru c tu re  of th e  

ground s ta te  o f HCO can be rep resen ted  by th e  m .o. scheme:
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S : in  P o l a r i s a t i o n  i n  Sigma R a d i c a l s

4 . 02 . 0 3 . 0 4 . 52 . 5
p / s  r a t i o

T ab le  ' 4 ; 4

S-nin p o l a r i s a t i o n  i n  MCu, 00^ and KCO r a d i c a l s

R a d i c a l
o

. ^

p / s  r a t i o R e f

0 .4 4 0 .0 5 8 .5 4 .4 130

CQ- 0 . ^ 0 0 .0 8 s . 3 3 .3 85 ,  130

HCO 0 .3 2 0 .0 9 3 . 6 2 . 6 129
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where l a  
2a 
la  
4a

i s  th e  2s o r b i ta l  on carbon 
and 3a a re  th e  and C-O bonds
th e  CaO 7Ï -bond 
th e  lone p a i r  on o x y g e n  

5a the  o r b i ta l  on carbon which fo m a U y  contains th e  unpaired 
e lec tro n

These m,o*8 can be considered lo c a liz e d , but o r b i ta ls  of th e  same 

symmetry can *mix* to  form fu r th e r  ccmbinations of o r b i ta l s .  Thus
I t

th e  two h ig h est occupied o r b i ta l s ,  th e  4a and 5a can combine to

form two fu r th e r  o r b i ta ls ,  both o f which con ta in  co n trib u tio n s  from

th e  carbon and th e  oxygen atomic o r b i ta l s .

The la rg e  ^yperfine coupling on th e  p ro ton  ( I 36 gauss) i s
127 129explained on a valence bond model  ̂ ty  th e  mixing of ex c ited

s ta te s ,  such as I I  , w ith  the  ground s ta te  ( I ) .

;C =  0
H' H

“C a O  
/

I n
120The 0.41 bond i s  weak having an upper l im i t  to  th e  bond s tre n g th  

of 1 .7  e .v . The energies of th e  two s ta te s  a re  thus very  c lo se . 

Factors which s ta b i l i s e  the  ex c ited  s ta te  a re  th e  high resonance 

energy of th e  0 = 0 m olecule, and a lso  th a t  in  th e  ex c ited  s ta te  th e  

C-0 -bonds can be formed w ithout promotion o f th e  carbon atom to  th e  

te tra h e d ra l  valence s ta t e .

I f  a th re e  e le c tro n  approximation i s  used th e  ground s ta te  i s  

described  by:

(paa - apa)
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where ^  i s  a carbon sp^ o r b i ta l  along th e  C4H bond.
2i s  a carbon sp o r b i t a l  occupied by th e  unpaired e le c tro n  

h i s  th e  hydrogen I s - o r b i t a l .
? 2The ex c ited  s ta te  can be formed from an unpromoted (2s) (2p) carbon

atom: ^ s ( l )  h{2) s(3) paa

where s i s  th e  carbon 2s o r b i t a l .

The approximation n eg lec ts  th e  e f fe c t  in  change in  valence s ta te  of

th e  carbon atom on th e  C-0 bond. By tak in g  th e  energy of th e  ex c ited

s ta te  to  be 1 .7  e .v . and a number of o th e r approximations Adrian e t  
127a l  obtained a value fo r  th e  hyperfine s p l i t t i n g  o f +I7O gauss.

131They a lso  extended th e  theory  to  c a lc u la te  th e  d -p ro to n  coupling

in  th e  r e la te d  v in y l r a d ic a l .

i i .  The Vinyl Radical

The v in y l ra d ic a l  has th e  s tru c tu re  / \  and thus has
v! R

both  a -  and P -pro tons. The a  -p ro to n  i s  s im ila r  to  th e  pro ton  in

th e  formyl ra d ic a l ,  bu t th e  a.p jroton coupling in  v in y l i s  only  16

gauss^^^. This i s  le s s  than  would be expected from pure sp in

p o la r is a t io n  of th e  C-H bond by an e lec tro n  in  a p -o rb ita l^ ^ ^

This in d ic a te s  th a t  th e re  a re  tWo mechanisms which p lace  sp in  d en sity

on th e  protons lead ing  to  sp in  d en s ity  o o n trib u tio n s  of opposite  sign. 
131Cochran e t  a l  ob ta ined  valence bond expressions f o r  th re e  

form al s tru c tu re s  0^, and ^  term s o f th e  bond angle 9.

0^ i s  th e  ground s ta t e ,  0^ th e  s tru c tu re  which accounts f o r  th e  

a -p ro to n  coupling in  'Ji-e lectron  ra d ic a ls  and 0^ a s tru c tu re  where 

th e  ou-C-Ji bond i s  broken, and th e  remaining bonds a re  formed by th e
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o r b ita ls  o f a d iv a len t (2s) (2p) carbon aton* 0^ i s  th e  s tru c tu re  

th a t  p laces negative sp in  d en s ity  on th e  protons in  th e  "Tt-radicals, 

and 02  i s  th e  s tru c tu re  th a t  p laces  p o s itiv e  sp in  d en s ity  on th e  

p ro ton  in  HCO. Assuming th a t  th e  ground s ta te  wave fu n ctio n  was of 

th e  fo rü :

and assuming l ik e ly  energ ies fo r  th e  0^ and 02 s tru c tu re s  they  c a lcu la te d  

th e  c o e ff ic ie n ts  c^, c^ and C2 f o r  bond a n ^ e s  between 120°and 180°.

A p lo t  o f c^, c^ and C2 a g a in s t bond angle i s  shown in  f ig  fo r

both th e  v in y l and th e  foim yl r a d ic a ls .  In  th e  fo ra y l r a d ic a l  th e  

energy o f th e  02 s tru c tu re  i s  decreased because o f th e  high resonance 

energy o f th e  carbon monoxide m olecule, and hence th e  02  s tru c tu re  

has a la rg e r  co n trib u tio n  in  th e  foim yl ra d ic a l .  As th e  molecule

bends th e  co n trib u tio n  of th e  02  o r b i ta l  in creases  r e la t iv e  to  0^

(F ig  4; 11)* A p lo t  o f hyperfine coupling a g a in s t bond angle thus

shows th a t  as th e  molecule bends th e  hyperfine s p l i t t i n g  becomes le s s  

n eg a tiv e , passes through zero , and r is e s  to  la rg e  p o s it iv e  values 

(F ig  4; 12 ). When th e  bond angle i s  120° th e  foim yl r a d ic a l  has th e  

c a lcu la ted  proton coupling of 139 gauss, which i s  in  good agreement 

w ith  th e  experim ental value (136 gau ss). The s t a b i l i t y  of th e  C-0 

fragment compared w ith  th a t  o f th e  C=CH2 fragment i s  th e  reason why 

a t  120° th e  v in y l r a d ic a l  would only have a pro ton  coupling o f +45 

gauss. The a c tu a l value o f th e  a -p ro to n  coupling in  v in y l can be 

accounted fo r  by a bond angle between 145-165°• The sig n  o f th e  OL- 

coupling in  v in y l i s  no t known experim entally , and i t  i s  d i f f i c u l t  to  

say which o f th e  two p o s s ib i l i t i e s  i s  th e  most l ik e ly .  C alcu la tions
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o f th e  p -p ro ton  coupling in d ic a te s  th a t  th e  bond a n ^ e  i s  between 

130- 150° ^^^\?hich would in d ic a te  a p o s it iv e  coupling and a bond angle 

o f about 145° (F ig 4 ;1 2 )

i i i .  The HPO  ̂ Radical

In t h i s  r a d ic a l  th e re  i s  a p ro ton  coupling o f about 90  gauss.

This high value suggests th a t  th e  hyperfine coupling mechanism to  th e

p ro ton  i s  s im ila r  to  th a t  in  th e  form yl and v in y l r a d ic a ls .  In  th i s

case, however, th e  ra d ic a l  i s  no t p la n a r  and th e  problem of th e  p ro ton

coupling has been d iscussed  from a d i f f e r e n t  p o in t of view by Atkins e t  al,

th e  mechanism i s  p e r fe c t ly  general, however, and can be Invoked to
132exp la in  th e  coupling in  o th er ra d ic a ls  w ith  d .p)rotons . These

au thors considered th e  e f fe c t  o f bending on a  m ethyl r a d ic a l ,  where
97th e  sp in  den sity  a t  th e  proton i s  n e g a tiv e ' , and r e s u l t s  in  a coupling 

of about 23 gauss. On bending th e  m olecule, th e  o r b i ta l  con tain ing  

th e  unpaired e lec tro n  changes from being alm ost pure p , to  an o r b i ta l  

comprising in creasin g  amounts of s-charac ter*  Thus^as th e  molecule 

bends, mixing of th e  ÔT-bonding o rb ita ls  becomes more and more allow ed. 

Since th e  o r b i ta l  con ta in ing  the  unpaired e le c tro n  i s  h a lf  f i l l e d  i t  

can only mix w ith  a s ta te  w ith  opposite  sp in . Hence i f  th e re  i s  

mixing w ith  th e  C-H bonding o r b i ta ls ,  th e  unpaired e le c tro n  w i l l  tend 

to  p a ir  w ith  th e  e le c tro n  n ea re s t th e  carbon atom leav in g  th e  e le c tro n  

of th e  same sp in  n e a re s t  th e  hydrogen atom* Hence th e  coupling w i l l  

be p o s it iv e .  The g re a te r  th e  s -c h a ra c te r  o f th e  o r b i ta l  contain ing  

th e  unpaired e le c tro n , th e  g re a te r  th e  in te ra c tio n  from both energy
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and syinmetiy co n s id e ra tio n s . This e f f e c t  w i l l  tend  to  weaken th e

C-H bond.' The weak C-H bond can thus be considered a consequence
132of th e  mixing of th e  o r b i ta ls  , and no t th e  mixing a consequence 

of the  weak bond#

129 132Both th e  valence bond and th e  m olecular o r b i ta l

d esc rip tio n s  p a r t i a l ly  describ e  th e  ol- proton  coupling in  th ese

system s. The e f fe c t  of th e  o th e r groups must however be taken in to

account# For example th e  carbonyl group in  acetaldebyde a f fe c ts

th e  a  -C-H bond even in  th i s  s in g le t  m olecule, though, as u su a l,

th e  e f fe c ts  o f d e lo c a liz a tio n  a re  sm aller in  species n o t con ta in ing

an unpaired e le c tro n .

II#  The Hydrogen Cyanide Negative Ion

i .  Experim ental R esults

I f  th e  doped potassium  ch lo rid e  c ry s ta ls  prepared from aqueous 

so lu tio n  and used to  prepare th e  Ĥ CN ra d ic a l  a re  i r r a d ia te d  fo r  

only about twenty m inutes, two fu r th e r  doublets of t r i p l e t s  can be 

observed in  th e  e . s . r .  spectrum (F ig  4;13)* One of these  has a 

doublet s p l i t t i n g  of 137 gauss and th e  o th e r 57 gauss#

The species causing th e  doublet s p l i t t i n g  of 137 gauss can be 

obtained  alone i f  sodium cyanide is  used as th e  source of cyanide 

io n s . In fra -re d  sp ec tra  show th a t  such samples contain  a h igher 

concen tra tion  o f cyanide ions than  th e  potassium  cyanide doped 

sam ples. On cooling to  77°K th e  la rg e r  doublet remains iso tro p ic  

(F ig  4; 15), and we have thus no t been a b le  to  o b ta in  any a n iso tro p ic
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S 'o e c c ru n i o f  KCl Dooed w i t h  KCN and 1’ - i r r a d i a t e d

f o r  10 m in u te s

20 g a u s s

he Same Sam)le  a f t o r

B leach in g  f o r  10 h o u r s
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param eters experim en tally . %- s u ita b le  iso to p ic  s u b s ti tu tio n  w ith
no ^

CN~ th e  presence of carbon in  th e  r a d ic a l  has been confim ed , and

th e  iso tro p ic  coupling ob tained . S u b stitu tio n  w ith  ^  and has

enabled th e  o th e r hyperfine coupling constan ts to  be assigned

unambiguously. The f u l l  is o tro p ic  param eters a re  given in  ta b le

4; 5* This spectrum i s  assigned  to  th e  HCN*“ rad ica l*

The sm aller doublet (57 gauss) we have assigned  to  a n a -p ro to n a te d

ra d ic a l  (Species A)* This species can be observed in  th e  absence of

HCN** i f  th e  potassium  cyanide doped samples a re  r e c ry s ta l l i s e d  sev e ra l

tim es. This treatm ent reduces th e  amount of cyanide ion incorporated

in to  th e  l a t t i c e .  Species A i s  u nstab le  and decomposes ra p id ly  a t

room tem perature. A fu r th e r  species can then  be observed in  the

e . s . r .  spectrum -  species B (Fig 4;14)* Both species  have been

shown to  contain  hydrogen and n itro g en  atoms, but attem pts to  observe 
IScoupling to  C in  enriched samples have fa ile d *  The e . s . r .  data  

fo r  A and B i s  given in  Table 4 j6 . At 77^K n e ith e r  o f th e  species

A and B can be observed in  th e  e . s . r .  spectrum.

A ddition o f hydroxide ion im purity  in to  th e  c ry s ta l  l a t t i c e  

in creases  th e  y ie ld  of both HCN*" and th e  species A. Since th ese  

species a re  obtained  wholly o r in  p a r t  from im p u ritie s  in  th e  h a lid e  

l a t t i c e  i t  i s  n o t su rp r is in g  th a t  th e  r e la t iv e  concen tra tions of th e  

species a re  h ig h ly  sample dependent.

Table 4;5
Iso tro p ic  E.S.R . Data fo r  HCrT* in  KCl L a tt ic e  

■ A fHt A ( ^ \ ) _______ e-value

1 3 7 .5  6 .5  74-3 2 .0 0 2 0
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Table 4:6

I so tro p ic  E.S.R . Data fo r  Species A and B In  KCl

Species A(H)_________ AC'^^)________ g**val.ue

A 57 9 .5  2 .0 0 3 0

B 34 1 7 .0  2 .OO3O

i i .  Id e n tif ic a t io n  of HCN"* and D erivation  of Spin D ensities

The la rg e  proton coupling in  th is  species (137 gauss) could

only a r is e  from an a^proton r a d ic a l  s im ila r  to  th e  formyl r a d ic a l .

The HCN~ ra d ic a l  i s  iso e le c tro n ic  w ith  th e  fo n ry l r a d ic a l  and

explains a l l  th e  hyperfine  coupling d a ta . Species A fo m s even

when th e  concen tra tion  o f cyanide ion is  low, and does not show any 
13coupling to  C* These observations make th e  assignm ent of A to  

th e  HCN~ ra d ic a l  u n lik e ly .

Since the  spectrum of th e  HCN*" r a d ic a l  appeared iso tro p ic  even 

a t  77°K and was no t observed a t  4^K we were not ab le  to  ob ta in  any 

a n iso tro p ic  param eters fo r  th i s  r a d ic a l ,  and hence o b ta in  th e  t o t a l  

sp in  d e n s itie s  on carbon and n itro g en  d i r e c t ly .  We have, however, 

been ab le  to  estim ate  in d ire c t ly  th e  sp in  d e n s itie s  on th ese  atoms 

assuming a s tru c tu re  s im ila r  to  form yl.

The bond angles o f iso e le c tro n ic  ra d ic a ls  tend  to  be s im ila r  

even i f  the  c e n tra l atom i s  d i f f e r e n t .  For example th e  iso e le c tro n ic  

ra d ic a ls  C0“  and NÔ  both have a bond angle of about 134° Thus

i f  we assume th a t  th e  bond angle fo r  HCN*̂  i s  th e  same as in  HCO,i.e. 

120° , th i s  w i l l  mean an sp^ h y b rid isa tio n  of th e  o r b i ta l ,  and hence
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th e  r a t io  o f sp in  d e n s itie s  in  th e se  o rb ita ls  w i l l  be one to  two#

With a sp in  d en s ity  of 6 * 7 %  in  th e  s - o r b i ta l  t h i s  would mean a sp in  

d en s ity  of 1 3 , 4^ in  th e  p - o r b i ta l .

I t  i s  more d i f f i c u l t  to  o b ta in  th e  sp in  d en s ity  in* th e  p -o rb i ta ls  

on n itro g en . S ince, however,. th e  iso tro p ic  coupling must be due to  

sp in  d en sity  on th e  n itro g en  ( /^ ^ )  and sp in  d en sity  on carbon ( /^ q) 

we can s e t  a^ the  a n iso tro p ic  n itro g en  hyperfine coupling equal

y  ■
where and a re  th e  ap p ro p ria te  sp in  p o la r is a t io n  param eters.

We would expect to  be very  c lo se  to  th a t  fo r  th e  conjugate ac id
NHgCN. Using th i s  value and n eg lec tin g  th e  te rn  from we obtain .

th e  value of about 50^ fo r  / ^ .  The t o t a l  sp in  d en s ity  on th e  HCN**

ra d ic a l  i s  97% which i s  extrem ely s a tis fa c to ry  considering  th e

assumptions involved.

i i i .  The Species A

This species a lso  had a high pro ton  coupling (57 gauss) and

we have thus assigned  th i s  spectrum to  HON ,̂ This i s  iso e le c tro n ic

w ith  HCN". The species HNCO*", HOCN and NCH.O”* were e lim inated
13because of the  t o t a l  absence of coiç>ling to  C. The a l te r n a t iv e  

tautcm er to  HON ,̂ HNO'*', was a lso  u n lik e ly  because of th e  sm all 

iso tro p ic  n itro g en  coupling. The id e n ti ty  of th i s  r a d ic a l  i s  

u n certa in  and so th e  s tru c tu re  w i l l  not be considered h e re .
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iv .  The E lec tro n ic  S tru c tu re  of HCN**

The m.oi s tru c tu re  i s  th e  same as fo r  HCO:

( l a ') ^  (2 a ')2  (3 a ')2  ( la " )^  (4a*)^ (5 a‘ )

The sp in  d e n s itie s  in  th e  various o r b i ta ls  in  HCO and HCN“* a re  

compared in  ta b le  4;7*
Table 4:7

Comparison of th e  Spin D en sities  in  HCO and HClf 

R adical c^ ^^C(s) °^C<p^) °^X(p)

HCO 0.27 0.121 0 .3 2 7  (0 .28)
HCN" 0 .2 7  0.067 0 .1 3 4  ( 0 . 50)

The q u a n ti t ie s  in  b rackets a re  c a lc u la ted  (see  t e x t ) .

The most su rp ris in g  fe a tu re  in  th e  above comparison i s  th e  

s im ila r i ty  in  th e  pro ton  sp in  d e n s it ie s ,  d e sp ite  th e  f a c t  th a t  th e  

sp in  d en s ity  on th e  carbon in  HCN“ i s  only about h a lf  th a t  on the  

carbon in  HCO. I f  th e  coupling mechanism described  above depends 

l in e a r ly  on th e  sp in  d en s ity  on carbon, one would expect a reduction  

in  th e  proton coupling of about one h a l f .  Even i f  t h i s  i s  no t ex ac tly  

c o rre c t one would s t i l l  expect a s u b s ta n tia l  reduction  in  th e  proton 

coupling. There i s ,  however, a fu r th e r  method o f in troducing  p o s itiv e  

sp in  d en s ity  onto the  p ro to n s . This i s  th e  mechanism of hypers 

conjugation from th e  unpaired e lec tro n  d en s ity  in  th e  p ^ -o rb i ta l  on 

th e  n itro g en  o r oxygen atom. This w i l l  tend  to  even out th e  e f fe c t  

o f tra n s fe r r in g  sp in  d en s ity  from th e  carbon to  th e  oxygen o r  n itro g en  

atom, and th is  w i l l  be discussed fu r th e r  when th e se  ra d ic a ls  a re
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compared w ith  H2CN.

The high  sp in  d en sity  on th e  n itro g en  atom in  HCN** req u ire s  

th e  in c lu s io n  o f a fu r th e r  valence bond s tru c tu re  ( I I I ) :

•C=X !CSX C -X .
h/  y

■I I I  i n

In  th e  sim ple m,o. d e sc rip tio n  th e  h ig h er sp in  d en s ity  on th e  n itro g en
^  t

in  HCN can be d iscussed  in  term s o f a mixing o f th e  lo c a liz e d
t

m .o. w ith  th e  $a m .o. to  fo m  a d e lo ca lized  o r b i ta l  which in co rp o ra tes  

atomic o r b i ta ls  on both th e  carbon and n itro g en  atoms- A ctually  

a l l  th e  a m.o Is evolve from l in e a r  combinations o f a l l  atomic 

o r b i ta ls  of th e  c o rre c t symmetry w ith  expansion, c o e f f ic ie n ts  

d esc rib in g  th e  co n trib u tio n  from each o r b i t a l .  Thus th e  d e sc rip tio n  

o f th e  m .o’s given fo r  HCO above in  term s of th e  lo c a liz e d  o rb i ta ls  

needs to  be m odified fo r  HCN" and probably  to  a l e s s e r  ex ten t fo r  

HCO.

The f a c t  th a t  th e  n itro g en  atom has th e  la rg e r  sp in  d en s ity  

compared w ith  th e  more e lec tro n eg a tiv e  oxygen i s  ty p ic a l  of r a d ic a ls  

where th e  unpaired e le c tro n  i s  in  an o r b i ta l  which i s  non- o r a n t i 

bonding. For exanple in  NÔ  and CÔ  th e  carbon atom has a 

la rg e r  share of th e  unpaired e le c tro n  than  th e  n itro g en

V .  The Formation of HCN" from HCN and Ĥ CN

I t  i s  co n s tru c tiv e  to  consider th e  form ation o f HCN" by both 

th e  ad d itio n  of an e lec tro n  to  hydrogen cyanide and th e  lo s s  of a 

p ro ton  from th e  Ĥ CN ra d ic a l .
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a . The A ddition of an E lec tron  to  Hydrogen Cyanide

From th e  Walsh diagram fo r  HAB molecules (F ig  4}3) th e  te n  

valence e lec tro n s  in  hydrogen cyanide com pletely f i l l  th e  two cen tre  

m.o*s; (1<S"^)^ ( l lc ^ _ Q ) \  The diagram a lso

suggests th a t  th e  l in e a r  m olecule i s  th e  one o f low est energy.

However, an a d d itio n a l e le c tro n  w i l l  go in to  th e  degenerate 7C-anti- 

bonding o r b i ta l  and from f ig  4; 3 th e re  w i l l  now be some advantage i f  

th e  m olecule were to  bend. The o r b i ta l  degeneracy would be l i f t e d ,  

and th e  TUantibonding o r b i ta l  which th e  e lec tro n  would occupy, and 

which i s  form ally cen tred  on th e  carbon atom, w i l l  decrease in  energy 

ty  th e  in co rp o ra tio n  o f s -c h a ra c te r .  The p -c h a ra c te r  of th e  bonding 

o rb i ta ls  w i l l  o f course in crease  and r a is e  th e  energy o f th ese  

o r b i ta l s ,  but i n i t i a l l y  th e  gain  in  s ta b i l i t y  o f th e  -an tibonding  

o r b i ta l  w i l l  be g re a te r  than  th e  lo s s  by th e  ^  - o r b i t a l s . The 

s i tu a t io n  i s  com pletely analogous to  th e  e f fe c t  o f  adding an e le c tro n  

to  th e  l in e a r  carbon d ioxide molecule to  form th e  bent CÔ  ra d ica l^ ^ ^ .

In HCN" th e  two h ig h est m.o*s ( th e  4& and 5a o rb ita ls )  a re  

thus composed of one of th e  ix-bonding and one of th e  TC-antibonding 

o rb ita ls*  I f  th e  unpaired e le c tro n  i s  considered lo c a liz e d  on th e
I

carbon atom th e  4a. o r b i ta l  i s  a pure p-atom ic o r b i ta l  on th e  n itro g en , 

Our r e s u l ts  show th a t  th i s  lo c a liz e d  d e sc rip tio n  i s  a poor one and 

th a t  th e re  i s  considerab le  sp in  d en s ity  on th e  n itro g e n .

b . The Removal of a Proton from th e  Methylene Imino R adical

The e f fe c t  on th e  m.o^s o f removing a proton from Ĥ CN i s  shown 

d iag ram atica lly  in  f ig  4? 16. Only th e  r e la t iv e  o rder of th e
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o r b ita ls  i s  in d ica ted  and no importance should be a ttach ed  to  th e  

r e la t iv e  slopes of th e  c o r re la t io n  l in e s .  The rénovai of a pro ton  

from HgCN reduces th e  syinmetry from to  C^, and th i s  i s  shown in  

th e  d if f e re n t  *labels*  of some of th e  o rb i ta ls  in  th e  two ra d ic a ls .

In  Ĥ CN about 70% of th e  unpaired e le c tro n  i s  in  th e  n itro g en  

p - o rb i ta l ,  w hile in  HCN" th e re  i s  only about $0^. F u rth er th e  sp in  

d e n s ity  on th e  protons in  Ĥ CN i s  about 35%, o r 18^ on each, w hile 

in  HCN" th e re  i s  25% on th e  s in g le  p ro ton . The sp in  d en sity  on the  

carbon, on th e  o th e r  hand, has in creased  from a p o ss ib le  sm all 

negative  value in  Ĥ CN to  a p o s it iv e  20% in  HCN". I f  one co n sid e rs  

th e  20% on th e  carbon to  be equ iva len t to  th e  l £ S f o  wich was on th e  

proton th e  n e t e f fe c t  of removing th e  pro ton  appears to  be th e  

t r a n s f e r  of sp in  d ensity  from n itro g en  to  th e  p ro ton .

The proton s p l i t t i n g  in  Ĥ CN can only be explained by a c tu a l  

d e lo c a liz a tio n  of th e  unpaired e le c tro n  by a hyperconjugative 

mechanism. The f a c t  th a t  th e  p ro ton  coupling in c reases  on removing 

one of the  protons from H^CÎ  ̂d e sp ite  th e  decrease of d en sity  on th e  

n itro g en  atom, in d ic a te s  th a t  th e  a -p ro to n  coupling mechanism described  

fo r  th e  formyl and th e  v in y l r a d ic a ls  p laces  spin  d en s ity  more 

e f f ic ie n t ly  on th e  pro tons, than  th e  hyperconjugative mechanism.

Care has to  be taken in  comparing Ĥ CN w ith  HCN" fo r  th e  

H-C-N bond angles may not be s im ila r , and byp ercon jugat ive  e f fe c ts  

a re  h igh ly  dependent on th e  d istan ce  of th e  proton from th e  p - o rb i ta l  

con tain ing  th e  unpaired e lec tro n . I f  they  can be considered s im ila r  

then  using *Qg* values frcm Ĥ CN o f 91*4/73*3 =* 1*25 gauss/%, th e  50%
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of sp in  d e n s ity  in  HCN" w i l l  produce a pro ton  s p l i t t in g  o f 62 gauss. 

The ranain ing  75 gauss must come from th e  a -coupling  mechanism 

described  e a r l ie r -  I f  the  same Q value  i s  used, fo r  HCO only 35 

gauss would come from th e  20^ on th e  oxygen atom, leav in g  102 gauss 

to  be explained by the  a-co u p lin g  mechanism. Although th i s  

c a lc u la tio n  i s  v e iy  approximate i t  does show th a t  th e  almost 

id e n t ic a l  s p l i t t in g s  in  HCO and HCN" a re  not unreasonable, d e sp ite  

th e  f a c t  th a t  th e re  i s  alm ost tw ice as much sp in  d en s ity  on th e  

carbon in  HCO compared w ith  HCN".

Fig A;16

M olecular O rb ita l C o rre la tio n  Diagram fo r  th e  Removal o f a Proton
from Ĥ CN to  form HCN"

Lone p a i r  on N 

C-N 7C~bond 

C—H bond 

C-H ST -bond 

C—N —bond

8 -o rb ita l on N

HqCN,.1Ç.3̂ )

lb.

l b

I
2a. 2a

la . l a

HCN" CC )' ' ' " s

Carbon o r b i t a l

Lone p a i r  on N

C-J  ̂ %-bond

C»4I ^-bond

C—N <s -bond

8- o r b i t a l  on N

This diagram i s  not to  s c a le , and no w eight should be placed  

on th e  slopes o f th e  c o r re la tio n  l in e s ,  except fo r  th e  C-4i bonds in  

HgCN to  5a* in  HCN".

Note th a t  a l l  o rb i ta ls  of th e  same synmetry can *mix* and th a t  

th e  form al d e sc rip tio n  o f each m.o. i s  only an approxim ation.
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P . The Cyanogen Negative Ion 

I-» Experimental R esults

i .  Powder Spectra

One s e t  o f absorp tion  bands in  th e  e . s . r .  spectrum of 

i r ra d ia te d  powders o f sodium and potassium  cyanide and o f potassium 

ch lo rid e  doped w ith  cyanide io n s, when recorded  a t  77°K, were 

id e n tic a l  except fo r  minor d iffe ren ces  in  re so lu tio n  and g -v a lu es. 

These d iffe ren ces  can be understood, a t  l e a s t  p a r t ly ,  in  term s of the  

phase changes which occur in  sodium and potassium  cyanide on cooling,
62reducing th e  symmetry from cubic to  orthorhombic . The e . s . r .  

sp ec tra  a t  X and Q band frequencies a re  shown in  f ig s  4; 17 and 4;1S* 

The in te rp re ta t io n  beneath th e  sp ec tra  i s  based on comparison w ith  

r e s u l ts  from s in g le  c ry s ta l  sp e c tra . These powder sp ec tra  a re  

com plicated by th e  f a c t  th a t  th e  g -te n so r  i s  no t a x ia l ly  symmetric, 

in  c o n tra s t w ith  th e  hyperfine te n so r . This has re su lte d

in  n o n -p rin c ip a l l in e s  being d isp laced  to  h i ^ e r  f i e ld  r e la t iv e  to  

th e  p r in c ip a l  l in e s  and hence th e  ex tra  l in e s  and bad re so lu tio n  to  

high f ie ld .  This spectrum has been assigned  to  th e  (CN)“ r a d ic a l .

Attempts to  reso lve  th i s  ra d ic a l  in  o th er a lk a l i  h a lid e s  have 

f a i le d ,  d e sp ite  th e  f a c t  th a t  i . r .  sp ec tra  rev ea led  th a t  cyanide ions 

had been incorporated . A s im ila r  e f f e c t  i s  a lso  found w ith  th e  

hydrogen cyanide negative ion , which i s  only w e ll reso lved  in  a 

potassium  ch lo rid e  host l a t t i c e .

I r r a d ia t io n  of cyanide doped potassium  ch lo rid e  c iy s ta ls  a t  77 

followed by measuronent w ithout warming gave a spectrum c h a ra c te r is t ic
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=  2 .0 0 1 1

g  = 2 . 0 0 5 8 g g  = 1 . 9 8 5 1

E . S . R .  S p ec t ru m  o f ^ - i r r a a i a t e d  P o l y c r y s t a l l i n e  KCl 
CN" 1 R e c o r d e d  a t  77 K (X—band)
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o f th e  Cl^ r a d ic a l  (F ig 4; 19a)* The spectrun  a t t r ib u te d  to  (CN)^

i s  very  weak by comparison, but when th e  sample was warned and re 

cooled to  7 7 ^  th e  Cl^ r a d ic a l  was no t de tec ted  and th e  s ig n a l due 

to  th e  (CN)“  ra d ic a l  was increased  sev e ra l fo ld  (F ig  4; 19b)* The 

s ig n a l a t t r ib u te d  to  th e  H^CN ra d ic a l  appears to  remain a t  constan t 

in te n s i ty ,  befo re  and a f t e r  warning (F ig 4; 19a and b ) .  I r r a d ia t io n  

o f pure a lk a l i  m etal cyanides a t  7 7 ^  y ie ld s  th e  spectrun  assigned  to  

(CN)“  d ire c t ly  and warning th e  samples has no n o ticeab le  e f f e c t  on 

th e  spectrum .

i i .  S ingle C ry s ta l Spectra

Since th e  powder sp e c tra  of th e  (CN)^ ra d ic a l  in  th e  pure 

cyanides and in  th e  Qranide doped potassium  ch lo rid e  l a t t i c e  a re  so 

s im ila r , only s in g le  c iy s ta l  sp ec tra  of th e  i r r a d ia te d  potassium  

ch lo rid e  c ry s ta ls  were used, as th ese  were e a s ie r  to  grow and handle. 

F u rther th ese  c ry s ta ls  s u f fe r  no change o f phase on coo ling , which 

n ev erth e less  re su lte d  in  a marked narrowing o f th e  l i n e s .  With th e  

pure cyanides th e  sp ec tra  a t  room tem perature were com plicated by 

o th e r  sp ec ies, such as th e  F -cen tre . The c ry s ta ls  used in  th is  

s tudy were grown in  a Stockbarger c ru c ib le  under vacuum^ bu t c ry s ta ls  

grown from aqueous so lu tio n  gave th e  same sp e c tra .

On ro ta tio n  about an ax is  perpend icu lar to  a  100 p lane , a t  most 

o r ie n ta tio n s , two d is t in c t  s e ts  o f q u in te ts  a re  observed#

Figs 4; 20 and 4; 21 show th e  p o s itio n  of th e  l in e s  o f each o f th ese  

q u in te ts  as th e  c ry s ta l  was ro ta te d . Each of th e se  q u in te ts  i s  

repeated  every 90^ and th e  two s e ts  a re  out o f phase by 45°* In
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f ig s  4;20 and 4; 21 and a l l  subsequent f ig u re s  o f t h i s  type d o tted  

p o in ts  in d ic a te  a c tu a l experim ental observations, and broken l in e s  

jo in  ex trap o la ted  p o in ts  where th e  l in e s  were obscured by o th e r over

lapp ing  l in e s .  To f a c i l i t a t e  th e  follôw ing of th e  many l in e s  th e  

sp ec tra  were recorded and c a lib ra te d  every 2^^. Id e n tic a l  r e s u l t s  a re  

ob tained  cn ro ta tio n  about axes p erpend icu lar to  th e  o th e r faces o f 

th e  c iy s ta l .

These r e s u l ts  can be a t t r ib u te d  to  a r a d ic a l  which i s  o r ie n te d  

p a r a l l e l  to  a face  diagonal of th e  u n it  c e l l  o f th e  h a lid e . I f  th i s  

i s  c o rre c t a le s s  coiip licated  spectrum w i l l  be obtained by ro ta tio n  o f 

th e  c ry s ta l  about an ax is  perpend icu lar to  th e  110 p lane (F ig 4 ;2 6 ). 

There w il l  be th en  two s e ts  of l in e s  due to  ro ta tio n  of th e  r a d ic a l  

about two of i t s  p r in c ip a l axes (only two of each) and th ese  two s e ts  

should be in  phase. There should a lso  be some o th er l in e s  due to  th e  

r a d ic a l  being ro ta te d  such th a t  a t  no tim e w i l l  i t  be o rien te d  along 

one of i t s  p r in c ip a l  d ire c tio n s . The s e ts  of l in e s  observed are  

shown in  f ig s  4; 22, 4;23 and 4; 24* One o f th e  s e ts  o f q u in te ts  i s  

no t reso lved  (F ig  4 ;2 3 ). Fig 4)24 shows th e  q u in te t due to  th e  

ro ta tio n  about n o n -p rin c ip a l axes; th e re  were in  f a c t  two s e ts  of 

q u in te ts  which appear as m irro r images, but fo r  s im p lic ity  only one 

s e t  i s  shown. From f ig  4;24 i t  can be seen th a t  th e  n o n -p rin c ip a l 

l in e s  have been d isp laced  to  h i ^  f i e ld  r e la t iv e  to  th e  p r in c ip a l ones 

(F igs 4;22 and 4 ;2 3 ), and hence w i l l  give r i s e  to  ex tra  fe a tu re s  in  th e  

powder spectrum. For example, l in e  A in  f ig  4; 17 has a g-value of 

1,9806, and th e  p o in t A in  f ig  4; 24 has a g-value of 1.9805* Fig 

4;25 shows th e  spectrum of the  s in g le  c iy s ta l  a t  30° and 120° (sc a le
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The Anion S u b - l a t t i c e  o f  a KGl C r y s t a l ,  Showing th e  

P o s s i b l e  O r i e n t a t i o n s  o f  t h e  R a a i c a l  R e l a t i v e  t o  the .

Axes o f  t h e  C r y s t a l
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same as in  f ig s  4;22-4;25)*

13Weak l in e s ,  "which a re  assigned  to  coupling w ith  C n u c le i, were

d e tec ted  fo r  th e  cen tre  l in e s  of th e  q u in te t .  Although fo r  seme

o r ie n ta tio n s  they  were obscured by th e  much more In tense  n itro g en

hyperfine  l in e s ,  they were e a s ily  observable in  th e  reg ion  of two

of th e  A ('^^) p r in c ip a l  d ire c tio n s . The s p l i t t i n g  between these

weak l in e s  corresponds exactly  w ith  th e  n itro g en  hyperfine coupling
13and hence two of th e  p r in c ip a l te n so r  values could be measured
13 Iunambiguously* Enough o f th e  C te n so r  could be observed to  corifiim

th a t  i t s  p r in c ip a l  axes a re  w ith in  15° o f th e  A (^N ) and g -ten so r

axes d ire c tio n s . The la rg e  u n c e rta in ty  i s  m ainly due to  th e  a n a l l

a n iso tro p ic  component, which makes i t  d i f f i c u l t  to  s ta te  a t  which
13angle th e  la rg e s t  C coupling occurs.

The A- and g -ten so rs  a re  given in  ta b le  4;8* • Comparison o f th e  

s in g le  c ry s ta l  r e s u l ts  w ith  th e  powder sp ec tra  makes th e  in te rp re ta t io n  

of th e  sp ec tra  r e la t iv e ly  easy. The sp ec tra  from f ig  4;22 and 4;23 

a re  o f a r a d ic a l  ro ta te d  about an a x is  along th e  ^ -bond ing  system 

(A^ in  f ig  4; 27) and along th e  % -orbital con tain ing  th e  unpaired 

e le c tro n  (A^ in  f ig  4;2?) re sp e c tiv e ly . In  f ig  4;20 th e  sp ec tra  

a re  o f th e  r a d ic a l  ro ta te d  about an a x is  perpend icu lar to  A^ and A  ̂

in  f ig  4;27 (A^).

In  ta b le  4;9 th e  C and ten so rs  have been sep ara ted  in to  

th e i r  iso tro p ic  and a n iso tro p ic  p a r t s .  The n itro g en  te n so r  has a 

sign  ambiguity and both p o ssib le  va lues a re  given. I t  w i l l  be shown

l a t e r  th a t  th e  second s e t  i s  th e  most l ik e ly .
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Table 4:8

Experim ental Hyperfine Coupling and g -ten so rs  fo r  (CN)%

Axis A(^^C) g -te n so r

X 14*3 6 7 .0  iO ,5 2.0013

y 2.5 5 6 .0  io .5 2.0058
z 2 .5  56.0 ^  1.9851

13X assumes a x ia l  symmetiy f o r  ( C) A -tensor.

Table, 4 :9

The I so tro p ic  and A niso trop ic  Terms and Spin D en sities  fo r  (CN)%

A(l^N) 2B ( ^ )
. 4 ( pI

a . 5.9 8.9 O.OH 0 .2 6 1

b . 3 .9 1 0 .9 0.007 0 ,3 2 0

A(^^C) 2B(^^C)
i i p i

^2
°C(p)

59.6 7.33 0.054 0 . 1 2 3

I I .  Id e n tif ic a t io n  of th e  (CN)T R adical

Id e n tif ic a t io n  of th e  sp ec tra  to  th e  cyanogen n egative  ion 

Næ-c —C^N~ i s  based on th e  follow ing co n sid e ra tio n s:

1 . The e . s . r .  spectrum shows th e  presence of two equ ivalen t n itro g en
13atoms, and a lso  C s a t e l l i t e  l in e s  which a re  tw ice as  In tense  as 

would be expected f o r  one carbon atom p e r m olecule in  n a tu ra l  abundance.

2 . The species i s  observed in  ^ - ir r a d ia te d  a lk a l i  m eta l cyanides, 

and in  cyanide doped potassium  ch lo rid e . Thus as both carbon and 

n itro g en  atoms a re  p resen t th e  ra d ic a l  probably con tains C=#î u n i t s .

The low tem perature i r r a d ia t io n  esxperiments in d ic a te  th a t  th e
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sp ec ies  i s  a secondary ra d ia tio n  p ro d u c t.

3* The low tem perature i r r a d ia t io n  experim ents a lso  In d ic a te  th a t  th e  

spec ies  i s  e le c tro n  d e f ic ie n t  and r e la te d  to  Cl^*

4 . The s in g le  c ry s ta l  experiments show th a t  th e  species  i s  o rien ted  

so th a t  i t  l i e s  across th e  face  of th e  u n i t  c e l l  ( th e  110 p lane) of 

th e  h a lid e  l a t t i c e  w ith  th e  unpaired e le c tro n  in  an o r b i ta l  in  th i s  

p lan e . This o r ie n ta tio n  i s  s im ila r  to  th a t  o f th e  V ^-centres in  

i r r a d ia te d  a lk a l i  h a lid e

5# C ry sta ls  doped w ith  cyanate o r n i t r i t e  d id  n o t con tain  th i s  

r a d ic a l  a f t e r  i r r a d ia t io n .

The sim plest species  c o n s is te n t w ith  th e se  co n sid e ra tio n s i s  th e  

N5*c~ C “ N“  r a d ic a l .  This r a d ic a l  i s  a lso  c o n s is te n t w ith  th e  

d e ta ile d  q u a n tita tiv e  examination o f th e  e . s . r .  r e s u l t s  which a re  

d iscussed  below.

I I I .  S tru c tu re  of th e  (CN)% R adical

i .  O rien ta tio n  in  th e  Potassium C hloride L a tt ic e .

The s in g le  c iy s ta l  sp ec tra  show th a t  th e  p r in c ip a l g - , th e  

n itro g e n , - and p o ssib ly  th e  carbon a n iso tro p ic  ten so rs  a re  o rien ted  

normal to  th e  100 p lane and along two o f th e  d iagonals of th e  s id e  

of th e  u n it  c e l l  in  th e  100 plane (F ig  4 ;27) The unpaired e lec tro n  

i s  in  an o r b i ta l  in  th e  100 p lane, and th e  p a r a l l e l  d ire c tio n  o f th e  

n itro g en  te n so r  i s  thus diagona31y across t h i s  p lane normal to  th e  

N-C bond, and th i s  i s  taken  as the  d ire c t io n  of th e  n itro g en  2p- 

o r b i ta l  con tain ing  th e  unpaired e le c tro n .

Each cyanide ion has twelve n e a re s t neighbour anions (F ig  4j26)
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and i t  i s  thus p o ssib le  fo r. th e  r a d ic a l  to  foim even when th e

concen tra tion  of th e  cyanide ion  i s  q u ite  low. I t  can a lso  be seen

from f ig  4; 26 th a t  i f  two cyanide ions dimer i s  e th ey  w i l l  be o rien ted

as described  above.

i i .  The Geometry of th e  R adical
13The o r ie n ta tio n  of th e  C a n iso tro p ic  hyperfine te n so r  cannot 

be found accu ra te ly  enough fo r  t h i s  to  be a d e f in it iv e  t e s t  of whether 

th e  r a d ic a l  i s  l in e a r  o r b en t. There i s  however good evidence fo r  

th e  bent s tru c tu re .

The unpaired e le c tro n  w i l l  be in  a 7i-antibonding o r b i ta l  and 

i f  th e  r a d ic a l  i s  l in e a r  th is  o r b i ta l  w i l l  be doubly degenerate. 

However th i s  degeneracy must be l i f t e d  so th a t  th e  o r b i ta l  in  the  

100 plane is  favoured, to  exp lain  th e  e . s . r .  r e s u l t s .  The degeneracy 

can be l i f t e d  e i th e r  by a c ry s ta l  f ie ld  o r as" th e  r e s u l t  o f bending. 

Examination o f the  environment of th e  r a d ic a l  shows th a t  a c ry s ta l  

f i e ld  can y ie ld  d if f e re n t  enviibnments fo r  th e  two 'J i-o rb ita ls , one 

in  th e  100 p lane and th e  o th e r normal to  i t .  I t  i s  no t c le a r  

however which one w i l l  be th e  lower energy o r b i ta l  and th e  energy gap 

w i l l  be v e r y  sm all. Thus w ith  a c ry s ta l  f i e ld  l i f t i n g  of th e  

o r b i ta l  degeneracy, th e  energy d iffe ren ce  w i l l  no t be enough to  

p revent strong  mixing of th e  two T t-o rb ita ls .  Hence when th e  

magnetic f i e ld  i s  a ligned  along th e  N-C bond th e  g ^ sh if t  w i l l  be 

la rg e  and n egative . The a c tu a l  g - s h i f t  i s  n eg a tiv e , but i s  

canpara tive ly  sm all, in d ic a tin g  th a t  th e  degeneracy has been l i f t e d  

s ig n if ic a n t ly .  F u rth er, i f  th e  degeneracy i s  l i f t e d  only  by a
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c ry s ta l  f i e ld  i t  i s  norm ally necessary  to  cool samples below 77°K 

before the  r a d ic a l  can be observed ty  e . s . r .  In  th e  s in g le  c ry s ta ls  

of h a lid e  con tain ing  (CN)^ th e  s ig n a l could be observed a t  room 

tem perature .

I f  th e  m olecule i s  l in e a r  th e  unpaired e le c tro n  i s  in  a pure

'Ji-system and hence any is o tro p ic  terms must be th e  r e s u l t  o f sp in

p o la r is a tio n , and would be sm all. D espite th e  s ign  am biguity in  th e

n itro g en  coupling te n so r  both  s e ts  of p /s  r a t io s  a re  to o  high to  be
13a t t r ib u te d  to  a pure ^ -sy s tem , and th e  high C iso tro p ic  term  can

only be explained by a bent m olecule.

Fig 4; 27 shows th e  r a d ic a l  in  a 100 p la n e . The bond angle 9
13cannot be too sm all s in ce  th e  C te n so r  i s  roughly a ligned  w ith  

th e  ^ v l- te n so r . We suggest a bond angle of about 150°. The 

p o s itio n  shown and i t s  m irro r image a re  th e  only p o ss ib le  o r ie n ta tio n s  

which re a d ily  explains wby on ro ta tio n  about an ax is  only one 

s e r ie s  of l in e s  i s  observed.

i i i .  Comparison of (CN)7 w ith  H.CN to  Resolve th e  Sign Ambiguity in  Â j 

In  th e  bent form of (CN)^ th e  s tru c tu re  i s  s im ila r  to  HCN”  and 

H^CN. We can thus compare th e  p /s  r a t io  from th e  two p o ss ib le  

n itro g en  is o tro p ic  and a n iso tro p ic  term s, in  (CN)^ , w ith  th e  p /s  

r a t io  of 43 in  H^CN. The f i r s t  and second s e ts  fo r  (CN)^ have p /s  

r a t io s  of 24 and 43, and so th e  second s e t  has been taken  as th e  

c o rre c t one. The t o t a l  sp in  d en sity  summed over th e  whole molecule 

i s  then  97*3^, which i s  w e ll w ith in  th e  l im its  of experim ental and 

th e o re t ic a l  accuracy. The o th e r se t gave 87%.
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iv .  The E lectronic S tructure  of (CN)T

For a l in e a r  molecule the  possib le  -o rb ita ls  are  shown in

Fig 4;2 , each 7 i-o rb ita l being doubly degenerate. In the  cyanogen

molecule, which is  l in e a r , a ll, th e  bonding o rb ita ls  are  f i l l e d  w ith

the e igh t '^ -electrons. An ad d itio n a l e lec tron  w i l l  go in to  e ith e r

a or & -o r b i ta l .  The s itu a tio n  i s  s im ila r to  the

addition  of an e lectron  to  the  hydrogen cyanide molecule to  form

HCN". The s im ila r it ie s  between the HCN and the  NCCN molecules haTe

been pointed out by Bum elle^^^. I f  the  S.C.F. wave functions of
135Clementi and McLean are used fo r  these molecules, the e ffe c t of 

chemical bonding on the e lectron  density  in the  atomic o rb ita ls  of 

these two molecules is  very s im ila r, and de localiza tion  due to  

conjugation in  cyanogen is  veiy  sm all. I t  should thus be possib le  

to  t r e a t  the  two halves of the  cyanogen molecule separately^ and 

discuss the  e ffe c t of adding an ex tra  e lectron .

In  th is  case we are , in  e f fe c t ,  adding h a lf  an e lectron  to

each -C-N fragment. We would thus expect some bending of the  

molecule, but not to  such a la rg e  an extent as in  HCN*". fa c t

the tensor is  not consisten t w ith a bond angle of 120°. The 

lowest g-value of I . 9 8 5 O shows th a t  there  i s  probably more mixing 

of the 7 1 -o rb i ta ls  than in  the  HCQ ra d ic a l (Table U;3) f  which would 

a lso  in d ica te  a la rg e r  bond angle than 120°.

In HCN*“ there  are three, e lectrons d is tr ib u te d  in  two m.o*s, 

which in  the l in e a r  molecule were the  71-bonding and 7C-antibonding 

o rb i ta ls .  In HCN*” there  i s  a la rg e  amount of d e lo ca liza tio n , about
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50% of th e  sp in  d en sity  being on th e  n itro g en  and 25% on each of th e

carbon and hydrogen n u c le i .  This i s  c h a ra c te r is t ic  of ^  - ra d ic a ls

where th e  unpaired e lec tro n  i s  in  th e  p lane of th e  m olecule. The

high sp in  d en s ity  in  th e  s -o r b i ta ls  o f th e  pro ton  in  HCN** was

explained e a r l i e r  in  terms of d e lo c a liz a tio n  from th e  sp in  d en s ity

on th e  carbon and n itro g en  atoms.

The coupling from th e  a-atcm  in  ^ - r a d i c a l s  i s  only high  in  th e

case o f p ro tons. In FCO, fo r  example, th e re  i s  only 2% of th e  t o t a l

sp in  d en sity  in  th e  s - o r b i ta l  o f th e  f lu o r in e  atoms, although th e re
129i s  a t  l e a s t  25% of th e  sp in  d e n s ity  on th e  carbon atcans . This

can be explained^ in  p a r t , ,b y  both  an in c rease  in  bond ang le , and th e  

sm all 8 -ch a rac te r  o f th e  C-F bond, bu t th e  high e le c tro n e g a tiv ity  o f 

th e  f lu o r in e  atom must a lso  be considered . This w i l l  lower th e  

energy of th e  C-F <5"-bonding o r b i ta l  and hence low er th e  amount o f 

in te ra c t io n  w ith  th e  unpaired e le c tro n  on carbon. This a lso  p a r t ly  

exp lains th e  sm all iso tro p ic  coupling to  th e  n itro g en  nucleus in  

HCN"*.

The p /s  r a t io  o f th e  sp in  d en sity  on th e  carbon atom in  (CN)^ 

i s  ju s t  over two. This would in d ic a te  th a t  th e  bond angle i s  about 

120°. This i s  too sm all fo r  th e  reasons exp la ined  e a r l i e r .  I t  i s  

in  f a c t  la rg e r  than  th e  p /s  r a t io  found in  HCO^^. The high  s -  

ch a rac te r  we suggest i s  due to  a s im ila r  mechanism to  th a t  of p lac in g  

th e  sp in  d en sity  on th e  pro ton  in  HCN*". The e le c tro n e g a tiv ity  of 

carbon i s  s im ila r  to  th a t  o f hydrogen. The e f fe c t  o f p lac in g  sp in  

d en s ity  in to  th e  Ç-jC <>-bond w i l l  a lso  have th e  e f f e c t  o f reducing th e
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magnitude o f th e  p r in c ip a l  values o f th e  a n iso tro p ic  p a r t  o f the

A (^ ^ )  te n so r , and hence decrease th e  p /s  ra tio *  This w i l l  a lso

y ie ld  a n o n -ax ia l te n so r , bu t th e  experim ental e r ro r  in  ob ta in ing  
13th e  th i r d  A( ”̂C) value and th e  sm all a n iso tro p ic  co n trib u tio n  i s  such 

th a t  we have not been ab le  to  d is t in g u is h  t h i s  f e a tu re .

In  a valence bond trea tm en t o f th e  sp in  d e n s ity  d is t r ib u t io n  

in  (CN)^ th e  follow ing resonance s tru c tu re s  a re  considered;

N = C ' :C =  N ^N 5= C — C S N  N ^ C  — C S N ^  N = C :

The *C = N -fragm ent i s  th e  cyanogen r a d ic a l  and one expects a high 

sp in  d en sity  in  th e  carbon s - o r b i ta l  in  t h i s  sp ec ie s . As th e  r a d ic a l  

i s  no t l in e a r  two o th e r s tru c tu re s  a re  p o ss ib le :

N = - - c V c ^ j j  N =  C ^ j, _ N
  »

The m olecular o r b i ta l  trea tm en t i s  s im ila r  to  th a t  fo r  HCN  ̂w ith  

th e  carbon atoms rep lac in g  th e  p ro ton . In  th e  (CN)^ r a d ic a l  th e  

bending i s  le s s  and so th e  coupling to  th e  a  atom w i l l  be sm aller, 

but i t  would s t i l l  be enough to  e x p la in  th e  high s -c h a ra c te r  o f th e  

sp in  d en s ity  on th e  carbon atom.

As w ith  th e  HCN** ra d ic a l  th e  mechanism o f p lac in g  sp in  d en s ity  

on th e  a * a ta n  reduces tho 'stirengbh  of th e  ^  —bond. In  th is  

sense th e  o r b i ta l  con tain ing  th e  unpaired e lec tro n  can be considered as 

antibonding over th e  whole m olecule. The C-C bond w i l l  then  be 

weaker than  in  th e  cyanogen m olecule.
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IV. Comparison of (CN)Z w ith  th e  V ^-centres in  th e  A lk a li H alides 

Both th e  Hal^ and th e  (CN)^ ra d ic a ls  a re  prepared by y - 

I r r a d ia t io n  o f a s u ita b le  a lk a l i  m eta l s a l t .  The ions thonselves 

a re  e le c tro n  d e f ic ie n t ,  and formed by th e  io n isa tio n  o f a n e u tra l  

molecule and an io n . Both species w i l l  decompose i f  an ex tra  

e le c tro n  i s  added to  them, to  fo m  th e  re sp ec tiv e  io n s. There i s  

however th e  p o s s ib i l i ty  of forming a species (CN)^*"and even (CN)^*",

fo r  th e  l a t t e r  i s  iso e le c tro n ic  w ith  th e  (N)j^ ra d ic a l ,  which has
13V 2— 4—been observed in  i r r a d ia te d  az ide  c iy s ta ls .  (N)^" and (CN)^~are

i s o  e le c tro n ic  w ith th e  dimer of NO which has a square p lan ar

environment^, and a square p lan a r environment would exp lain  th e

presence o f fo u r equ ivalen t n itro g en  atoms in  (N)j^,

In  th e  Hal^ species th e  unpaired e le c tro n  i s  in  a 6T -an tibonding

o r b i ta l ,  w hile in  th e  (CN)“  r a d ic a l  i t  i s  in  a -antibonding

o r b i ta l .  This i s  probably why, although th e  Hal^ ra d ic a ls  a re  no t

s ta b le  above about W°K, th e  (CN)^ r a d ic a l  i s  s ta b le  even a t  room

tem perature, and w i l l  form merely by warning c ry s ta ls  con tain ing

Hal^ ra d ic a ls  and CN*" ions above VV°K. I t  should be p o ssib le  to

prepare mixed species  such as CICN"", bu t we have no t observed'/these

species  in  th e  ir r a d ia te d  samples described  above. The CICN"

r a d ic a l  may be th e  in term ed ia te  in  th e  form ation of (CN)^ on warming

c ry s ta ls  con tain ing  Cl^ ra d ic a ls .



Chapter 5

The E ffe c t of R ad iation  on Complex Cyanide Ions 

Incorporated  In to  A lk a li Halide C ry sta ls
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Ccmplex Cyanide Ions 

The purpose o f th is  chap ter i s  to  show how a combination of 

inform ation  from in f ra - re d , e le c tro n ic  and e lec tro n , sp in  resonance 

spectroscopy can be used to  study th e  e f fe c t  of electrom agnetic 

ra d ia tio n  on t r a n s i t io n  m etal complexes inco rpo rated  in to  a lk a l i  

h a lid e  la t t ic e s #  Cyanide complexes a re  id e a l  fo r  t h i s  s tuc^  as 

th ey  have sharp i , r .  bands and they  form low sp in  complexes# Low 

sp in  complexes of Fe(I) and Ru(l) ions have a doublet ground s ta te  

and hence a r e la t iv e ly  simple e . s . r .  spectrum*

I .  The Bonding in  Cyanide Complexes

i .  The Cyanide Ion as a Ligand
126The m.o*s o f th e  cyanide ion can be described  as follow s

KK ( l « ) ^  (2 C )^  (Irt ) ‘ ^  ( 3 < s f

The th re e  ^  - o rb i ta ls  can be regarded as a C—N cs"-bond and lone

p a i r  o r b i ta ls  on carbon and nitrogen# In  cyanide complexes th e
138m etal i s  bonded to  th e  carbon atcan , and th e  lone p a i r  on th e

carbon a c ts  as as a d a tiv e  bond to  th e  m e ta l. The ligandw netal

^  -bonds can be tre a te d  by a lig an d  f ie ld  approach shown in  f ig  5 ; la ,

fo r  an oc tah ed ra l complex. The t^ g -o rb i ta ls  tak e  no p a r t  in  t h i s

c^-bonding, but have th e  co rrec t symmetry fo r  bonding w ith  th e  It—

antibonding o r b i ta ls  on th e  cyanide ion# This overlap w i l l  a f f e c t

th e  energ ies o f th e  o r b i ta l s ,  as shown in  f ig  5 ;lb .  The e* and t«
g <-6

o r b i ta ls  can be considered as co n s is tin g  m ainly o f th e  m etal d -o rb i ta ls  

and so th e  e f f e c t  o f th i s  71 -bonding to  th e  lig an d  i s  to  in c rease  

th e  energy gap A between th e  two s e ts  o f d - o rb i ta l s .  This i s
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p a r t i a l l y  th e  reason why th e se  complexes a re  low spin* This 

d e lo c a liz a tio n  in to  th e  cyanide aqtibonding o r b i ta ls  of th e  e le c tro n s  

frcm th e  m etal enables th e  cyanide ion to  s ta b i l i s e  low o x ida tion  

s ta te s  of th e  m etal y However, s in ce  th e  lig an d  i s  n eg a tiv e ly  

charged i t  i s  not as good an e le c tro n  accep tor as th e  n e u tra l  carbonyl 

molecule* This i s  p o ssib ly  th e  reason wby few zero o x ida tion  s ta te  

cyanide complexes a re  known.

i i .  The E ffe c t o f th e  71-bonding on th e  In fra -re d  Spectrum

The e f fe c t  o f d e lo c a liz a tio n  o f th e  e lec tro n s  in to  th e  'Ji- anti», 

bonding m.o*s of th e  cyanide ion  i s  to  weaken th e  C-N bond and to  

in c rease  th e  s tre n g th  of th e  metal-*carbon bond. This decreases th e  

C-N s tre tc h in g  frequency and in c reases  th e  M-C s tre tc h in g  frequency.

The g rea tes t e f f e c t  i s  expected fo r  th e  lower ox ida tion  s ta t e  complexes. 

Table 5;1 shows th e  fo rce  constan ts fo r  th e  f re e  cyanide ion  and a 
number of complexes. In  a l l  cases th e  C-^ s tre tc h in g  fo rce  constan t 

i s  reduced, th e  e f fe c t  being g re a te s t  w ith  th e  low o x id a tio n  s ta te  

complexes.
Table 5:1

139Force Constants in  Cyanide Complexes

Compound 

KCN

K-Fe(CN)^
K Co(CN)^

K^PeCCN)^
K.Hu(CN)^
Kps(CN)^

O xidation S ta te & -C ^ - N

17.5
I I I 1.73 17.0
in 2.31 16,5

I I 2.43 15.1
U 2.79 15.3
n 3.34 14.9
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II*  Inco rpo ra tion  of th e  Complexes In to  A lk a li H alide C ry sta ls  

1 . Experim ental R esults

The follow ing cyanide complexes were incorporated  in to  potassium  

ch lo rid e  c ry s ta ls  from an aqueous so lu tio n  con tain ing  of th e  

ocmplex! i .  F e (II )(C N )^ , i i .  H u ( I l ) ( œ ) ^ ,  i i i .  F e ( II I ) (C N )^ , 

i v .  C o (IIl)(C N )b . The i . r .  sp e c tra  o f th e  doped h a lid e s , in  th e  

form of p ressed  d iscs  were recorded* The F e (I l)  and Ru(H ) complexes 

in co rp o ra te  very  e a s i ly ,  f ig  5;2 shows th e  i ; r .  spectrum fo r  the  

Fe(II)(C N )^" complex obtained  from a so lu tio n  containg  0 .2  and

0.0002 %  of th e  complex. The only o th e r complex cyanide which 

in co ip o ra te s  e a s i ly  i s  th e  Ag(l)(CN)g ion* The o th e r  conplexes 

in  th e  o x ida tion  s ta te  ( I I I )  were only incorporated  in  very  sm all 

amounts. In  th e  case of F e ( I I I )  (CN)^"" th e  la r g e s t  bands in  th e

1 . r .  spectrum were due to  im purity  F e (H )(C N )^ .

The Fe(Il)(CN)^*" ion concen tra tion  in c rea se s  markedly on 

r e c iy s ta l l i z a t io n . F ig 5;3 shows th e  i . r .  sp ec tra  due to  th e

fe rro u s  ion before  and a f t e r  one r e c ry s ta l l iz a t io n .

The i . r .  abso rp tion  bands fo r  each complex in  a potassium  

ch lo rid e  l a t t i c e  a re  given in  ta b le  5 ;2 , a lso  included a re  th e  

bands obtained  fo r  K^Fe(CN)^ in  a potassium  ch lo rid e  p ressed  d isc .

In  th e  l a t t e r  th e re  a re  bands due both to  th e  s o lid  complex and a lso  

some bands o f th e  ion incorporated  in to  th e  potassium  ch lo ride  

l a t t i c e .
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Table 5:2

In fra -red  Absorptions of Complex Cyanide Ions in  KOI L a ttices

a# The Cyanide Stretching Region 

Fe(II)(CN)^~

KCl/K FeCllKCN) . KCl/FeCllHCN^jî;"

KCl/Ag(l).(CNj;

2110 sh 
2133 w
2111 sh 
2101 s 
2092 m 
2 0 7 2  w
205a w

KCl/Cc(in)CCNX

212715

2119.5

2112.5  
2109

Ru(lI)(CN)

KCl/Ru(Il)(CNl2

4 -
6
4—

2 0 9 2 w 2088 sh 2 0 9 8 . 5 w
2 0 7 8 w 2 0 7 8 sh

2 0 5 7 sh 2 0 5 8 m 2 0 7 2 m
2 0 4 8 8 2 0 4 7 m 2063 m

2 0 4 0 sh 2 0 5 2 sh
2 0 3 4 m 2 0 3 2 8 2 0 4 1 . 5 s
2 0 2 9 m 2 0 2 9 S 2 0 4 5 . 5 8
2 0 1 4 w 2011 w 2 0 2 3 W

2 0 0 4 w 2018 w
1 9 9 0 w 2006 w

KCl/Fe(IIl)(CN)^

2103
2110

h* The Metal-Carbon Stretching  Region (v^)

FejiaiC N l^

577 

585

This Work

Solid S tate,140

Ru(IlKCH)^'

546

550

AH frequencies in  om-1
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11, In co rpora tion  o f th e  Ions in to  th e  L a ttic e

O ctahedral M(CN)^*" ions can be inco rpo rated  in to  an a lk a l i  

h a lid e  . l a t t i c e  e i th e r  in to  an i n t e r s t i t i a l  p o s itio n  o r in  p lace  o f 

one o r more io n s . The i n t e r s t i t i a l  p o s itio n  and th e  replacem ent o f 

one ion would g re a tly  d i s to r t  th e  l a t t i c e  and so th e  most l ik e ly  

method o f in co rp o ra tio n  is  th e  s u b s t i tu t io n  o f an M (H al)^  (o r  HalM^^) 

u n i t .  I f  th e  complex has f iv e  negative  (o r  p o s itiv e )  charges th e re  

w i n  be complete charge balance and th e  ion should be e a s ily  

inco rpo rated  in to  th e  l a t t i c e .  In  th e  case o f th e  Fe(Il)(CN)^"“ ion  

th e re  a re  only fo u r negative charges on th e  ion  and so fo r  complete 

n e u t r a l i ty  in  th e  c ry s ta l  th e  charge d iffe ren ce  has to  be compensated 

fo r  by e i th e r  an im purity  io n , o r  a c a tio n  vacancy. The g re a te r  

th e  d iffe re n c e  in  charge on th e  ion  from f iv e  th e  g re a te r  th e  

d i f f i c u l ty  of in co rp o ra tio n  in to  th e  l a t t i c e .  The d iffe re n c e  in  ease 

of in co rp o ra tio n  o f Fe(II)(CN )^“ and F e (IH )(C N )^  ions may be due in  

p a r t  to  d iffe ren ces  in  s o lu b i l i ty  and s iz e , b u t th e  charge d iffe re n ce  

i s  th e  most l ik e ly  exp lanation  o f th e  strong  a f f in i t y  o f th e  fe rro u s  

ion  fo r  th e  l a t t i c e .

The i . r .  spectrum  of th e  doped h a lid e s  shows th a t  th e  ions have 

been inco rpo rated  s u b s titu tio n a H y , and no t in  c lu s te r s ,  f o r  th e  

spectrum . of th e  ion i s  d if f e re n t  from th a t  in  th e  pure complex 

cyanide. The so lu tio n  grown samples have a d if f e re n t  spectrum  to  

those where th e  complex has been m erely ground iç) w ith  th e  potassium  

ch lo rid e  p r io r  to  p reparing  th e  p ressed  d is c s .  A fte r  th e  normal 

len g th  o f g rind ing  only a broad peak i s  observed, b u t a f t e r  prolonged
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grind ing  o th e r peaks can be observed, which on fu r th e r  g rind ing  a re  

w e ll reso lv ed , and can be recognised  as th e  main doublet in  th e  

“so lu tio n  grown" spectrum*

In  th ese  doping experiments th e  Fe(Il)(C N )^’“ ion  was a common 

im purity* This was removed from so lu tio n  by adding an excess o f 

potassium  ch lo rid e  and c iy s ta l l iz in g  out th e  h a lid e  w ith  th e  im purity . 

I f  th i s  T^s repeated  sev e ra l tim es samples f re e  from th e  fe rro u s  ion  

could be ob tained .

i i i . In f ra - re d  Spectra

In  chap ter 1 (page 2?) th e  i . r .  spectrum of th e  oc tah ed ra l 

M(AB)^ ion was d iscussed . In  a p u re ly  o c tah ed ra l environment only 

one i . r *  peak i s  expected in  th e  cyanide s tre tc h in g  region* In  th e  

s o lid  s ta te ,  however, a nm b er of o th e r bands occur due to  th e  e f f e c t  

o f s i t e  symmetry^^' A number of i . r .  in v e s tig a tio n s  have been

c a rr ie d  out on th e  o c tahed ra l complexes in  th e  s o lid  s ta t e .  G. Bonio 

e t  a l  found a la rg e  number of bands in  th e  2000-2200 cm"^ reg ion  

fo r  th e  anhydrous K^Fe(CN)^ complex (F ig  5;4)* The la rg e  nunber of 

bands were accounted fo r  in  terms o f th e  low s i t e  symmetry in  th e  

s o lid  coirpound*

In  ta b le  5;3 th e  energy of th e  normal modes a re  given fo r  both  

Fe(CN)^“  and Ru(CN)^" In  s o lu t i o n ^ »  . Since ^

have assigned  th e  bands a t  2029 and 2032 an to  V/ noraial modes o f 

th e  o c tah ed ra l complex. The degeneracy o f the , v^ mode having been 

l i f t e d  by th e  s i t e  symmetry.

In  chap ter 1 th e  e f fe c t  o f a neighbouring charge compensating
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vacancy was d iscussed . I f  th e  vacancy i s  along an N-CvIW-JJ 

d ire c tio n  th e  s i t e  symmetry i s  and fo u r CUN s tre tc h in g  bands 

can, in  p rin c ip le , be observed. Fig 5;2 shows th a t  In  th e  case 

o f Fe(II)(CN )^“  in  a potassium  ch lo rid e  l a t t i c e  th e re  a re  a t  l e a s t  

fo u r absorp tion  bands.

Table 5:3

The Frequencies ( in  cm**̂ ) of some of th e  Normal Modes of. V ib ration  

In  so lu tio n  fo r  Fe(II)(CW ')¥‘and Ru(IlK'CR)V‘

Fe(CN)^“

Ru(CN)4 -

^3 ^6 ^7
2096 2063 2044 583 416

2100 2067 2048

Table 5 i k

The In fra -re d  Bands Observed in  I r r a d ia te d  KCIL con ta in ing  Camoleac Ions

Fe(IlHCN')^" C o(in)(C N )?~

2011 m 2010 m 2078 w

1997 w 1998 m 2067 s
1 9 9 2 .5  w 1992  w
1989 m 1985 m 1990  w

1 9 73 .5  m 1971  s 1979 w
1970  w 1938 w 1972  w

1955 m I960 8
1950  sh

1947 s

A fte r  4Bhrs ^ - i r r a d ia t io n  a l l  complexes y ie ld ed  peaks a t  21Ô2 and 

2170  cm*^ ( in  potassium  ch lo rid e  l a t t i c e s ) .
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m .  I r r a d ia t io n  of Complexes Incorporated  in to  A lk a li H alide l a t t i c e s

i .  Experim ental R esults

a .  In fra -re d  Spectra

l*^Fer£Ous_hgxg.cyanide_; I f  a d isc  of a so lu tio n  grown sample of 

potassium  ch lo ride  doped w ith  Fe(CN)^*" i s  ^ - i r r a d ia te d  fo r  one 

minute a new i . r ,  band i s  observed a t  1947 can*”̂ . On fu r th e r  

i r r a d ia t io n  th e  in te n s i ty  of t h i s  band in creases  ra p id ly  and o th e r 

bands appear in  t h i s  reg io n . F ig  5;5 shows th e  e f fe c t  of i r r a d ia t io n  

on a  weakly doped sample, and f ig  5j6 i s  a p lo t  of th e  a reas under 

th e  abso rp tion  bands a t  1947 cm"^ and th e  doublet a t  2030 on^J" 

a g a in s t i r r a d ia t io n  tim e. The new peaks a re  formed a t  th e  expense of 

the  spec ies  causing th e  doublet a t  2030 cm"^ (Fig 5; 5 and 5; 6 ) . A 

f u r th e r  new peak i s  observed a t  550 near th e  m etal-carbon

s tre tc h in g  frequency. F ig  5;7 shows th e  new peaks a f t e r  7 days 

i r r a d ia t io n ,  and f ig  5;8 th e  peaks when th e  sample i s  cooled.

A fte r  a few days i r r a d ia t io n  ano ther peak i s  observed a t  2182 cm""̂  

(F ig  5; 9)» I f  th e  m atrix  i s  potassium  bromide th is  new peak i s  a t  

2170 cm"^. This s h i f t  i s  c h a ra c te r is t ic  o f an is o la te d  cyanate ion 

in  a l k a l i  h a lid e  la t t ic e s ^ * ^ .  The p o s it io n  o f the  ra d ia tio n  

produced i . r .  bands a re  given in  ta b le  5;4*

U ltra -V io le t i r r a d ia t io n  produces s im ila r  peaks a t  1947 cm"*̂  

and above. The r a te  o f growth of th e  bands i s  only s l ig h t ly  le s s  

than  w ith  th e  S  - i r r a d ia t io n  experim ents, a band being observed a f t e r  

only f iv e  minutes i r r a d ia t io n .  However, no band a t  2182 cm ^  develops 

even a f t e r  sev e ra l weeks of i r r a d ia t io n .
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I f fec t  o f  I r r a d i a t i o n  on the  I .R .  S p ec t ra  o f  F e ( I I ) (C N )^

No I r r a d i a t i o n

10 minutes

 ̂ Hours I r r a d i a t i o n

100 Hours I r r a d i a t i o n

2200
 s__
2100

&
2000 1900
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I . R . Spectrum o f  I r r a d i a t i o n  P ro d u c ts  Recorded a t ;
ci a b .  lOCTK

. f;
.

a .  30O°K -------

b ,  100°K .........

!_____

2 000 1 9 8 0 i 9 6 0 1 9 ^ 0 1 9 2 0
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U Spec t rum o f  F e ( I I ) ( C M ) g * i r r a d i a t e d  f o r

CNO

I f
I1 1 X 1

2200 2100 2000 1900
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When a s tro n g ly  ir r a d ia te d  sample which has been therm ally  

bleached in  th e  i . r .  spectrom eter i s  d isso lved  in  w ater a sm all 

q u a n tity  of gas is  given off* I t  has n o t been p o ss ib le  to  analyse 

th e  gas, because o f th e  sm all amount evolved. On evaporation  a t  

room to n p e ra tu re , and c a re fu l p rep a ra tio n  of th e  p ressed  d isc , th e re  

i s  no s ign  o f the  i . r .  bands below 19Ô0 The doublet a t

2030 and a sso c ia ted  peaks in c re a se , bu t th e  cyanate peak a t

2160 cm**̂  i s  much weaker and broader*

£ .._ I^h e i^m Jh ex a  cyanide^: With th e  ruthenium th e  changes in  th e

spectrum on i r r a d ia t io n  a re  s im ila r  to  th e  changes fo r  th e  fe rro u s  

io n . The new peaks a re  given in  ta b le  5j4*

complexes^: The only e f fe c t  of i r r a d ia t io n  on th e  a lk a l i

h a lid e s  doped w ith  Ag(l)(CN)* i s  th e  form ation o f a sm all amount of 

cyanate ion a f t e r  y - i r r a d ia t io n  fo r  sev e ra l days.

The sanples contain ing  Co(IIl)(CN)^"‘ were very  d i lu te  and hence 

th e  i . r .  bands were weak, but on i r r a d ia t io n  two s e r ie s  of peaks 

a re  observed, one aroimd 206? cnT^ appears a f t e r  a sh o rt period  of 

i r r a d ia t io n  and th e  o th e r around I 96O cm*"̂  a f t e r  about te n  hours 

i r r a d ia t io n .

b . E lec tro n ic  Spectra

The e le c tro n ic  sp ec tra  of th e  cyanide complexes incorporated  

in to  potassium  ch lo rid e  l a t t i c e s  a re  th e  same as th e  sp ec tra  o f th e  

pure s o lid  conplex cyanide. On ^ '- i r r a d ia t io n  a fu r th e r  band due 

to  th e  F -cen tre  appears. The d if fu se  re f le c ta n c e  sp ec tra  o f th e  

Fe(CN)^*“ conplex in  potassium  ch lo rid e  a f t e r  one hours 3 ^ -irrad ia tio n
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i s  shown in  f ig  5;10. The broken l in e  i s  of an id e n t ic a l  d isc  of 

pure potassium  ch lo rid e  which had a lso  been ir r a d ia te d  fo r  one hour»

The s i lv e r  cyanide complex darkened on ^ —ir r a d ia t io n ,  probably 

due to  th e  form ation o f s i lv e r  atoms ; th e re  was a lso  a weak F-band 

p re se n t.

The r a te  of b leaching i s  enhanced ty  th e  presence o f th e  complex 

cyanide ions in  th e  c iy s ta l#  I t  i s  p o ss ib le  to  b leach  th e  d iscs  

alm ost com pletely in  about f iv e  m inutes a t  room tem perature w hile 

th e  pure potassium  ch lo rid e  d isc s  tak e  over an hour to  b leach  in  th e  

same co n d itio n s.

c . E lec tron  Spin Resonance Spectra

i*-.^£ri!02is_hexac2;anide_î A fte r  15 m inutes - i r r a d ia t io n ,  o r about 

one hours u l t r a - v io le t  i r r a d ia t io n  th e  X-band e . s . r .  spectrum 

recorded a t  room tem perature shows two d i s t in c t  fe a tu re s  (F ig  5*̂l a ) .

On cooling th e  sample to  77°K th e  low f ie ld  l in e  was reso lved  in to  

th re e .(F ig  5 ; l l b ) .  On fu r th e r  i r r a d ia t io n  o th e r l in e s  appear on 

both  s id es  o f th e  low f ie ld  fe a tu re  (F ig 5)12) * These new l in e s  can 

be a t t r ib u te d  to  a d if f e re n t  spec ies  s ince  th e  r e la t iv e  in te n s i t ie s  

of th ese  s id e  l in e s  and th e  main t r i p l e t  a re  dependent on th e  

i r r a d ia t io n  tim e. Changing th e  l a t t i c e  m erely a l t e r s  th e  g-value 

and th e  re so lu tio n  of th e  low f i e ld  t r i p l e t .

S ingle c ry s ta l  s tu d ies  o f doped potassium  ch lo rid e  and bromide 

and o f sodium ch lo rid e  l a t t i c e s  were completed. A p lo t  o f angular 

dependence o f th e  g-value of th e  l in e s  in  potassium  ch lo rid e , ro ta tin g  

th e  c ry s ta l  about an ax is  perpend icu lar to  th e  100 p lan e , i s  shown in
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R.8 .R .  Spectrum of  F e ( I I )  (CN) *̂" in  KCl L a t t i c e  a f t e r  

1^ Minutes ^ ^ i r r a d i a t i o n

a .  Spectrum Recorded a t  300 K

IJO gauss

g i  = 2 .0 9 5 gyy = 1 -9 9 9

b. Spectrum o f  Low F ie ld  

Recorded a t  77^K.

10 gauss



F e ( I I ) ( C T ) ^ ~  i n  KCl a f t e rE . S . R .  Spec t rum o f

2h Hour's I r r a d i a t i o r Re cor ded  a t  77 K

a .  Low Gain

b.  H i g h e r  Gain
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f ig  5;13* The low f ie ld  t r i p l e t  i s  assigned  to  a p erpend icu lar 

feature*  This could a lso  have been a sc e rta in e d  from th e  powder 

spectrum. The re so lu tio n  of th e  p e rp en d icu la r fe a tu re  i s  l o s t  a f t e r  

only 15^ ro ta tio n  from th e  p erpend icu lar p o s it io n . On ro ta tio n  

th e  l in e  broadens ft*om about 6 gauss a t  th e  p erpend icu lar p o s itio n  

to  11 gauss a t  th e  p a r a l l e l .

The presence of only one t r i p l e t  in  th e  low f ie ld  l in e  was 

unexpected fo r  a complex con tain ing  probably s ix  cyanide lig a n d s , 

and so th e  experiment was repeated  using bo th  sodium and potassium  

cyanide m atrices# A powder spectrum o f th e  potassium  cyanide sample 

and a s in g le  c ry s ta l  study of th e  sodium cyanide showed s im ila r  

fe a tu re s  a t  7 7 ^ ,  bu t th e  p erp en d icu lar fe a tu re  ims no t reso lved  in to  

a t r i p l e t .  This lack  o f re so lu tio n  may be due to  th e  change in  

c ry s ta l  s tru c tu re  on cooling# The e . s . r ;  param eters a re  l i s t e d  in  

ta b le  5;5* Notably th e  value of gj  ̂ in c reases  w ith  l a t t i c e  s iz e ,  

^._I^henijm \_hexacyanide_: The e . s . r .  sp ec tra  o f i r r a d ia te d

potassium  ch lo rid e  c ry s ta ls  con tain ing  Hu(CN)^ a re  s im ila r  to  th e  

fe rro u s  case, except th a t  th e  low f i e ld  t r i p l e t  has a la rg e r  s p l i t t in g  

(Table 5î5)* Again th e re  a re  wing l in e s ,  b u t th ese  do a%>pear to  

form a t  th e  same r a te  as th e  t r i p l e t  and may be due to  coupling to  

^^Ru and ^^^Ru iso to p es , both o f which have a sp in  o f 5/2 and 12#8 

and 17*0 %  abundance respective ly#  Seme of th ese  wing l in e s  have 

a s p l i t t in g  c lose to  th a t  o f th e  main t r i p l e t  (3*6 gauss), b u t as 

overlapping l in e s  a re  to  be expected a value  fo r  th e  ruthenium 

s p l i t t i n g  has no t been ob tained .
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;^*^C^herjCçm£l^es_: The e . s . r .  spectrum of potassium  ch lo rid e

c iy s ta ls  con tain ing  Co(lH)(CN)^"’ con ta in s e ig h t broad l in e s  on g"- 

i r r a d ia t io n ,  bu t th ese  l in e s  have no f in e  s tru c tu re ,

No e . s . r .  s ig n a ls  were observed from th e  samples con tain ing  

th e  Ag(CN)^, d esp ite  th e  p o s s ib i l i ty  of Ag(0) having been formed.

Table 5:5

E.S.R . Parameters fo r  th e  I r r a d ia te d  Ccmnec Cyanides in  Io n ic  Lattldsis

a .  F e ( llK C N )^

M atrix
&

Aj_(gauss)

KCl 2 .0 9 5 0 1 .9 9 9 8 1 .9 5
NaCl 2 .0 7 6 6 2 .0 0 0 0 2 *

KBr 2 .1035 1 .9 9 9 8 2 .0 5

KCN 2.1010 X ++

RbBr 2 .0 9 5 1 1 .9 9 9 7 ++
NaCN 2 .094g X + +

b .  R udlK C N )^" in  notassium  ch lo rid e

« 2 .OÔI5 * X Aĵ  « 3 .6 5  gauss

c . Co(m)(CN)^"‘ in  potassium  ch lo rid e

g = 2.0853 A = 34  gauss (Both probably perpend icu lar
fe a tu re s )

X e obscured by o th e r param agnetic spec ies  
+ « poorly  reso lved
++ * n o t reso lved
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11, D iscussion
a . The In fra -red  and E lectronic Spectra

The new î.ï*. absorption bands which appear, on ir ra d ia tio n , a t  

lower energy than the o rig in a l complexs C..N s tre tch in g  bands are  

a ttr ib u te d  in  a l l  cases to  lower oxidation s ta te  species of the 

t ra n s it io n  m etal complexes fo r  the  following rea so n s :-

1 . The depression  of th e  F-band form ation when th e  m etal complex i s  

incorporated  in to  th e  h a lid e  l a t t i c e  in d ic a te s  th a t  th e  complex i s  

a c tin g  as an e le c tro n  t r a p .

2. Table 5;6 shows the  p o sitio n  of the band fo r  cyanide 

complexes in  which the tra n s it io n  m etal conplex i s  in  an oxidation 

s ta te  of H I  or II .. The lower oxidation s ta te  can be s ta b ilis e d

by de localiza tion  of e lectrons in to  the TC -antibonding o rb i ta l  on the 

cyanide ion. This d e localiza tion  has the  e ffe c t of increasing 

and decreasing v^. From tab le  5;6 i t  can be seen th a t  cyanide 

complexes of oxidation s ta te  I I I  have a main absorption a t  about 

2120 cm"^, and those of oxidation s ta te  I I  an absorption a t  about 

2 0 5 0  an*"^. For oxidation s ta te  I  an even lower energy absorption 

fo r  v^ would be expected.

3 . The e . s . r .  spectrum of the ferrous cyanide sample a f te r  ir ra d ia t io n
n

i s  compatible w ith  a d F e (l)  complex and i s  d iscussed  in  th e  nex t 

s e c tio n .

The value of 1947 fo r  th e  main ab so rp tio n  band in  i r r a d ia te d  

Fe(CN)^“ , which we a t t r ib u te  to  Fe(l)(CN)^*^ i s  th e  low est value 

rep o rted  fo r  an o c tahed ra l complex cyanide v^ (C -N )stre tch . This
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Table 5:6

The C-N S tre tch in g  Frequency fo r  a number o f Cyanides 

Complex

M n(IIl)(C N )|
Mn(H)(CN)^~
Ifa(I)(CN)5“

Fe(IIl)(C K )^“
Fe(II)(CN )^~

%

2125 148
2060 148
2048 148

2125 142
2050 141

[ q2-p- 2120

2043
149
149

2140 150
> 2095 150

low v alu e  must r e f l e c t  th e  in s t a b i l i t y  of th e  complex, fo r  as th e  

ex tra  e lec tro n  has gone in to  an e^ o r b i ta l  which i s  e s s e n t ia l ly  a 

c -a n tib o n d in g  o r b i ta l  ex tensive d e lo c a liz a tio n  v ia  a t^ ^  an tibonding  

mechanism was no t expected. The -an tibond ing  ch a rac te r  o f th e  

e x tra  e lec tro n  i s  re f le c te d  in  th e  low ering o f th e  v^ Fe-C s tr e tc h  

on i r r a d ia t io n  d e sp ite  th e  ex tra  ii-bonding. The spectrum o f th e  

i r r a d ia te d  potassium  ch lo rid e  c iy s ta ls  con tain ing  R u (II)(C N )^  i s  

very  s im ila r , bu t th e re  is  a genera l in c rease  in  th e  energ ies o f a l l  

th e  ab so ip tion  bands, compared w ith  th e  Fe(H)(CN)^*" complex and 

asso c ia ted  ra d ia tio n  p roducts.

There a re  no s ta b le  o c tah ed ra l complexes w ith  more than  7 d— 

electrons#  This may be due p a r t ly  to  th e  ex tra  d -e le c tro n s  weakening 

th e  M-C bond# This s i tu a t io n  favours e i th e r  th e  lo s s  o f two lig an d s  

to  foim a square p la n a r  complex, w ith  th e  ex tra  d -e le c tro n s  in  th e
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d^2 o r b i ta l ,  o r  th e  fo ra a tio n  o f te t r a h e d ra l  complexes# I t  may 

th e re fo re  be s ig n if ic a n t  th a t  we have n o t been ab le  to  p repare  th e  

d Fe(0) o r Ru(0) complexes. F u rth e r i r r a d ia t io n  of th e  F e(I) and 

Ru(I) complexes y ie ld s  th e  apparen tly  Uncoordinated cyanate ions in  

q u ite  la rg e  co n cen tra tio n s.

b. The E lec tron  Spin Resonance Spectra

The e .s * r .  sp ec tra  of th e  i r r a d ia te d  h a lid e s  con ta in ing  th e  

fe rro u s  and ruthenium hexacyanides a re  a l l  very  s tro n g , and hence 

th e  concen tra tion  of th e  ra d ic a ls  must be h igh . The i . r .  sp ec tra  

of th e  ir ra d ia te d  samples a lso  con ta in  s trong  bands, bu t due to  th e  

r e la t iv e  in s e n s i t iv i ty  of th e  i . r .  techn ique , th e  p o s s ib i l i ty  o f 

examining th e  same paramagnetic spec ies  ty  i . r .  and e . s . r .  spectroscopy 

i s  no t u su a lly  considered . In  th i s  case , however, th e  i . r .  bands 

a re  v e iy  narrow, and th e  e . s . r .  spectrum of th e  p o ly c iy s ta ll in e  

m a te r ia l  over I 50 gauss w ide.

The c a lcu la ted  number of param agnetic spec ies  causing th e  e . s . r .  

spectnsn of th e  i r r a d ia te d  fe rro u s  complex in  potassium  ch lo rid e  i s
18of th e  o rder o f 10 • Samples of th e  doped potassium  ch lo rid e

contain ing  le s s  than  O.IS  ̂ of th e  complex gave., peaks s im ila r  to  th e  

weaker s e t  o f  bands in  f ig  5 ;2 . The p ressed  d isc  which i s  of 

comparable w eight to  t h e . e . s . r .  sample contains^ in  th i s  cas^  about
1810 complex io n s . To t e s t  th ese  r e s u l ts  fu r th e r  a param agnetic 

n i t r o s y l  complex (Cr(CN)^NO^“’) was inco rporated  in to  th e  potassium  

ch lo rid e  l a t t i c e .  When th e  concen tra tion  was such th a t  i t  y ie ld ed  

s im ila r  s tren g th  cyanide s tre tc h in g  bands to  those in  f ig  5;2 th e
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e . s . r .  s ig n a l from the  sample was s im ila r  to  th a t  from th e  ir r a d ia te d  

species under d iscu ss io n . I t  would thus seem p o ss ib le  to  observe 

th e  same cyanide coriplex by e . s . r .  and i . r .  spectroscopy.

We thus assig n  th e  e . s . r .  spectrum of th e  ir r a d ia te d  fe rro u s

complex to  a F e(I) complex and in  ruthenium to  H u (l) . The o th er

p o s s ib i l i ty ,  th a t  of a d^ M (IH ) complex i s  ru led  out because th e
7 5g -te n so r fo r  th ese  species i s  c o n s is te n t w ith  a d and no t a d 

complex^^^'
7

In  a pu re ly  o c tah ed ra l d complex th e  unpaired e le c tro n  i s  in  th e  

degenerate e^ o rb i ta ls  (F ig  5 ;l)*  Unless th e re  i s  some d is to r t io n  o f 

th e  complex, which can l i f t  th i s  degeneracy, an e . s . r .  spectrum would 

no t be observed above about 4^K. Since broad s ig n a ls  a re  observed 

a t  room ten p e ra tu re  a considerab le  d is to r t io n  must occur. The 

coupling to  only one n itro g en  atom, observed in  t h e . p e rp en d icu la r 

fe a tu re s  of both th e  Fe and Ru cases, req u ires  a d is to r t io n  th a t  w i l l  

produce one unique cyanide lig a n d . Since th e  t r i p l e t  i s  observed in  

both  th e  iro n  and ruthenium complexes th e re  may be a g en era l method 

o f d is to r t io n  of th e  m olecule.

The g -ten so r of th e  F e(I) complex shows a p o s itiv e  s h i f t  o f about 

0 .0 9  f o r  gj  ̂ and a sm all negative  s h i f t  o f about 0.0025 fo r  .

This i s  s im ila r  to  th a t  fo r  Fe(l)(CN)^NO in  i r r a d ia te d  sodium n i t r o -  

p russide^^^ ' except th a t  A g j ^  i s  la r g e r .  A s im p lif ie d  n .o .

diagram o f an F e (l)  ocmplex considering  only th e  e f fe c ts  of th e  d— 

o rb ita ls  i s  shown in  f ig  5; 14* The e f fe c t  of th e  “Tt-bonding o rb i ta ls  

on th e  cyanide ions i s  n eg lec ted , s in ce  th ese  w i l l  n o t have much e f f e c t
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on th e  energy le v e ls  in  th e se  low ox idation  s ta te  complexes. In

f ig  4; 14 one cyanide ion i s  d i f f e r e n t  from th e  r e s t ,  (CN*) and i s

assimed to  have lower <s'-donating, bu t b e t te r  *n:-accepting p ro p e r tie s

than  th e  normal cyanide ligands*

The e . s . r .  spectrum can be explained s a t i s f a c to r i ly  w ith  th e

e le c tro n  in  th e  d^2 o r b i ta l .  When th e  m agnetic f i e ld  i s  along th e

z-^x is  th e re  a re  no o rb i ta ls  which can mix w ith  th e  d 2 o r b i ta l  whichz
has a^ symmetry (see  product ta b le s  f o r  group in  appendix B).

Thus th e re  w i l l  be very  l i t t l e  s h i f t  in  g^ f ra n  th e  f re e  sp in  v a lu e .

When th e  f i e ld  i s  perpend icu lar to  th e  z -e x is ,  however, th e re  can be

coupling w ith  th e  f i l l e d  e o r b i ta ls  (d , and d ) .  This should ^  xz^ yz
lead  to  a r e la t iv e ly  la rg e  p o s it iv e  s h i f t ,  as i s  observed. The

s h i f t  in  g j ^  i s  g re a te r  than th e  s h i f t  found In  Fe(I)(CN)^NO. IFbls

may in d ic a te  th a t  th e  e f fe c t  o f th e  n -an tibond ing  o r b i ta l s ,  low ering

th e  energ ies of th e  d , d and d o rb i ta ls  by back donation, i sxy ' xz yz '
le s s  in  th e  case considered here th an  fo r  th e  n i t r o s y l ,  where low 

energy j c  -an tibonding  o rb i ta ls  a re  a v a ila b le  on th e  n i t ro s y l  lig a n d .

The lo ss  of re so lu tio n  on going to  th e  p a r a l l e l  p o s it io n  may 

be due both to  reduction  in  th e  coupling to  th e  nucleus causing th e  

perpend icu lar t r i p l e t  and in c rease  in  th e  coupling to  th e  o th e r 

lig an d s in  th e  complex.

P ossib le  models fo r  producing a  unique cyanide lig an d  stem from 

a co n sid e ra tio n  of e i th e r  th e  e f f e c t  of charge compensating vacancies 

o r p ro to n a tio n  of one cyanide io n .

In  th e  c ry s ta l  near th e  Fe(C N )^ ion th e re  must be a ca tio n
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vacancy, a t  one of the  twelve n e a re s t neighbour ca tio n  s i t e s ,  to

compensate fo r  th e  charge on th e  io n . On i r r a d ia t io n  an e le c tro n

produced by io n isa tio n  of a h a lid e  ion  i s  trapped  a t  th e  complex, thus

reducing th e  number of e lec tro n s  a v a ila b le  to  form F -c e n tre s . This

ex tra  e le c tro n  w i l l  go in to  th e  e o r b i ta l s ,  which a re  doubly
153degenerate, and hence a Jah n -T e lle r  d is to r t io n  i s  expected . The

d is to r t io n  can s ta b i l i s e  e i th e r  th e  d 2 o r th e  d 2 2 o r b i ta l  dependingz X -y  ^

on which bonds a re  lengthened o r sho rtened . I f  th e re  i s  a vacancy

along an N-C-M-C-N d ire c tio n  then  th e  conplex can d i s to r t  in to  th e

vacancy. The amount of th e  d is to r t io n  would depend to  seme ex ten t

on th e  l a t t i c e  s iz e  and so th e  gj  ̂ value dependence on l a t t i c e  s iz e

can be explained. Extension of th e  M-C bond in to  th e  vacancy would

s ta b i l i s e  th e  d 2 o r b i ta l  r e la t iv e  to  th e  d 2 2. With th i s  mechanismz X «y
fo r  producing the  d is to r t io n  a marked e f f e c t  i s  expected on co o lin g , 

as in  f a c t  found (F ig The sharpening of th e  e . s . r .  ab so ip tio n

bands i s  much more marked than  in , fo r  example, th e  Fe(I ) (CN) ̂ NO^'^lon 

where th e  d is to r t io n  i s  due to  s u b s t i tu t io n  of a d if f e r e n t  ligand*

The second p o s s ib i l i ty ,  i . e .  p ro to n a tio n , has been p o s tu la te d  

re c en tly  to  exp lain  some r e s u l ts  f o r  n i t r o s y l  com plexes^^. The 

form ation o f HCN~ (Chapter 4) shows th a t  hydrogen atoms a re  p re sen t 

in  i r r a d ia te d  a lk a l i  h a lid e  c ry s ta ls  which have- been grown from 

so lu tio n . The mechanism of a t ta c k  m ight then  involve a t ta c k  o f 

hydrogen atoms on th e  complex w ith  th e  form ation o f th e  Fe(CN)^CNH^** 

complex. To a f i r s t  approxim ation th e  p ro to n a tio n  of th e  lig a n d  w i l l  

no t a f f e c t  th e  TC -system , b u t w i l l  low er th e  donating power o f th e
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cS*—system. The o v e ra ll e f fe c t  o f p ro to n a tio n  w i l l  thus be a

weakening of th e  M-C bond. This bond w i l l  leng then  and so th e  

d^2 o r b i ta l  w i l l  be s ta b i l i s e d ,  and th e  unpaired  e le c tro n  w i l l  be 

form ally  lo c a liz e d  in  a M-C antibonding o r b i ta l .

Both th ese  mechanisms fo r  d is to r t io n  p lace  th e  unpaired e le c tro n  

in  th e  d^2 o r b i ta l ,  and would give an uneven d is t r ib u t io n  between 

th e  M-C bonds in  th e  z -d ire c t io n . This d is t r ib u t io n  i s  such th a t

th e  weaker M-C bond contains th e  g re a te s t  d en s ity  of th e  unpaired 

e le c tro n . The unpaired e le c tro n  i s  thus in  a cfT -orb ital r e la t iv e  

to  th e  cyanide ion along th e  z -a x is  and so th e  n itro g en  coupling 

can be explained by d e lo c a liz a tio n  of th e  unpaired  e le c tro n  in to  

th e  ^ - s y s te m  of th e  cyanide lig an d  by sp in  p o la r is a t io n .

D espite th e  f a c t  th a t  th e  p ro to n a tio n  o f a cyanide lig an d  

expla ins th e  e . s . r ,  sp ec tra  more re a d ily  than  th e  d is to r t io n  

involv ing  a neighbouring vacancy th e  p ro to n a tio n  mechanism would 

appear u n lik e ly  from th is  p re lim inary  in v e s tig a tio n  fo r  a number of 

reasons: -

1 . I t  does no t e a s ily  exp la in  th e  depression  o f th e  F-band form ation.

2 . The comparable ra te s  of red u c tio n  of th e  complex ions by both 

X -  and u l t r a - v io le t  i r r a d ia t io n  are u n lik e ly  fo r  a mechanism

re q u irin g  th e  production of hydrogen atoms.

3# The r a te  of reduction  of th e  conplex i s  f a s t e r  than th e  form ation 

of hydrogen atoms trapped  a t  vacancies in  a lk a l i  h a lid es^^^ .



Chapter 6 

R adiation  Damage in  S o lid  Cyanides
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In  th e  preceding chap ters only th e  sp ec tra  and s tru c tu re  o f th e  

param agnetic species formed on i r r a d ia t io n  of so lid s  con tain ing  s i i ^ l e  

o r complex cyanide ions have been considered. In  th i s  chap ter th e  

e f fe c t  o f i r r a d ia t io n  i s  summarised and p o ss ib le  re a c tio n  schemes fo r  

th e  form ation o f th ese  param agnetic spec ies  d iscussed . F u rth er i . r .  

s tu d ie s  on th e  e f fe c t  of ra d ia tio n  on th e  simple cyanide ion 

inco rpo rated  in to  th e  a lk a l i  h a lid e  l a t t i c e s  have been perform ed.

■ y -irrad ia tio n  o f th e  cyanide ion doped h a lid e s  produces r e la t iv e ly  

la rg e  concen tra tions of th e  cyanate ion, and an attem pt has been made 

to  exp lain  th e  form ation o f th e  cyanate ion as •well as th e  sim ple 

ra d ic a ls  con tain ing  th e  C-N group#

I .  The E ffec t o f R adiation on S o lid  Io n ic  Cyanides

The main paramagne-tic species formed on y - i r r a d ia t io n  of sodium 

cyanide a re  th e  F - and V^- c e n tre s . The sim p lest mechanism fo r  

th e  form ation o f th ese  species i s  th e  io n isa tio n  o f th e  cyanide ion, 

th e  e le c tro n  being trapped a t  a vacancy and th e  cyanide r a d ic a l  

re a c tin g  w ith  a neighbouring cyanide ion to  form th e  (CN)^ ion .

The F -cen tre  band in  sodium cyanide is  very  weak, by comparison 

w ith  th e  s trong  bands produced by i r r a d ia t io n  o f potassium  ch lo rid e  

o r bromide fo r  s im ila r  len g th s  of tim e. The o s c i l l a to r  s tre n g th  i s  

probably s im ila r  fo r  a l l  F -cen tres  and so t h i s  l a /  band in te n s i ty  i s  

alm ost c e r ta in ly  due to  sm aller numbers o f F—cen tres  formed.

There i s  s trong  evidence^^^ th a t  th e  vacancies in  a lk a l i  h a lid es

which a re  ab le  to  tra p  th e  F -e lec tro n  a re  formed by th e  ra d ia t io n .
157The vacancies which a re  p re sen t as thermodynamic d e fec ts  a re  in
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some way unable to  t ra p  th e  e le c tro n . This may be due to  aggregation  

o f v a c a n c ie s ^ .  The a c tu a l mechanism fo r  th e  form ation o f vacancies 

in  a lk a l i  h a lid e s  ty  i r r a d ia t io n  has no t been s e t t le d ,  bu t in  a l l  th e  

proposed th e o r ie s  th e  a f fe c te d  halogen atom o r ion m igrates to  e i th e r  

ano ther l a t t i c e  p o s itio n  o r an i n t e r s t i t i a l  s i t e -  Thus i f  th e  

mechanism fo r  forming F -cen tres  in  sodium cyanide i s  s im ila r  to  th a t  

w ith  th e  a lk a l i  h a lid es  then  th e  cyanide r a d ic a l  must m ig ra te , and i t  

i s  u n lik e ly  to  be as e f f ic ie n t  a t  th i s  as th e  s in g le  atomic halogen 

sp ec ies- I f  th e  cyanide r a d ic a l  i s  near th e  generated  vacancy i t  

w i l l  in h ib i t  th e  trap p in g  o f th e  e le c tro n , to  form th e  F -c en tre , and 

th i s  may be th e  reason fo r  th e  lower concen tra tion  o f F -cen tres  in  

th e  cyanide l a t t i c e .

Seme evidence fo r  th e  ra d ia tio n  production  o f th e  F -cen tre  

vacancies in  sodium cyanide i s  th a t  on y - i r r a d ia t io n  o f a newly 

bleached sample th e  F -cen tre  i s  ra p id ly  reform ed.

The r e la t iv e  ra te s  of F -cen tre  production  a re  a lso  markedly 

dependent on th e  p u r ity  of th e  sample- Exposure to  th e  atmosphere 

in h ib i ts  th e  production o f th e  F -cen tre , as does th e  presence of 

t r a n s i t io n  m eta l im p u ritie s -  I t  would appear th a t  th e  F—cen tre  

form ation in  sodium cyanide i s  much more s e n s i t iv e  to  im p u ritie s  

than  th e  form ation of th ese  cen tres  in  th e  a lk a l i  h a lid e s .
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H *  The E ffec t o f R adiation on Simple Cyanide Ions in  A lk a li H alides

i .  In fra -re d  Study of th e  E ffec t o f ^ - i r r a d ia t io n  on Cvanlde Jo n s

a .  Experim ental R esults

The a lk a l i  h a lid es  were doped w ith  cyanide ions from aqueous 

so lu tio n  s im ila r  to  th e  samples used fo r  th e  work rep o rted  in  chap ter 

4# Samples ob tained  by a S tockbarger procedure contained s trong  

cyanate i . r .  bands, d esp ite  s tr in g e n t p recau tions to  p reven t th e  

form ation o f t h i s  io n . The samples grown frcan so lu tio n  contained 

very  l i t t l e  cyanate im p u rity . In  f a c t  as th e  i . r .  bands were very  

broad (F ig 6 ; l )  most of th e  cyanate d id  no t appear to  be inco rpo ra ted  

in to  th e  l a t t i c e .

On 2T-irradiation  fo r  one hour a peak appears in  th e  i . r .  spectrum 

a t  2162 cm"^, and on fu r th e r  i r r a d ia t io n  o th e r peaks a t  1947 and 1920 

cm’"^ a re  observed. Extended i r r a d ia t io n  in creases  th e  in te n s i ty  of 

th e  absorp tion  band a t  2182 cm“^ and o th e r peaks can a lso  be observed 

a t  2171 and 2156 cm“^(Fig  6 ;2 ) .  The peak a t  2156 cm"^ i s  n o t always 

p re sen t, and so i s  due to  a d if f e re n t  species from th a t  causing th e  

o th e r peaks. In  s im ila r ly  doped potassium  bromide only two peaks 

can be observed, a strong  one a t  2170 cm*"̂  and a weaker one a t  2159 cm’*̂ - 

U ltra -v io le t  i r r a d ia t io n  has only a minor e f fe c t  on th e  i . r .  

spectrum, bu t in  potassium  ch lo ride  m atrices  peaks can be observed a t  

2182, 2170 and 2156 cm*“̂ . These peaks a re  never very  s tro n g  even 

a f t e r  ex tensive  i r r a d ia t io n  and hence th e  u l t r a - v io le t  i r r a d ia t io n  

may only a f f e c t  th e  su rface  of th e  samples.

I f  the  u n irra d ia te d  d isc s  of th e  doped h a lid e  i s  h ea ted , a  broad



F ig .  6;1 185

E f f e c t  o f   ̂ h ou rs y - I r r a d ia t io n  on I .R .  Spectrum  o f

KCl C r y s ta ls  Doped w ith  Cyanide Ion s

•t

a . No ir r a d ;

b . ? h r s  ir r a d

I I1 i
2200 2100 2 000 1900



186

I . R .  Snectrum  o f  CNO Io n  Formed by ÿ - i r r a d i a L i o n  o f  
Cvanlde  Doned KCl and KBr
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-1b u t weak abso rp tion  peak a t  about 2175 cm’* i s  produced.

Table 6:1

In fra - re d  A bsorption Bands Observed in  I r ra d ia te d  Alkali. H alides
Doped w ith  cyanide

L a ttic e (000) to  (001)° (010) to  (011)° (Other)

KCl a . 2182 2171 2156
b* 2181.2 2 1 7 0 .7

KBr a# 2170 2159
b* 2169.6 2 1 5 8 .6

a .  This Work* b . Maki and Decius (146) c . (v^, v^)

b . D iscussion

The peaks which a re  formed a t  2182 and 2171 cm"^ in  th e  potassium  

ch lo rid e  l a t t i c e  a re  caused by th e  cyanate io n . These values agree 

w e ll  w ith  th e  values quoted by M aki^^(T able 6 ; l )  f o r  th i s  ion in  

potassium  ch lo rid e , and th e  s h i f t  in  th e  abso rp tio n  on going to  the

potassium  bromide l a t t i c e  i s  c h a ra c te r is t ic  f o r  th i s  ion- On cooling 

th e  sample th e  band a t  2171 cm**̂  (2159 cm*“̂  in  KBr) i s  reduced in  

in te n s i ty  and disappears a t  about 100°K. We thus follow  M ak i^^

in  assign ing  th i s  to  th e  (0 , 1 , 0) to  (0 , 1 , l )  t r a n s i t io n ,  and th o  peak 

a t  2182 cm"^ to  th e  fundamental v^ ta n s i t io n ,  (0 , 0 , O) to  (0 , 0, l)#

The peak a t  1947 cm^^is due to  im purity  Fe(GN)^** ion and th e
—1 —1unassigned peaks a t  2157 cm and 1920 cm may be due to  o th er

im purities*
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i l .  The E ffe c t of R adiation on A lkali H alides Containing Cyanide Ions 

At l e a s t  th re e  param agnetic species  have been id e n t i f ie d  from 

t h e i r  e . s . r .  spectrum in  i r r a d ia te d  potassium  ch lo rid e  doped w ith  

cyanide io n s . These a re  th e  cyanogen negative  ion  (CN)", th e  

hydrogen cyanide negative  ion  HC f̂" and th e  methylene imino r a d ic a l  

HgCN. The i . r .  spectrum of th e  i r r a d ia te d  cyanide doped h a lid e  shows 

th a t  la rg e  amounts of cyanate ions a re  foimed. The i . r .  spectrum  

a lso  shows th a t  th e  so lu tio n  grown samples con tain  la rg e  amounts of 

w ater and hydroxide io n s . We now examine p o ssib le  schemes fo r  th e  

form ation of th e  above ra d ic a ls  and fo r  th e  cyanate io n . 

a* The F om ation  of th e  Cyanogen Negative Ion (CN)T

There a re  two p o ssib le  methods o f forming th e  (CN)^ ion in  a lk a l i  

h a lid e s . The f i r s t  i s  id e n t ic a l  w ith  th a t  p rev io u sly  described  fo r  

th e  form ation of th e  ion in  pure a lk a l i  cyanides. The o th e r i s  v ia  a 

Cl^ in te m e d ia te .  The Cl“  r a d ic a l  i s  observed in  th e  low ten p e ra tu re  

i r r a d ia te d  samples. On warning th e  sample, th e  Cl^ r a d ic a l  decomposes, 

th e  e le c tro n  ho le  becoming m obile, and is  u ltim a te ly  trapped  a t  s i t e s  

con ta in ing  cyanide io n s . No e . s . r .  s ig n a ls  which can be assigned  to  

CN. ra d ic a ls  o r  to  ra d ic a ls  such as CICDT" have been observed. These 

spec ies  m ight be expected from cyanogen ra d ic a ls  which do n o t have a 

cyanide ion neighbour. S ince, however, each anion has tw elve n e a re s t 

neighbour anions th e re  i s  a strong  p ro b a b ility  th a t  th e  cyanide ra d ic a l  

w i l l  be ad jacen t to  another cyanide ion (F ig  4 ;2  page 138).

The r a te  a t  which th e  (CN)^ is  formed in  potassium  ch lo rid e  i s  

comparable w ith  th e  r a te  in  th e  pure cyanides, and hence a Cl^ o r C l.
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in te rm ed ia te  i s  l ik e ly  even w ith  th e  i r r a d ia t io n  a t  rocm tcc^ c ra tu re*

The h a lid e  l a t t i c e  has thus enhanced th e  form ation of t h i s  e le c tro n

d e f ic ie n t  sp ec ie s .

The low tem perature experiment i s  u se fu l in  a l l  s tu d ie s  o f t h i s

k ind , fo r  i f  th e  s ig n a l due to  a c e r ta in  species i s  enhanced on

warming e.g.. f ig  4 ; 19 (page I 30 ) then  th i s  i s  in d ic a tiv e  o f an

e le c tro n  ho le  c e n tre . I r r a d ia t io n  a t  room tem perature w i l l

produce e i th e r  an e le c tro n  d e f ic ie n t  o r an e le c tro n  excess ce n tre

depending on th e  r e la t iv e  depths of th e  e le c tro n  tra p s  in  th e  c r y s ta l .

b . The F om ation  o f th e  HCN*** and H_CN Radicals

Gam m a-irradiation of potassium  ch lo rid e  c ry s ta ls  grown from

so lu tio n  o r doped w ith  ions y ie ld s  on i r r a d ia t io n  trapped  hydrogen 
155atoms ♦ The lydrogen atoms can be trapped  by a qy^J^ide ion  to  form 

HON"" r a d ic a l .  The n e u tra l  lydrogen atoms a re  sm all enough to  be 

ab le  to  m igrate  through th e  c ry s ta l  u n t i l  they  a re  trap p ed . The 

HCN*" ra d ic a ls  form ra p id ly , but i t  i s  im possible to  b u ild  up la rg e  

co n cen tra tio n s. The optimum ir r a d ia t io n  tim e i s  approxim ately 

tw enty m inutes under our co n d itio n s . The r a d ic a l  decomposes f a i r l y  

q u ick ly , but th e  decomposition i s  minimised i f  th e  sairple I s  kep t in  

th e  dark , o r cooled to  77°K. This may in d ic a te  th a t  th a t  th e  

decomposition i s  re la te d  to  th e  bleaching of th e  F—c en tre s , which 

a re  a lso  formed on i r r a d ia t io n .

The th i r d  r a d ic a l  formed in  cyanide doped potassium  ch lo rid e  i s  

HgCN. This i s  much more s ta b le  than  th e  HCN"" ra d ic a l ,  and th e  

concen tra tion  Increases w ith  i r r a d ia t io n  tim e. The Ĥ CN r a d ic a l
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has a lso  been prepared by photolysing a m ixture of HI and HCN in  an
n  p

argon m atrix  . Thus i t  i s  p o ss ib le  to  p repare  H^CN by hydrogen 

atom a tta c k  on HCN. I t  i s  u n lik e ly  th a t  th e re  Is much HCN in  our 

samples i n i t i a l l y ,  b u t t h i s  may be a p roduct o f th e  decomposition of 

HCN". A p o ss ib le  scheme fo r  th e  form ation of HCN*" and Ĥ CN i s  given 

in  f ig  6 ;3 .

P ossib le  Schemes f o r  th e  Formation of HCN" and Ĥ CN  =       2 —

HOH — ^ ------> H. + .OH

OH" —   > H. + .0 "

OH" —   ■> HO. + e

H. + CN"  > HCN"

HCN"  > HCN + e

H. + HCN -----------? Ĥ CN

c .  The Formation of th e  Cyanate Ions

S ig n if ic a n tly  la rg e r  concen tra tions o f cyanate ions a re  formed on 

i r r a d ia t io n  of th e  cya-i^ide doped h a lid e s  compared w ith  th e  param agnetic 

spec ies  d iscussed  above. Indeed th e  cyanate ion  i s  th e  m ajor p roduct 

o f 5“- i r r a d ia t io n  of cyanide ion in  a l k a l i  h a lid e  l a t t i c e s .  I t  i s  

u n fo rtu n a te  th a t  th e  only samples which a re  i n i t i a l l y  f re e  from 

cyanate ions a re  those  grown from aqueous s o lu tio n . I t  i s  thus n o t 

p o ss ib le  to  o b ta in  samples f re e  from w ater o r OH" ions and con ta in ing  

no cyanate io n s . The ra d ia tio n  products o f w ater o r hydroxide ions 

p o s tu la ted  in  f ig  6; 3 fo r  th e  form ation o f HCN" and Ĥ CN ra d ic a ls  are
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thus a lso  p re sen t in  th e  l a t t i c e  a f t e r  i r r a d ia t io n  and can be 

p o s tu la te d  fo r  th e  ox idation  o f th e  cyanide ion- Two p o ssib le  

oxidants a re  th e  hydroxyl r a d ic a l  and th e  oxygen negative  ion:

CN" + .OH.— -> HOCN" — ) OCN" + H.

CN" + -0" — OCrf" — > OCN" + e

The in a b i l i ty  of u l t r a - v io le t  i r r a d ia t io n  to  produce la rg e  

q u a n ti t ie s  of th e  cyanate ion may be due to  on ly  th e  su rface  la y e rs  

rece iv in g  la rg e  enough q u a n ti t ie s  of r a d ia tio n  to  foim ap preciab le  

amounts of th e  ox idan t. In  th e  case o f HCN", which could be formed 

by u l t r a - v io le t  ir ra d ia tio r^  th e  re a c tiv e  spec ies  was th e  n e u tra l  

hydrogen atom which can e a s i ly  m igrate  through th e  c iy s ta l .  Charged 

species w i l l  no t be ab le  to  m igrate  as e a s i ly  and so i f  formed near 

th e  su rface  they  ‘w i l l  no t be ab le  to  r e a c t  w ith  cyanide ions in  the  

body of th e  c ry s ta l .

CONCLUSION

This to p ic  has proved a f r u i t f u l  f i e ld  of study, w ith  regard  to

both  th e  e f fe c t  o f ra d ia tio n  on io n ic  c ry s ta ls  con tain ing  simple and

complex cyanide ions, and th e  new param agnetic species observed.
ISF u rth er work w ith  pure a lk a l i  cyanide c ry s ta ls  and w ith  C is o to p ic a l ly  

enriched  complex and simple cyanide ions w i l l  no doubt lead  to  

re so lu tio n  o f some of th e  unsolved problems in  t h i s  work*
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Character Tables

E 2C ^

h I " 1 1 z x^+y^, z^

^2

^2

I -
TT
A

1
2
2

1 
2cos 
2cos 2 /

• • *
-1
0

C.

R

X  -y  , xy
2 2cos 3/ 0

Ai2

^4v E 0% 2<3y ^̂ d
4 1 1 1 1 1 z x^+y^, z^

4 1 1 1  - 1 - 1

1 - 1 1  1 -1

"2 1 - 1 1  -1 1

E 2 0 -2 0 0 X, y,* Rjc, ^y; xz , yz.

s
"h E 8C^ 6Cg 6C

i ^ A '’ ‘ 6S4 GS6

Ig
^2g

E

Ig
■2g
^lu
'2u

Eu
lu

'2u

1
1
2

3
3
1

1
2

3
3

1
1

-1
0

0

1

1

-1

0

0

1

-1
0

-1
1
1

-1
0

-1

1

1
-1
0

1
-1

1
-1

0
1

-1

1
1
2

-1
-1
1
1
2

-1

-1

1
1
2

3
3

1
-1

0

1
-1

1
1

—1

1
1
2

-1 -1 
-1 1 
-2  0 

-3  -a
-3  1

0 -1
0 -1

-1 -1
-1 -1
1 -2
0 1
0 1

1
-1
0

-1
1

-1
1
0

1
-1

x^+y^+z^

2z^-x^-y f x^-y^

^y> \
x z , yz , xy

X, y , z
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Aupendix: B 
Product Tables

4  4 ®2
£

4 4 ^2 ®1 ®2 E

4 A2 ®2 E

®2 4 4 E

®2 ^2 4 4 E

E E E E E V ^ 2

^ 2 . 4 ^2 «2

4 4 ®2

4 4 4 ®2

^2 ^2

®2 ®2 ®1 4 4
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