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ABSTRACT.

The th e o ry  o f  s o lv a t e d  e l e c t r o n s  i s  t r a c e d  from i t s  e a r l y  

o r i g i n s .  The s u c c e s s e s  and l i m i t a t i o n s  o f  th e s e  t r e a tm e n t s  a re  

d i s c u s s e d .  An a l t e r n a t i v e  v ie w p o in t ,  which c o n s id e r s  th e  l o c a l  

i n t e r a c t i o n s  betw een th e  s u r p lu s  e l e c t r o n  and th e  m o lecu les  in  i t s  

im mediate en v ironm en t,  i s  deve lo p ed .  D im eric and t e t r a m e r i c  models 

f o r  th e  ex ce ss  e l e c t r o n  in  w a te r  and ammonia a re  p roposed  and 

i n v e s t i g a t e d  by way o f  s e m i-e m p ir ic a l  m o lecu la r  o r b i t a l  t h e o ry .

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

spec trum  o f  th e  e l e c t r o n  in  w a te r ,  ammonia and ammonia-water 

m ix tu re s  a re  in  f a i r  agreem ent w ith  e x p e r im e n ta l  o b s e r v a t io n s .  

V a r i a t i o n s  in  peak p o s i t i o n  w ith  p r e s s u re  and te m p e ra tu re  a re  in  

acco rd  w ith  e x p e r im e n t .

D i l a t i o n  measurements a re  su g g e s te d  to  be b e t t e r  accomodated 

by a l a t t i c e  ex p an s io n  th a n  by c a v i t y  fo rm a t io n .

A ccounts o f  some o f  t h i s  work have been p u b l i s h e d  in  

B e r .  B unsenges. phys . Chem., 15 t  626 ( l9 7 l ) »  R a d ia t io n  Reviews,

( i n  p r e s s )  and J .  Phys. Chem., ( i n  p r e s s ) .
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r . . .  e l e c t r o n s  a re  th 6  atoms o f  th e  ch em ica l e lem ent 

e l e c t r i c i t y . . . r T h is  h y p o th e s i s  was in t ro d u c e d  by S i r ’ W illiam  Ramsey 

in  1908 in  o rd e r  t c  r e p r e s e n t  some chem ica l phenomena. S ince  th e  

p r e v io u s  y e a r ,  when Kraus in t im a te d  t h a t  s o l u t i o n s  o f  a l k a l i  m e ta ls  

in  ammonia c o n ta in  th e  s o lv a t e d  e l e c t r o n ,  th e  su b seq u en t d i s c o v e r i e s  

by r e s e a r c h  in  t h i s  f i e l d  can perhaps  be c o n s id e re d  to  s t re n g th e n !  

Ramsay’s h y p o th e s i s .
Many o f  th e  phenomena e x h i b i t e d  by th e  s u r p lu s  e l e c t r o n  

in  a  l i q u i d  a r e  in d eed  ana logous  to  th o s e  o f  an e le m e n t ,  o r  a t  

l e a s t ,  a  un ique  chem ica l e n t i t y .  For example th e  e l e c t r o n  d i s p l a y s  

a  t y p i c a l  o p t i c a l  a b s o r p t io n  band shape and th e  p r o p e r t i e s  o f  a  

w e l l  d e f in e d  n u c l e o p h i l e . ^  Even more i n t e r e s t i n g  a r e  th e  o b s e r v a t io n s  

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

peak p o s i t i o n  v a ry  c o n s id e r a b ly  over  a  ran g e  o f  s o l v e n t s .

The p r o p e r t i e s  o f  s o lv a t e d  e l e c t r o n s  have been  th e  fo cu s  

o f  c o n c e n t r a t e d  i n v e s t i g a t i o n  f o r  some JO y e a r s ,  l e a d in g  to  th e  

d e t e c t i o n  o f  th e  h y d ra te d  e l e c t r o n  in  1962. That th e  e l e c t r o n  i s  

now known to  e x h i b i t  many c h a r a c t e r i s t i c  p r o p e r t i e s  i n  l i q u i d s  

and s o l i d s  i s  c u r r e n t l y  a  m a t te r  o f  g r e a t  t h e o r e t i c a l  and 

e x p e r im e n ta l  i n t e r e s t . ^  I n  c o n ju n c t io n  w i th  th e  o b s e r v a t io n  o f  

new m a n i f e s t a t i o n s  o f  th e  e l e c t r o n ’ s p re s c e n c e ,  th e  t h e o r e t i c a l  

s t u d i e s  have advanced  to  a  f a i r l y  s o p h i s t i c a t e d  l e v e l ,  b u t  many 

gaps in  ou r  u n d e r s ta n d in g  s t i l l  e x i s t .

I t  i s  u n f o r tu n a t e  t h a t  th e  l a c k  o f  in fo rm a t io n  c o n c e rn in g  

th e  l i q u i d  s t a t e  d i c t a t e s  t h a t  th e s e  t h e o r e t i c a l  t r e a tm e n t s  be 

b ased  on mddel s t r u c t u r e s  f o r  th e  s o lv a t e d  e l e c t r o n .  In  t h i s  l i g h t ,  a 

comment made by S toney  may be c o n s id e re d  to  be a p p o s i t e  -  * A th e o ry  

means a  s u p p o s i t i o n  which we hope to  be t r u e . . . *

Any a t te m p t  to  accoun t f o r  a l l  th e  p r o p e r t i e s  o f  th e  

s u r p lu s  e l e c t r o n  w i th in  one model ap p ea rs  t o  be a  f u t i l e  e x e r c i s e *

For exam ple, metal-ammonia s o l u t i o n s  e x h i b i t  c a t i o n - e l e c t r o n  and 

e l e c t r o n - e l e c t r o n  i n t e r a c t i o n s  and a  t r a n s i t i o n  to  m e t a l l i c  

b e h a v io u r  a s  th e  a l k a l i  m e ta l c o n c e n t ra t io n ,  i s  i n c r e a s e d .  By c h o ic e ,  

we a r e  co nce rned  w ith  th e  p r o p e r t i e s  o f  low c o n c e n t r a t i o n s  o f  

t r a p p e d  e l e c t r o n s  in  ammonia and w a te r ,  where th e  i n t e r a c t i o n s  w i th  

o th e r  s p e c ie s  p r e s e n t  in  th e  l i q u i d  may be ig n o re d .

W ith in  t h i s  c o n c e n t r a t i o n  r a n g e ,  a  s e l e c t i o n  from th e  

m a n ifo ld  phenomena observed  f o r  ex ce ss  e l e c t r o n s  has  r e c e n t l y  been



ad v o ca ted  to  be o f  prime i m p o r t a n c e A  s a t i s f a c t o r y  th e o ry  sh o u ld  

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

p r o p e r t i e s .

The f i v e  o b s e r v a t io n s  so chosen  a r e  conce rned  w ith  th e  

p r im ary  p r o c e s s ,  d i l a t i o n  phenomena, a b s o r p t io n  s p e c t r a ,  induced  

e l e c t r o n  m ig r a t io n  and e l e c t r o n  s p in  re so n an ce  s p e c t r a .  These 

f i v e  a r e a s  p ro v id e  a  n a t u r a l  pathway f o r  th e  developm ent o f  th e  

th e o ry  o f  s o lv a t e d  e l e c t r o n s .  At one extrem e th e  important? p r o c e s s e s  

o c c u r in g - d u r in g  s t a b i l i s a t i o n  a r e  so u g h t ,  w h i l s t  a t  th e  o t h e r ,  th e  

i n t im a te  i n t e r a c t i o n s  o f  th e  l o c a l i s e d  e l e c t r o n s  w ith  th e  s u r ro u n d in g  

medium n u c l e i  r e q u i r e  some c o n s i d e r a t i o n .  This  v ie w p o in t  l e a d s  th e  

t h e o ry  in  a  d i r e c t i o n  which em phasises  th e  dynamic n a tu r e  o f  th e  • 

s o lv a t e d  e l e c t r o n .

The main f e a t u r e s  o f  th e s e  f i v e  o b s e r v a t io n s  a r e  h e re  

in t r o d u c e d ,  and a r e  d i s c u s s e d  in  g r e a t e r  d e t a i l  where a p p r o p r i a t e  

in  C hap te r  4*
L i t t l e  i s  u n d e rs to o d  c o n c e rn in g  th e  p ro c e s s  o c c u r in g  in

th e  l i q u i d  p r i o r  t o  s o l v a t i o n  o f  th e  e l e c t r o n .  S u b -e x c i t a t io n :  !

e l e c t r o n s  a r e  c o n s id e re d  t o  i e a c h  th e rm a l  e n e r g i e s  in  a  tim e o f  
-13  5th e  o rd e r  o f  10 s e c .  Whether th e  e l e c t r o n s  which escape  

gem inate  re c o m b in a t io n  th e n  form t h e i r  own t r a p p i n g  p o t e n t i a l  by 

p o l a r i s a t i o n  or* f i n d  some d e f e c t  s i t e s  i n  th e  l i q u i d  and by 

m o le c u la r  r e o r i e n t a t i o n  form a  d ee p e r  w e ll  i s  s t i l l  t o  be 

a s c e r t a i n e d .  C e r t a i n l y ,  th e  measurements o f  th e  f r e e - i o n - p a i r  y i e l d  

by Freeman and Fadyah, which were shown t o  e x h i b i t  some c o r r e l a t i o n  

w i th  th e  d i e l e c t r i c  c o n s ta n t  o f  th e  s o l v e n t , ^  su g g e s t  t h a t  

s o l v a t i o n  t a k e s  p la c e  a t  a  tim e com parable w i th  th e  d i e l e c t r i c  

r e l a x a t i o n  t im e ,  t •
7The th e o ry  o f  Mozumder h o ld s  t h a t  s u b s t a n t i a l  n e u t r a l i s a t i o n  

o c c u rs  in  th e  t im e  0 — t  , i f  th e  d i s t a n c e  o f  th e  e l e c t r o n  from th e  

p a r e n t  io n  i s  l e s s  th a n  th e  d i s t a n c e  a c h iev ed  on t h e r m a l i s a t i o n .  To 

e s t im a te  t h i s  th e rm a l  l e n g th ,  th e  t h e o r e t i c a l  and th e  observed  

e l e c t r o n  escap e  p r o b a b i l i t i e s ,  a s s e s s e d  by th e  r a t i o  o f  th e  f r e e  

io n  y i e l d  t o  th e  t o t a l  i o n i s a t i o n  y i e l d ,  a r e  e q u a te d .  In  w a te r ,  

where th e  e scap e  p r o b a b i l i t y  i s  a p p ro x im a te ly  0.5» th e  th e rm a l  

l e n g th  in c r e a s e s  from 27? (296°K) to  35X (273°K) as  th e  r e l a x a t i o n  

tim e  i n c r e a s e s .  In  g e n e r a l ,  e x c e p t in g  i c e ,  a  s m a l le r  r e l a x a t i o n  

tim e d e c r e a s e s  th e  th e rm a l  l e n g t h .  When m u l t ip l e  r e l a x a t i o n  p r o c e s s e s
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can o c c u r ,  f o r  example in  th e  a l c o h o l s ,  a  v a r i e t y  o f  th e rm a l  l e n g th s

may be o b ta in e d ,  s u g g e s t in g  t h a t  th e  im p o r ta n t  mode o f  r e l a x a t i o n

l e a d in g  t o  s t a b i l i s a t i o n  must be de te rm ined#^  I t  i s  a l s o  t o  be

r e c o g n i s e d  t h a t  m ic ro sco p ic  r e l a x a t i o n  t im es  may be ex p ec ted  to

d i f f e r  from th e  m acroscop ic  v a lu e s ,  th e re b y  l i m i t i n g  th e  u t i l i t y

o f  Mozumder*s approach#

Once th e  t r a p p e d  e l e c t r o n  i s  e s t a b l i s h e d ,  o th e r  im p o r ta n t

p r o p e r t i e s  a r e  e x h ib i te d #  From th e  e f f e c t s  o f  p r e s s u re  on th e
8e q u i l ib r iu m  c o n s ta n t  o f  th e  r e a c t i o n ,

NH“  + K a NH, + e “ , ,2 2 3 s o lv  1

th e  volume inc rem en t a s s o c i a t e d  w ith  th e  ammoniated e l e c t r o n  i s  

a s s e s s e d  to  be 8 4 ± 1 5  ml/mole a t  240°K# D i r e c t  o b s e rv a t io n  o f  t h i s  

d i l a t i o n  on s o l u t i o n  o f  a l k a l i  m e ta ls  in  ammonia le a d  to  s i m i l a r  

v a lu e s  o f  ~  64  m l/m o le ,^  86#1 ml/mole ^  and 103#6 m l / m o l e . ^  These 

e x p a n s io n s  c o r re sp o n d  to  th e  fo rm a t io n  o f  a  s p h e r i c a l  v o id  w i th  a 

r a d i u s  o f  th e  o rd e r  o f  3^# That th e  volume re q u ire m e n ts  o f  th e  

e l e c t r o n  v a ry  w i th  s o lv e n t  i s  d em o n s tra ted  by measurements on 

the  h y d ra te d  e l e c t r o n  which p la c e  th e  volume inc rem en t a t  

< 20 m l/m ole"^ and more r e c e n t l y  1 — 6 m l /m o le # ^

Whether c a v i t i e s  a r e  formed in  th e  l i q u i d  o r  th e  d e n s i t y  

f a l l s  in  th e  r e g io n  o f  th e  l o c a l i s e d  e l e c t r o n ,  o r  b o th ,  i s  y e t  to  

be a s c e r t a in e d #
The o p t i c a l  a b s o r p t io n  spectrum  o f  th e  s o lv a t e d  e l e c t r o n  

in  g e n e ra l  c o n s i s t s  o f  a broad  f e a t u r e l e s s  band w ith  a h ig h  

en e rg y  * t a i l ' #  In  on ly  one i n s t a n c e ,  f o r  t r a p p e d  e l e c t r o n s  in  

d e u t e r a t e d  m ethyl cyan ide  c r y s t a l s ,  has  any v i b r a t i o n a l  c o u p l in g  
w ith  th e  medium m otion been d e t e c te d  in  th e  band#^^ P u lse  r a d i o l y s i s  

o f  w a te r  shows t h a t  th e  o p t i c a l  a b s o rp t io n  band o f  th e  h y d ra te d
15e l e c t r o n  i s  f u l l y  e s t a b l i s h e d  in  a tim e l e s s  th a n  10 p ic o se c o n d s ,

w h ile  in  some a lc o h o l  g l a s s e s  a t  77°K th e  spectrum  forms and moves
16to  th e  b lu e  on th e  m icrsecond  tim e sc a le #

I n c r e a s e s  in  te m p e ra tu re  and p re s s u re  s h i f t  th e  peak

p o s i t i o n  to  low er and h ig h e r  e n e r g i e s  r e s p e c t iv e l y *  The bandw idth
17i s  l e s s  s u s c e p t i b l e  t o  te m p e ra tu re  v a r i a t i o n s #

The e x c i t e d  s t a t e  o f  th e  s u r p lu s  e l e c t r o n  in  w a te r  a p p ea rs  

to  have a  l i f e t i m e  o f  l e s s  th a n  6 p ic o sec o n d s  and th e  view i s  e x p re s se d  

t h a t  th e  a b s o r p t io n  band may be b e t t e r  i n t e r p r e t e d  as e. p h o t o i o n i s a t i o n  

e f f i c i e n c y  p r o f i l e # ^ -0’
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While th e  e x c i t e d  s t a t e  in  ic e  has been d em o n s tra ted  t o  be
19bound, t h i s  does n o t  appear to  be th e  ca s °  in  Y -  i r r a d i a t e d  a l k a l i n e  

g l a s s e s .

At 77°K th e  a b s o rp t io n  maximum o f  th e  e l e c t r o n  in  a l k a l i n e  
20g l a s s  l i e s  a t  590*im. P h o to b le ach in g  by l i g h t  o f  s h o r t e r

w ave leng ths  th a n  590 nm moves th e  peak p o s i t i o n  to  th e  r e d .  With

l i g h t  o f  w ave leng th  700 nm, th e  spectrum  moves t o  th e  b lue* These

o b s e r v a t io n s  may be i n t e r p r e t e d  i f  th e  view i s  ta k e n  t h a t  th e

e l e c t r o n  r e s i d e s  i n  a  v a r i e t y  o f  d i f f e r e n t  t r a p s  and photo  -

e x c i t a t i o n  o f  th e  e l e c t r o n  p roceeds  v i a  an unbound o r  a u t o i o n i s i n g

s t a t e  so t h a t  e l e c t r o n s  may be r e d i s t r i b u t e d  between d i f f e r e n t

s i t e s #  In  i t s  e s s e n t i a l s ,  t h i s  p i c t u r e  i s  c o r ro b o ra te d  by th e

r e c e n t  o b s e rv a t io n  o f  a p h o to c u r re n t  i n  Y - i r r a d i a t e d  a l k a l i n e  
21ice*

O b se rv a t io n s  o f  h y p e r f in e  s p l i t t i n g s  in  th e  ESR spectrum
22o f  th e  t r a p p e d  e l e c t r o n  i n  i r r a d i a t e d  a l k a l i n e  i c e s  a re  few*

H y perf ine  i n t e r a c t i o n s  w ith  p ro to n s  ap p ea r  to  be s m a l l ,  w ith  a 

c o u p l in g  c o n s ta n t  o f  4 -  5 gauss* For d i l u t e  m e ta l s o lu t i o n s  in  

amines and ammonia th e  i n t e r a c t i o n s  a r e  m odulated so q u ? rk ly  t h a t  

th e  observed  spec trum  i s  u s u a l ly  com prised  o f  a  s i n g l e  narrow  

resonance*  The sm a ll  and n e g a t iv e  e l e c t r o n  s p in  d e n s i t y  a t  

p ro to n s  in  ammonia and amines s u g g e s ts  t h a t  some s p in  p o l a r i s a t i o n  

mechanism i s  o p e ra t iv e *

The im portance  o f  th e  m o le c u la r  n a tu r e  o f  th e  medium i s  

e v id e n t  in  each  o f  th e s e  f iv e  a r e a s .  In  p a r t i c u l a r ,  th e  d e t e c t i o n  

o f  s p in  d e n s i t i e s  a t  n u c l e i  su g g e s ts  t h a t  th e  m o le c u la r  o r b i t a l  

te c h n iq u e  may be u s e f u l  to  e v a lu a te  th e  im portance  o f  s p in  

p o l a r i s a t i o n *

T his  t h e s i s  i s  concerned  w i th  th e  s tu d y  o f  m o lecu la r  

models f o r  th e  s u r p lu s  e l e c t r o n  in  l i q u i d s  and a f r e s h  approach  to  th e  

u n d e r s ta n d in g  o f  th e  p r o p e r t i e s  o u t l i n e d  above i s  commenced* The 

c u r r e n t  t h e o r i e s  and t h e i r  l i m i t a t i o n s  a re  rev iew ed  in  C hap te r  3*

The r e s u l t s  o f  th e  m o le c u la r  o r b i t a l  c a l c u l a t i o n s  a re  

d i s c u s s e d  in  C h ap te r  4* The m o le c u la r  o r b i t a l  methods and sem i-  

e m p i r i c a l  t h e o r i e s  f o r  open s h e l l  system s a re  rev iew ed  in  C hap te r  2*
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A♦ I n t r o d u c t i o n ,

As an a l t e r n a t i v e  t o  th e  v a le n c e  "bond quantum m echan ica l 

app roach  t o  e l e c t r o n i c  s t r u c t u r e  c a l c u l a t i o n s ,  M ulliken  em phasised  t h a t  

th e  e l e c t r o n s  in  a m olecu le  shou ld  be c o n s id e re d  as  b e lo n g in g  to  th e  

m olecu le  a s  a  w h o l e T h i s  s im ple  c o n c e p t ,  coup led  w ith  th e  subsequen t 

developm ent o f  m o le c u la r  o r b i t a l  t e c h n iq u e s ,  has  l a i d  th e  fo u n d a t io n  

upon which many chem ica l and p h y s ic a l  p r o p e r t i e s  o f  system s may be 

r a t i o n a l i s e d  in  te rm s o f  t h e i r  e l e c t r o n i c  d i s t r i b u t i o n s .  To draw on 

one example may s u f f i c e .  The s im pler-m olecu lar  o r b i t a l  method deve loped
M

by Huckel has p ro v id e d  a  s im ple  t o o l  f o r  th e  u n d e r s ta n d in g  o f  phenomena
2

e x h i b i t e d  by p l a n a r  c o n ju g a te d  h y d ro ca rb o n s .  Such s im ple  methods have 

been su p erced ed  b u t  t h e i r  c o n t r i b u t i o n  t o  chem ica l th e o ry  re m a in s .

For many p a r t i c l e  system s th e  S ch ro ed in g e r  e q u a t io n  cannot 

i n  g e n e ra l  be s o lv e d .  I t  i s  n e c e s s a ry  t o  have r e c o u r s e  t o  a p p ro x im a tio n s  

o f  which th e  most w id e ly  used  i s  th e  s e l f - c o n s i s t e n t  f i e l d  (SCF) method 

deve loped  by H a r t r e e . ^  In  an i n t u i t i v e  way, each  e l e c t r o n  i s  c o n s id e re d  

to  move under  th e  in f lu e n c e  o f  an av e rag e  f i e l d  s e t  up by th e  n u c l e i  

and o th e r  e l e c t r o n s .  The S ch ro ed in g e r  e q u a t io n  f o r  a  c lo s e d  s h e l l  

system  becomes o f  th e  form

•Por each  m o le c u la r  o r b i t a l .  i s  some e f f e c t i v e  H am ilton ian  o p e r a t o r ,

<|>k i s  a  o n e - e l e c t r o n  wave f u n c t io n  -  an o r b i t a l  and e ^  th e  e ig e n v a lu e .

The r e l a t i o n s h i p  between e q u a t io n  ( l )  and th e  S ch ro ed in g e r  e q u a t io n ,  can 

be d e m o n s tra te d  u s in g  th e  v a r i a t i o n  p r i n c i p l e  and an approx im ate  t o t a l  

wave f u n c t i o n  w r i t t e n  a s  an o r b i t a l  p ro d u c t  o r  d e t e r m in a n t .^  The 

d e te rm in a n t  i s  a  fo rm al e x p re s s io n  o f  th e  s e l f  c o n s i s t e n t  f i e l d  model 

o f  e l e c t r o n  d i s t r i b u t i o n .

In  g e n e r a l ,  th e  a c c u ra te  wave f u n c t io n  i s  a  l i n e a r  com bina tion  

o f  d e t e r m in a n t s ,  th e  f i r s t  and dominant te rm s  b e in g  made use o f  in  

m o le c u la r  o r b i t a l  t h e o r y .  S ince  th e  f i e l d s  e x e r t e d  by th e  e l e c t r o n s  

a r e  a v e ra g ed ,  a s i n g l e  wave f u n c t io n  w i l l  always n e g le c t  th e  in s ta n ta n e o u s  

i n t e r a c t i o n s  o f  th e  e l e c t r o n s .  The su bsequen t e r r o r  in  th e  c a l c u l a t e d  

en e rg y  over th e  energy  o f  th e  t r u e  s o l u t i o n  to  th e  u n r e l a t a v i s t i c  Schroedinge 
e q u a t io n  i s  c a l l e d  th e  c o r r e l a t i o n  e n e rg y .  The e f f e c t i v e  H am ilton ian  

o p e r a t o r  a p p e a r in g  in  e q u a t io n  ( l )  may be shown t o  ta k e  th e  form

Heffd )  - -IV I - l V r u  + /  p ^ ( 2  *j<2) -  **(2) ^ ( p P ^ d V g
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v/hich i l l u s t r a t e s  th e  a v e ra g in g  p ro c e d u re ,  i s  a  p e rm u ta t io n  o p e r a to r  

which perm utes  e l e c t r o n s  1 and 2 , The c o n v e n t io n a l  coulomb and exchange 

o p e r a t o r s  a r e  d e f in e d  as

J i  “  / ♦  j (2) V 2 ) / r 12 dV2

Ka ’  /  +a(a) +3(1 )V r i2  dV
so t h a t  th e  e f f e c t i v e  H am ilton ian  o p e r a to r  i s

H.ffU) = -JV* - ? V pu  ♦ f  (2^ - K.).
S ince  th e  system s o f  i n t e r e s t ,  ex ce ss  e l e c t r o n  s t a t e s ,  c o n ta in  

an odd number o f  e l e c t r o n s ,  m o d i f ic a t io n s  in  th e  th e o ry  d e s c r ib e d  a re  

r e q u i re d #

B ( i )  O pen -S he ll  M o lecu la r  O r b i t a l  Theory ,

The SCF th e o ry  o f  open s h e l l  system s i s  b e s e t  w ith  d i f f i c u l t i e s  

n o t  found in  c lo s e d  s h e l l  th e o ry  e s p e c i a l l y  when a  d e g e n e ra te  c o n f ig u r a t io n i  

i s  i n v e s t i g a t e d .  In  such  c a s e s  th e  t r i a l  wave f u n c t i o n  canno t be 

i d e n t i f i e d  w i th  a  s in g l e  d e te rm in a n t .  Even i f  a c o n v e n ie n t  energy  

e x p r e s s io n  may be w r i t t e n ,  th e  system  may n o t  be d e s c r ib e d  by a s e t  o f  

s i n g l e  p a r t i c l e  e q u a t io n s  hav ing  th e  s i m p l i c i t y  o f  r e l a t i o n  ( l ) .

C o n s id e r  th e  g e n e ra l  form o f  e q u a t io n  ( l ) :

4)k ( l )  = f  4»J6 jk*
The o f f - d i a g o n a l  m u l t i p l i e r s  e .. , j£ k ,  a r e  in t ro d u c e d  in  th e  v a r i a t i o m  

c a l c u l a t i o n  t o  en su re  th e  o r th o g o n a l i t y  o f  th e  o r b i t a l s  <J>. and 

By a  u n i t a r y  t r a n s f o r m a t io n  o f  th e s e  m o le c u la r  o r b i t a l s  among th e m se lv es  

th e  e can  be e l im in a te d  in  c lo s e d  s h e l l  theo ry#  In  g e n e ra l  th e  open 

s h e l l  th e o ry  i s  c o m p lic a te d  by th e  f a c t  t h a t  a l l  t h e s e  m u l t i p l i e r s  

can n o t be s im u l ta n e o u s ly  d e s t ro y e d ;  c o n se q u e n t ly  th e  e q u a t io n s  a r e  no t
5u n iq u e .

Three main methods o f  h a n d l in g  th e s e  o f f - d i a g o n a l  m u l t i p l i e r s  

e x i s t #  The f i r s t ,  d e s c r ib e d  by Roothaan i s  c a l l e d  th e  combined
5

H am ilto n ian  method#"^

Commencing from th e  energy  e x p re s s io n  f o r  an oeen s h e l l  

sy s tem , each  o r b i t a l  i s  s u b je c t e d  to  th e  v a r i a t i o n  <j>̂  -» ^ i  + ^ ^ i *
M in im isa t io n  o f  th e  e n e rg y ,  s u b je c t  t o  th e  c o n s t r a i n t  t h a t  o r b i t a l s  form 

an o r thono rm al s e t ,  le a d s  t o  two co u p led  SCP e q u a t io n s
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P°  + k  = I 4>1 e l k  + I  + n  en k
•i h

fP °  <b = Til), e .  + V(J) e .Tm f ‘ Yl  1m Y m nmI ^

The s u b s c r i p t s  k , l  and th e  s u p e r s c r i p t  c r e f e r  t o  th e  o r b i t a l s  w i th in  th e
c* oc lo s e d  s h e l l  w h ile  l ,ra  and o deno te  th e  open s h e l l .  P and P a r e  some

o p e r a t o r s  th e  form o f  which need  n o t  be rep ro d u ced ;  f  i s  th e  f r a c t i o n a l

o c c u p a t io n  o f  th e  open s h e l l .

By u n i t a r y  t r a n s f o r m a t io n s  o f  th e  o r b i t a l s ,  th e  o f f -d ia g o n a l . ,  

m u l t i p l i e r s  w i th in  each  s h e l l  may be a n n i h i l a t e d ,  b u t  n o t  th o s e  c o u p l in g  

open and c lo s e d  s h e l l  o r b i t a l s .  Roothaan showed how th e  a b s o r p t io n  o f  

th e  o f f - d i a g o n a l  m u l t i p l i e r s  i n t o  some s in g l e  e f f e c t i v e  H am ilton ian  

l e a d s  to  a s i n g l e  e ig e n v a lu e  e q u a t io n  o f  th e  form ( l ) .  The subsequen t 

i n t e r p r e t a t i o n  o f  th e  e ig e n v a lu e s  i s  n o t  e a s y .  In  g e n e r a l  th e y  canno t 

be eq u a ted  w i th  i o n i s a t i o n  p o t e n t i a l s  f o r  th e  rem oval o f  an e l e c t r o n  

from a  m o le c u la r  o r b i t a l .

A l t e r n a t i v e l y ,  th e  problem s a r i s i n g  from th e  m u l t i p l i e r s  may 

be s id e s te p p e d  c o m p le te ly .  In  N esbet*s  method, i t  i s  p roposed  t h a t  t h e <• 

n o le c u la r  o r b i t a l s  be c a l c u l a t e d  v i a  a s u i t a b l y  chosen  e f f e c t i v e  

H a m il to n ia n .^

E l e c t r o n s  a r e  c o n s t r a in e d  t o  occupy an o r b i t a l  s e t  i n  such  a  

way t h a t  th e  t o t a l  wave f u n c t io n  can s a t i s f y  s p in  and symmetry 

r e q u i r e m e n t s .  The m o le c u la r  o r b i t a l s  a r e  o b ta in e d  as  s o l u t i o n s  o f  an 

a r b i t a r y  s e t  o f  e q u a t io n s  t a k in g  th e  form

(H' + I J . -  I’k ) <(>. = e <t>t.
- j j  T 1 1 T x

The summation over  K̂ . ru n s  over  th o s e  o r b i t a l s  w i th  a lp h a  s p in  f a c t o r .

U t i l i s i n g  th e '  a u fb au  p r i n c i p l e ,  e l e c t r o n s  a re  p a i r e d  in  o r b i t a l s  -  a  s p in

e q u iv a le n c e  r e s t r i c t i o n .
U n f o r tu n a te ly ,  th e  e f f e c t i v e  H am ilton ian  may n o t  conform to  th e

form o f  th e  assumed wave f u n c t i o n .  C o n seq u en tly ,  th e  energy  i s  n o t  th e

H a r t r e e  -  Pock energy  and as  such i s  n o t  an a b s o lu t e  minimum. In  a d d i t i o n ,

th e  b e s t  form f o r  th e  SCP e q u a t io n s  may n o t  be o b v io u s ,  th e  ch o ic e  o f

e q u a t io n s  n e c e s s a r i l y  e n t a i l s  some deg ree  o f  a r b i t r a r i n e s s .  F u r th e r

improvements can  be made by th e  i n c lu s io n  o f  c o n f ig u r a t i o n  i n t e r a c t i o n

e f f e c t s .  Such c a l c u l a t i o n s  may be le n g th y  s in c e  B r i l l o u i n ^  theorem

c o n c e rn in g  th e  m a tr ix  e lem en ts  o f  th e  H am ilton ian  o p e r a to r  between
7

m ono-exc ited  s t a t e s  and th e  ground s t a t e  does n o t  h o ld .  " B r i l l o u in 's  

theorum  s t a t e s  t h a t  th e  m a tr ix  e lem en ts  o f  th e  H am ilton ian  between th e
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ground and e x c i t e d  c o n f ig u r a t io n s  o b ta in e d  by r e p l a c i n g  one I fa r t re e -F o c k  

o r b i t a l  in  th e  ground s t a t e  by one o f  th e  v i r t u a l  o r b i t a l s  i s  z e ro  ie*

< 0 ' l H l 0 >  = 0

For e a se  o f  i n t e r p r e t a t i o n  and improvement o f  th e  wave func tion : ,  

th e  u n r e s t r i c t e d  H a r tre e -F o c k  method (UHF) f o r  open s h e l l  system s might 

be th e  b e s t  t o  use* This  te c h n iq u e  i s  used  in  th e  c a l c u l a t i o n s  to  be 

d e s c r ib e d  in  c h a p te r  4 and i s  d e a l t  w i th  more f u l ly *

( i i )  The U n r e s t r i c t e d  H a r t re e  — Fock Method.

The e l e c t r o n s  o f  a lp h a  sp in  in  a system  o f  n o n -z e ro  s p in Q
s u f f e r  a  d i f f e r e n t  exchange p o t e n t i a l  from t h a t  o f  th e  b e t a  s p in  e l e c t r o n s *

As a  r e s u l t ,  t h e  s p a t i a l  o r b i t a l s  occup ied  by e l e c t r o n s  o f  o p p o s i te  s p in  

w i l l  d i f f e r *  T h is  e f f e c t  i s  term ed *spin p o l a r i s a t i o n * • In  a d d i t i o n ,  

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

system  r e p r e s e n t s  th e  ten d en cy  o f  e l e c t r o n s  t o  av o id  each  o th e r*  In  s h o r t ,  

some c o r r e l a t i o n  between th e  e l e c t r o n i c  m otions i s  in t ro d u c e d .  C o n s t r a in in g  

p a r t i c u l a r  o r b i t a l s  t o  be doubly  occup ied  i s  n o t  a p r i o r i  j u s t i f i e d .  I t  i s  

o f t e n  conven ien t*
For an N e l e c t r o n  system , th e  e l e c t r o n s  may be a s s ig n e d  to  a  s e t  

o f  o rthono rm al s p in  o r b i t a l s ,  p o f  th e  form <f)a and q o f  th e  form <j) p •

The t r i a l  wave f u n c t io n  f o r  a  v a r i a t i o n a l  c a l c u l a t i o n  o f  th e  energy  may 

be c o n s t r u c t e d  as  th e  s in g l e  d e te rm in a n t

0  = (N l) ’^ ’d e t (  (|)1 (1) a  ( 1 ) ............4>p (p) a  (p) cj>p t l (p + l)  p ( p + 1 ) . . * . ) ,  (2 )

in  which no r e s t r i c t i o n s  a re  imposed on th e  form o f  th e  s p a t i a l  p a r t s  o f  

th e  o n e - e l e c t r o n  f u n c t i o n s .  This  d e te r m in a n ta l  wave fu n c t io n  i s  n o t  an 

e i g e n f u n c t io n  o f  th e  t o t a l  s p in  o p e r a to r  S ( r e f * 9) i©»

<  S2 > a v  « i ( p - q )  + ^(p+q) -  I l f  ‘M 1 ) ^ i ^  ^ j ^  <t>.j(2 ) dvi dv2
3

Only in  th e  s p e c i a l  case  when q o r b i t a l s  a r e  doubly  occup ied  ( p > q )  i s
2

t h i s  0 an e ig e n f u n c t io n  o f  S .

The e x p e c ta t io n  v a lu e  o f  th e  energy  i s  g iv en  by th e  e x p re s s io n

E =* <  0 l  H 10 >

< 0 I 0 >

I H. . + i (  I J .  . -  I' K. .)* (3)j  11 ij 10 r . 1 3 '
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The summation over  K. . i s  l i m i t e d  to  between o r b i t a , l s  o f  th e  same sp in  

f a c t o r .  The one e l e c t r o n  i n t e g r a l  th e  coulomb i n t e g r a l  an<̂

th e  exchange i n t e g r a l  a re  g iven  by

Hii.= HVi-Pk/^k I *i(l) dVj =yi*(X) H 4>.(l) dvx

Jid Jo *i(1) dvi
K. . = /  4>*(1) K. <b . ( l )  dv, •10 J  Yi v '  o Y i  1

When th e  energy  i s  m in im ised , th e  o r b i t a l s  in  each  s e t  must s a t i s f y  

th e  SOP e q u a t io n s

w  p  p

( H +  I J .  -  I K .) f  = Z d ) 1e 1 . i = l , 2 . . .  .pi j  i r  Yi  f  t 1  i i  »

(H + I J .  -  I K .) <b. = I (b, e n . i= p + l , • .  ,N.
j 3 i 1 i  i  y l  l i

No L ag rang ian  m u l t i p l i e r s  c o u p l in g  th e  two s e t s  o f  o r b i t a l s  a re  

in t ro d u c e d  s in c e  th e  s o lu t i o n s  o f  th e  two e q u a t io n s  a r e  a u to m a t i c a l ly  

o r th o g o n a l  by v i r t u e  o f  th e  s p in  f a c t o r s .  E l im in a t in g  th e  o f f - d ia g o n a l  

m u l t i p l i e r s  by t r a n s fo rm in g  th e  o r b i t a l  s e t s  r e v e a l s  two s e t s  o f  

e q u a t io n s  o f  th e  form ( i ) ,

(H+ p .  - i  h )
(H + Z J .  -  Z K ) = ej? ♦!? ,

•J 3 JL 1 1 1 1
which a re  l i n k e d  by a  common coulomb p o t e n t i a l .

I t  may be shown t h a t  th e  s o l u t i o n s  o f  t h i s  s e t  o f  e q u a t io n s  

do s a t i s f y  K oopm ans^ and B r i l l o u i n s  th eo rem s .

The advan tage  o f  th e  UHF method l i e s  in  th e  s i m p l i c i t y  o f
M

c a l c u l a t i o n  f o r  open s h e l l  sy s tem s , b u t  Lov;din fo c u s e s  a t t e n t i o n  on
9

s e v e r a l  o b j e c t io n s  t o  th e  method.
A lb e i t  t h a t  th e  magnitude o f  th e  o r b i t a l  s p l i t t i n g  i s

dependen t on th e  c o r r e l a t i o n  between e l e c t r o n  m o tio n s ,  system s w i th

unba lanced  s p in  e x h i b i t  th e  exchange o r  s p in  p o l a r i s a t i o n  e f f e c t .

Doubts may be c a s t  q u e s t i o n in g  th e  acc u racy  o f  th e  UHF method f o r  th e

e v a l u a t i o n  o f  such  e f f e c t s .  Can a wave f u n c t io n  which i s  n o t  an e ig e n -  
2

v a lu e  o f  S a d e q u a te ly  d e s c r ib e  p r o p e r t i e s  a r i s i n g  from e l e c t r o n  s a in ?

T h e o r e t i c a l l y ,  th e  energy  c a l c u l a t e d  w ith  an u n r e s t r i c t e d  

wave f u n c t i o n  w i l l  be low er tha ji t h a t  c a l c u l a t e d  by th e  Roothaan 

method. As th e  o r b i t a l  s p l i t t i n g  i n c r e a s e s ,  th e  s i n g l e  d e te r m in a n ta l

f u n c t i o n  app rox im ate s  l e s s  t o  t h a t  f o r  a pure  s p in  s t a t e .



-  12 -

E v e n tu a l ly  th e  c o n t r i b u t i o n  from h ig h e r  m u l t i p l i c i t i e s  may b a lan ce  

any lo w e r in g  in  energy  by f u r t h e r  o r b i t a l  s p l i t t i n g .  No improvement 

w i l l  be o b se rv e d .

I f  th e  d e s i r e d  m u l t i p l i c i t y  i s  2 s + l ,  th e  unwanted contam­

i n a n t s  may be removed from cj> by a p p l i c a t i o n  o f  th e  p r o j e c t i o n  

opera ,to r^^

A  _  n  S2 -  k ( :c + l) .
s ( s + l ) -  k (k + l)

It
Lowdin recommends t h a t  a t r i a l  f u n c t io n  A<t> be u t i l i s e d  to  c a l c u l a t e

th e  e n e rg y .  The com pu ta tions  become fo rm id a b le .  For approx im ate

c a l c u l a t i o n s  i t  may be s u f f i c i e n t  to  app ly  th e  p r o j e c t i o n  o p e r a to r

a f t e r  th e  c a l c u l a t i o n  o f  th e  b e s t  s i n g l e  d e te rm in a n ta l  wave f u n c t i o n .

Amos and E a l l  d e r iv e d  th e  fo rm ula  f o r  th e  energy  a f t e r  d e s t r u c t i o n
12o f  th e  p r i n c i p a l  co n tam in a n t,  th e  low es t  unwanted m u l t i p l i c i t y .

The u n d e r ly in g  c o n d i t io n s  upon which some b e n e f i t  i s  o b ta in e d  by 

p r o j e c t i o n  a re  n o t  c l e a r . ^
Of th e  t h r e e  te c h n iq u e s  d e s c r ib e d ,  th e  UHF scheme s u p p l i e s  

th e  l e a s t  c o m p lic a te d  avenue t o  an approx im ate  open s h e l l  wave fu n c t io n .  

In  th e  s tu d y  o f  h y p e r f in e  i n t e r a c t i o n s  th e  method i s  i n v a l u a b l e . ^

C. The M atr ix  F o rm u la tio n  o f  th e  UHF Method.

The s p h e r i c a l  symmetry o f  atoms le n d s  s i m p l i c i t y  t o  th e  

s o l u t i o n  o f  th e  H ar tree -F o ck  e q u a t io n s .  Ho a n a l y t i c  form need be 

imposed on th e  o n e - e l e c t r o n  o r b i t a l s .  For m o le c u la r  p rob lem s, i t  i s  

more c o n v e n ie n t  to  e x p re s s  each  o r b i t a l  4  ̂ as  a l i n e a r  combined ion  

o f  some s e t  o f  b a s i s  f u n c t io n s  X ,

4>. = n  c , ( 4 )
X 3 J JX

C o l l e c t i n g  th e  c o e f f i c i e n t s  i n t o  a column v e c to r  C^, t h i s  e q u a t io n  may

be w r i t t e n  . = X C , .  I f  C i s  th e  a r r a y  whose i ' t h  column i s  C .,  th e  l  i  — —i T
m o le c u la r  o r b i t a l s  may be c o l l e c t e d  in  th e  form

4 = x c .

I f  th e  expans ion  ( 4 ) i s  to  be e x a c t ,  th e  b a s i s  s e t  must be 

co m p le te .  For p r a c t i c a l  r e a s o n s ,  a t r u n c a t e d  b a s i s  s e t  must be u sed ,  

th e  s i z e  b e in g  d i c t a t e d  by th e  acc u racy  in  th e  energy  r e q u i r e d  end th e
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com puter t o  be u se d .  A p p ro p r ia te  atom ic  o r b i t a l s  c e n t r e d  on each  atom

in  th e  m olecu le  a re  chosen to  s y n th e s i s e  th e  m o le c u la r  o r b i t a l s ,

a l th o u g h  th e  work o f  W hitten  em phasises  t h a t  t h i s  need n o t  be th e  c a s e .

The o r b i t a l  c e n t r e s  may a l s o  be a llow ed  to  ’f l o a t ’ over th e  m o le c u la r

framework t o  p o s i t i o n s  f o r  which th e  energy  i s  lo w e s t .

When th e  expans ion  te c h n iq u e  i s  u sed ,  th e  s e a rc h  f o r  th e

b e s t  m o le c u la r  o r b i t a l s  in v o lv e s  th e  m a n ip u la t io n  o f  m a t r i c e s .  To each

o n e - e l e c t r o n  o o e r a t o r  A i s  a s s ig n e d  th e  m a tr ix  A w ith  e lem en ts  A. .
±3

c a l c u l a t e d  as

l. . -  A *
1J J  1

A_. = /  X . A Xj dv.

In  p a r t i c u l a r ,  th e  o v e r la p  m a tr ix  e lem en ts  a re

S / X * X • dv .A i  AJ
In  m a tr ix  n o t a t i o n ,  th e  o r th o n o rm a l i ty  c o n d i t io n  f o r  th e  m o lecu la r  

o r b i t a l s  i s

c . s c . = 5 .- i  — j
assum ing t h a t  th e  m o le c u la r  o r b i t a l  c o e f f i c i e n t s  a re  r e a l .

For th e  u n r e s t r i c t e d  s in g le  d e te r m in a n ta l  wave f u n c t io n  ( 2 ) ,  

t h e  e x p e c t a t i o n  v a lu e  o f  th e  energy  (3 )  i s

E = I C .  H C .  + I C .  J . C .  -  I  Ca Kq CQ -  I cP k P c P
* - l  1  - l  - j  “ 1 - 1  - j  - 1  *<J - 1  - j  - 1

where C? and a re  th e  m o le c u la r  o r b i t a l  c o e f f i c i e n t  v e c t o r s  and th e- i  — j
exchange o p e r a to r  m a tr ic e s  f o r  a lp h a  s p in  r e s p e c t i v e l y .

When t h i s  energy  i s  a  minimum, any i n f i n i t e s e m a l  change in  

th e  m o le c u la r  o r b i t a l s ,  tan tam oun t t o  a l t e r i n g  th e  v e c t o r s  by an 

in c rem en t 6C^, th e  energy  i s  r a i s e d .  C o n s t r a in in g  any such v a r i a t i o n s  

t o  p r e s e rv e  th e  o r th o n o rm a l i ty  o f  th e  o r b i t a l s  im p l ie s  t h a t

6C. S C . + C . S 6C. = 0 
“ 1 ~  “ J “ J “  - i

f o r  each  p a i r  o f  o r b i t a l s  i  and j .  R eco g n is in g  t h a t  each  o f  th e  a lp h a

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

o r b i t a l s ,  th e  v a r i a t i o n  in  ene rgy  on a l t e r i n g  one o f  th e  a lp h a  s p in

o r b i t a l s  i s

615 = 6Ca I [ H  + I  J .  -  l K a l c a  - I S  CQ e ? . [  + c . c .“ i  l L j o ) j  J - i  i  j  31 f

L ag ran g ian  m u l t i p l i e r s  e? .  a r e  in t ro d u c e d  as  d e s c r ib e d  in  th e  previoui

s e c t i o n .  The symbol c . c .  s ta n d s  f o r  th e  complex c o n ju g a te  e x p r e s s io n .

15
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I f  t h e  H ar tree -F o ck  o p e r a to r  for" a lp h a  e l e c t r o n s  i s  d e f in e d

by

FQ= K  + I J \  -  I K ? ,  
j J  i J

th e  *best* a lp h a  s p in  m o le c u la r  o r b i t a l  c o e f f i c i e n t s  s a t i s f y  th e  

equation-, forSS^Q,

FaC? * I  S Ca.e ? . • i   j  31

The e q u a t io n  f o r  t h e  b e t a  s p in  o r b i t a l  c o e f f i c i e n t s  i s  o f  th e  same 

form w i th  th e  a lp h a  s u p e r s c r i p t  changed to  b e t a .  A n n ih i l a t i n g  th e  

o f f - d i a g o n a l  m u l t i p l i e r s  d i s p l a y s  th e  f a m i l i a r  s e c u l a r  e q u a t io n  form

( F a  -  e? S )C? -  0
-  1  -  - 1

( f P -  eP S ) c P « 0 .v — r  — —1

These e q u a t io n s  become i d e n t i c a l  when th e  wave f u n c t i o n  ( 2 ) r e p r e s e n t s  

a pu re  s i n g l e t  s t a t e .

The s e c u l a r  e q u a t io n s  ( 5 ) show t h a t  one has  t o  d e a l  w i th  two 

s e t s  o f  s im u l ta n e o u s  e q u a t io n s  which a r e  c o u p le d .

The d i f f i c u l t i e s  which have p lagued  th e  i n v e s t i g a t o r  o f  

e l e c t r o n i c  s t r u c t u r e s  l i e  in  th e  c o n s t r u c t io n  o f  t h e  F m a t r i c e s .  Every 

e lem en t o f  th e  H a r tre e -F o c k  m a tr ix  in v o lv e s  th e  com pu ta tion  o f  two 

e l e c t r o n  i n t e g r a l s ,  v i z .

( p q / r s )  » / Xp (1 )  Xr ( 2 ) XB( 2 ) dvi dv2 »

F _  =» H + I  P ( p q / r s )  -  PQ ( p s / r q ) ,  (6);PQ. Pq T<s r a  7 r s  v '  1

where th e  one e l e c t r o n  d e n s i t y  m a t r i c e s  PQ, P a r e  o b ta in e d  from th e  m o le c u la r  

o r b i t a l  c o e f f i c i e n t s .

p q -  I c a :. c a . pP = i c p .cP., p  « f q + pP .r s  ^ r r  s i  r e   ̂ r i .  sx. r s  r s  r a  

Each o f  th e  b a s i s  f u n c t i o n s  may be c e n t r e d  or d i f f e r e n t  n u c l e i  p r e s e n t  

i n  th e  system , and th e  i n t e g r a l  ( p q / r s )  becomes ex tre m e ly  d i f f i c u l t  

and t e d io u s  t o  c a l c u l a t e .  When th e  b a s i s  s e t  i3  l a r g e ,  more tim e may 

be sp e n t  i n  c a l c u l a t i n g  th e s e  i n t e g r a l s  th a n  in  th e  s t e p s  to w ard s
t

o b ta in in g  th e  m o le c u la r  o r b i t a l  . c o e f f i c i e n t s .

C o n s t r u c t in g  a  b a s i s  s e t  from G aussian  o r b i t a l s  f a c i l i t a t e s  
17t h i s  c a l c u l a t i o n ,  b u t  l a r g e  numbers o f  b a s i s  o r b i t a l s  must be u t i l i s e <  

The e a se  o f  com pu ta tion  i s  o f f s e t  by th e  problem p r e s e n te d  by e f f i c i e n t
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s to r a g e  o f  th e s e  i n t e g r a l s .

With th e  adven t o f  l a r g e r  and f a s t e r  com pu ters ,  i t  sho u ld  

soon he a  r o u t i n e  m a t te r  t o  perform  ah i n i t i o  c a l c u l a t i o n s  on f a i r l y  

l a r g e  m o le c u le s .  However, t h i s  was n o t  always th e  c a s e ,  and a  l a r g e  

hody o f  s i m p l i f i e d  methods hased  on th e  s e c u l a r  e q u a t io n s  (5 )  has 
grown up .  Approximate c a l c u l a t i o n s  were viewed to  be b e t t e r  th a n  

none a t  a l l .

D. The S em i-E m pir ica l Techniques and th e  INDO Method.

The im petus to  i n v e s t i g a t e  chem ica l phenomena by way o f  

quantum m echan ica l c a l c u l a t i o n s  i s  g r e a t .  Yet t h i s  sho u ld  on ly  be 

perfo rm ed  w ith  an economy o f  e f f o r t ,  enough t o  r e v e a l  th e  s a l i e n t  

f e a t u r e s  where a c c u r a te  e v a l u a t i o n  o f  a p ro p e r ty  i s  p re c lu d e d .

S e m i-e m p ir ic a l  m o le c u la r  o r b i t a l  t e c h n iq u e s  p ro v id e  such  a read y  

t o o l .  These schemes, based  on th e  e q u a t io n s  (5)» l i e  w i th in  a  spectrum
ft

o f  co m p lex ity  r a n g e in g  from ab i n i t i o  th ro u g h  to  th e  s im ple  Huckel 

t r e a tm e n t  f o r  p la n a r  h y d roca rbons ,  th e  p a r t i c u l a r  te c h n iq u e  f o r  use  

b e in g  su g g e s te d  by th e  p rob lem . The s u c c e s s  o f  n a iv e  schemes and th e  , 

r e c o g n i t i o n  t h a t  r e f in e m e n ts  u s u a l l y  le a d  to  p o o re r  agreem ent between 

th e o ry  and experim en t has l e d  t o  s p e c u la t i o n  as  t o  w hether  th e  

H a r t re e -F o c k  scheme r e a l l y  r e p r e s e n t s  th e  fundam enta l b a s i s  f o r  

th e s e  s e m i-e m p ir ic a l  t h e o r i e s . ^

In  e s s e n c e ,  s e m i-e m p ir ic a l  schemes r e l y  on th e  p l a u s a b i l i t y  

o f  c o n s t r u c t i n g  a th e o ry  to  s im u la te  th e  a c c u ra te  c a l c u l a t i o n  by 
s o le  c o n s i d e r a t i o n  o f  th e  q u a n t i t i e s  l i k e l y  t o  be im p o r ta n t  in  a f u l l  

t r e a t m e n t .  I t  fo l lo w s  t h a t  any s a t i s f a c t o r y  th e o ry  sho u ld  e x h i b i t  th e  

p r o p e r t i e s  o f  th e  H a r tre e -F o c k  s o l u t i o n s ,  p a r t i c u l a r l y  th e  in v a r ia n c y  

p r o p e r t i e s .  That i s ,  th e  t o t a l  wave f u n c t io n  and energy  must be 

i n v a r i a n t  t o  u n i t a r y  o r  o r th o g o n a l  t r a n s f o r m a t io n s  o f  th e  m o le c u la r  o r b i t a l s  

among th e m s e lv e s ,^  o r  to  any such t r a n s f o r m a t io n  o f  th e  b a s i s  s e t
19o r b i t a l s .  P r e s e r v a t i o n  o f  t h i s  p ro p e r ty  e n fo rc e s  o th e r  a p p ro x im a t io n s .

For exam ple, in  th e  n e g le c t  o f  a l l  tw o - e le c t r o n  i n t e g r a l s  in v o lv in g

o v e r la p  charge  d e n s i t i e s ,  X ( l )  X ( l ) »  i t  i s  im p e ra t iv e  t h a t  th e

re m a in in g  i n t e g r a l s  a re  independen t o f  o r b i t a l  ty p e .  T h is  i s  th e

c r i t e r i o n  used  to  c o n s t r u c t  th e  Complete N eg lec t  o f  D i f f e r e n t i a l
20O verlap  method, (CNDO). Approximate methods i n v a r i a b l y  n e g l e c t ,  

e s t im a te  o r  do n o t  c o n s id e r  a t  a l l ,  some tw o - e le c t r o n  i n t e g r a l s ,
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a rg u in g  t h a t  t h e i r  e f f e c t s  a re  only  m a rg in a l .

The ap p ro x im atio n s  invoked sho u ld  n o t  be so se v e re  t h a t  th e

p r e d i c t i o n s  made by th e  method a re  a t  v a r ia n c e  w i th  e x p e r i e n c e .  The

CNDO method p r e d i c t s  t h a t  th e  s i n g l e t  and t r i p l e t  s t a t e s  o f  th e

l i n e a r  CH  ̂ r a d i c a l  a r e  d e g e n e ra te ,  th e  t r i p l e t  sho u ld  be more

s t a b l e .  The in c l u s i o n  o f  s i n g l e  c e n t r e  exchange i n t e g r a l s  r e c t i f i e s

t h i s  f a u l t ,  g iv in g  r i s e  t o  th e  I n te rm e d ia te  N eg lec t  o f  D i f f e r e n t i a l
21O verlap  method (INDO). R e te n t io n  o f  th e s e  exchange i n t e g r a l s  i s

im p o r ta n t  f o r  c a l c u l a t i o n s  on system s w ith  n o n -ze ro  s p in .
22Many s c m i-e m p ir ic a l  methods a re  a v a i l a b l e ,  b u t  th e  

s u c c e s s  ach iev ed  by th e  INDO method f o r  open s h e l l  system s 

recommends i t s  use f o r  th e  s tu d y  o f  s o lv a t e d  e l e c t r o n  m odels, and

th e  ap p ro x im a tio n s  a re  h e re  l a i d  out in  d e t a i l .

( i i )  The INDO A pprox im ations .

(a )  By v i r t u e  o f  t h e i r  r e l a t i v e l y  sm all  s p a t i a l  e x te n s io n

and low en e rg y ,  i t  i s  r e a s o n a b le  to  assume t h a t  th e  in n e r  s h e l l

e l e c t r o n s  form p a r t  o f  an u n p o la r i s e a b le  co re  o f  charge  -  n ,

where Z^ i s  th e  n u c l e a r  ch a rg e  and n i s  th e  number o f  n c n -v a le n c e  

e l e c t r o n s .  The o n e - e l e c t r o n  o p e r a to r  m a tr ix  e lem en ts  become

H ^ - y X p U J K v j l - X y r J f X q U J d ^  (7)

where V ^(r)  i s  th e  e l e c t r o s t a t i c  f i e l d  o f  th e  c e re  o f  atom A. The 

c o r e - c o r e  i n t e r a c t i o n  energy  i s  a p o ro x im a te ly  X Z .Z _ /r a13.A<B A -D AU
(b) M u l t i c e n t r e  i n t e g r a l s  ( p q / r s )  a re  in  g e n e ra l  sm all  

when o v e r la p  ch a rg e  d i s t r i b u t i o n s  a re  in v o lv e d .  The INDO method 

r e t a i n s  on ly  th e  i n t e g r a l s  in v o lv in g  d i f f e r e n t i a l  o v e r la p  o f  

b a s i s  o r b i t a l s  on th e  same c e n t r e ,  a l l  o th e r s  a re  n e g l e c t e d .

Choosing a  b a s i s  s e t  o f  th e  s , p , d . . .  ty p e  i e .  n o t  h y b r id  o r b i t a l s ,  th e  

re m a in in g  i n t e g r a l s  a re  o f  th e  s o r t s  (pp /pp)»  (pQ./pq)» p H  on th e  

same c e n t r e ,  and (p p /q q ) .  Tw o-centre  i n t e g r a l s  o f  th e  l a t t e r  form must 

be assumed independen t o f  o r b i t a l  type  in  o rd e r  to  p re s e rv e  th e  

in v a r i a n c y  c o n d i t io n s  d e s c r ib e d  in  th e  p re v io u s  s e c t i o n .  In  such  c a s e s ,  

Gab = ' th e re fo re  dependent only  on th e  n a tu r e  o f  atoms
A and B. T his  i n t e g r a l  i s  e s t im a te d  t o  have a m agnitude g iven  by th e  

coulomb r e p u l s i o n  i n t e g r a l  between th e  v a le n c e  s o r b i t a l s  on atoms 
A and B.

(c )  To be c o n s i s t e n t  w ith  th e  ap n ro x im a tio n s  s e t  ou t in  

( b ) ,  th e  b a s i s  s e t  i s  assumed to  be o r th o n o rm a l .
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(d )  The d ia g o n a l  e lem en ts  o f  th e  H m a t r ix  from e q u a t io n  (7) 

may he w r i t t e n

HPP ’ / XP(1) *  V r ) 3 Xp<l)dvj. - l / x p ( P V B( r )  Xp( l ) d T

a U Dt ) -  I  (p V p)
Pp 8*A B

where p i s  c e n t r e d  on A. The q u a n t i t y  U i s  an a to m ic  p a ra m e te r  and 

i s  e s t im a te d  from e x p e r im e n ta l  d a t a .  The te rm  (p  V„ p) r e p r e s e n t sD
t h e  a t t r a c t i o n  o f  an e l e c t r o n  i n  th e  o r b i t a l  p f o r  th e  co re  o f  B, 

and i s  app rox im ated  by

(p  VB p) = ZB

The o f f - d i a g o n a l  m a tr ix  e lem en ts  between o r b i t a l s  on th e  

same c e n t r e ,

-  * < » ’ » *>

a re  z e ro ;  IT by symmetry ( s , p , d . . .  b a s i s  s e t )  w h ile  (p  V q)
PQ. -O

in v o lv e s  th e  c o re  i n t e r a c t i o n  w ith  a  d i f f e r e n t i a l  o v e r la p  d e n s i t y

on a n o th e r  c e n t r e  and a r e  n e g l e c t e d .

When o r b i t a l s  X and X l i e  on d i f f e r e n t  c e n t r e s .P - q ’
A and Bf th e  s o le  re m a in in g  terra  i s

V  = / Xp ( l ) ^ V l  -  VA “  V 1 ^ ! *
T h is  ’’re so n a n c e  i n t e g r a l ” i s  a  measure o f  th e  lo w e r in g  o f  energy/ 

l e v e l s  by th e  in t r o d u c t i o n  o f  an e l e c t r o n  i n t o  th e  a t t r a c t i v e

f i e l d  betw een two c o r e s .  To s a t i s f y  in v a r i a n c y  c o n d i t i o n s ,  i t

must be assumed t h a t  t h i s  e lem ent i s  in d ep en d en t o f  th e  o r b i t a l  

t y p e s  on atoms A and B. The m agnitude o f  IT i s  ta k e n  t o  be
pq

p r o p o r t i o n a l  t o  t h e  o v e r la p  i n t e g r a l  S w ith  a p r o p o r t i o n a l i t y
pq

c o n s t a n t  assumed t o  be th e  mean o f  two a tom ic  q u a n t i t i e s  B^ and B^. 

The o v e r la p  i n t e g r a l s  a r e  computed u s in g  S l a t e r  o r b i t a l s  c e n t r e d  on 

each  atom.

HT « -^(B. + B_.)S -  BAT3 Spq A B ' pq AB pq

(e )  U t i l i s i n g  th e s e  ap p ro x im a tio n s  th e  H a r t re e -F o c k  m a tr ix

e lem en ts  (6 )  a r e  red u ced  t o  th e  r e l a t i o n s

Ppp -  %  + /  Pr > P / ~ )  -  P?r . ( P ' / V )  <P3B -
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*•« = -  O  < * / » >  -  < » / « >PI pq pq
p^q b o th  on, A

pq
B S -  PAB pq pq A3 p*q, p on A, q om B#

where P__ i s  th e  e l e c t r o n i c  charge  on atom B g iv en  by
Ho

PBB -  f  Pr r  *

Comparison o f  th e s e  e q u a t io n s  w ith  th e  ab i n i t i o  m a tr ix  

e lem en ts  (6 )  d e m o n s t ra te s  th e  c o n s id e r a b le  s i m p l i f i c a t i o n  a c h iev ed  

by a d o p t in g  th e  INDO app rox im ations*  The rem a in in g  problem l i e s  i n  

th e  a p p r o p r i a t e  c h o ice  o f  th e  param eters*

( i i i )  The P a r a m e t r i s a t i o n  o f  th e  INDO Method*21

The co re  i n t e g r a l s  U may be r e l a t e d  t o  th e  i o n i s a t i o n

p o t e n t i a l  and th e  e l e c t r o n  a f f i n i t y  o f  th e  av e rag e  a tom ic s t a t e s  o f

th e  i s o l a t e d  atom* S in g le  c e n t r e  r e p u l s i o n  i n t e g r a l s  may be e s t im a te d

from e x p e r im e n ta l  s p e c t r a l  da ta*  In  t h i s  work, th e s e  i n t e g r a l s  have
23been  computed e x a c t ly *  The B. p a ram e te rs  have been s e l e c t e d  by 

21Pople e t  a l  t o  g iv e  th e  b e s t  o v e r a l l  f i t  w ith  a c c u r a te  l i m i t e d  

b a s i s  s e t  m o le c u la r  o r b i t a l  c a l c u l a t i o n s  on d ia to m ic  m o le c u le s .

The p a ra m e te rs  u sed  in  th e  c a l c u l a t i o n s  a re  c o l l e c t e d  in  Table 1 .

'Table 1 .  The p a ra m e te rs  u sed  in  th e  INDO c a l c u l a t i o n s *

A tonr

O r b i t a l  Exponent

-BA( a . u . )
Us s ( a . u . )

lJ2p2p( a ' U- )

2A

H

1 . 2

0*3307635

-0 .638729

1.0

0

2.275 

1.1392965 
-5 .153006  

—4*661061

6 .0

N

1.95  

0.9187875 

-3 .695835  
-3 .296007  

5 .0

An ALGOL com puter program to  perform  th e s e  INDO c a l c u l a t i o n s  

wa,s w r i t t e n  f o r  th e  KDF9 com puter a t  Glasgow.

As a com parison  between th e  INDO c a l c u l a t i o n  and a f u l l  

l i m i t e d  b a s i s  s e t  ab i n i t i o  c a l c u l a t i o n ,  th e  charge  d e n s i ty -b o n d  

o rd e r  m a t r ic e s  computed f o r  th e  w a te r  m olecule  a r e  shown in  Table  2.

The m a t r ix  from th e  ab i n i t i o  c a l c u l a t i o n  has been t r a n s fo rm e d  u s in g



TAELS 2

The charge  d e n s i ty -b o n d  o rd e r  m a tr ic e s  computed f o r  th e  w a te r  m olecu le  

by th e  INDO method and: an ab i n i t i o  SCP method. The y - a x i s  i s  

p e r p e n d i c u la r  t o  th e  p la n e  o f  th e  m o lecu le ,  th e  z - a x i s  i s  d i r e c t e d  

betw een th e  two p ro to n s*

° tI s  2s

o 2g 0 .065  1 .6 0 7
0 .0002px:

0„ 0 .0002py'
0 o 0 .0612pz
HL -0 .0 8 1Is

- 0*081 

° i *  ' - w

r ( o- h ) * O .958A, HOHT = 1 0 4 .4 5 ° .

Ab i n i t i c r

° 2px: ° 2pjr ° 2pz ffI s Fl3

0 .000 0 .000 -0 .3 7 2 0 .495 0 .495

1 .217 0 .000 0 ,000 - O .69O 0 .6 9 0

2.000 0 .000 0 .000 0 .000

I .648 0 .4 6 8 0 .4 6 8

0 .769 - 0 .0 1 4

0 .7 6 9

INDO

°2 s  °2px °2py" °2pz ^ l s  ^ I s

o2g 1.736 0.000 0.000 -0*355 0 .407  0.407
o2px_ 1 .226  0 .0 0 0  0 .0 0 0  -0 .6 8 9  0 .6 8 9

0 . 2 .000 0 .000  0 .0 0 0  0 .000  2py
o2pz 1.522 0.549 0.549
Hrlg  0 .7 5 8  -0*016,

h; 0 .7 5 8\».s
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•> 24Lowdin*s o r t h o g a n a l i s a t i o n  procedure  t o  t h a t  a p p r o p r ia t e  t o  an

o rthono rm al b .asis  s e t  f o r  the com parison between th e  two c a l c u l a t i o n s .
25

The b a s i s  s e t  i s  t h a t  d e v ise d  by Palmer and G a s k e l l .

A lthough th e  HJDO c a l c u l a t i o n  does n o t  in c lu d e  th e  co re  

o r b i t a l s ,  th e  f i t  i s  seen  to  be q u i t e  good.

E. The C a l c u l a t i o n  o f  th e  E x c i t a t i o n  E n e rg ie s .

A f a c i l i t y  f o r  th e  c a l c u l a t i o n  o f  e x c i t a t i o n  e n e r g i e s  was

in c lu d e d  in  th e  computer program .

Making th e  assum ption  t h a t  l i t t l e  o r b i t a l  r e o r g a n i s a t i o n

ta k e s  p la c e  on e x c i t a t i o n ,  t h i s  i s  a  r e l a t i v e l y  s im ple  co m p u ta t io n .

The h ig h e s t  occup ied  m o le c u la r  o r b i t a l  i s  v a c a te d  and th e  e l e c t r o n

i s  promoted to  th e  low es t unoccupied  v i r t u a l  o r b i t a l .  The e x c i t e d

s t a t e  energy  i s  th e n  c a l c u l a t e d  in  th e  u s u a l  manner.
The r e s t r i c t i o n  t h a t  l i t t l e  o r b i t a l  r e o r g a n i s a t i o n  ta k e s

p la c e  on e x c i t a t i o n  i s  im p o r ta n t .  When th e  e l e c t r o n  s h i f t s  a re

e x t e n s i v e ,  th e  ground s t a t e  o r b i t a l s  and th e  v i r t u a l  o r b i t a l s  a re  no

lo n g e r  good ap p ro x im a tio n s  to  th e  e x c i t e d  s t a t e  o r b i t a l s .  More

in v o lv e d  p ro c e d u re s  a re  r e q u i r e d .  E x te n s iv e  c o n f ig u r a t io n

i n t e r a c t i o n  o r  a f u l l  SCF c a l c u l a t i o n  on th e  e x c i t e d  s t a t e  may be 
26n e c e s s a r y .
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I n t r o d u c t io n

Two b a s ic  co n c e p tio n s  dominate th e  th e o ry  o f  d i l u t e  s o l u t i o n s  

o f  s u r p lu s  e l e c t r o n s  in  p o la r  l i q u i d s .  The f i r s t  s t r e s s e s  th e  

c o n t r i b u t i o n  o f  p o l a r i s a t i o n  e f f e c t s  tow ards e l e c t r o n  s t a b i l i s a t i o n  

w h ile  th e  second la y s  im portance upon fo rm a t io n  o f  v o id  volumes a t  

t h e  l o c a l i s a t i o n  c e n t r e .  Both f a c e t s  a re  now in c o rp o r a te d  i n t o  

s o lv a t e d  e l e c t r o n  th e o r y .  The development o f  th e  c u r r e n t  models 

f o r  e l e c t r o n  s t a b i l i s a t i o n  in  p o l a r  media i s  t r a c e d .

A ( i )  The Im portance o f  P o l a r i s a t i o n .

Landau in t im a te d  t h a t  e l e c t r o n s  in  an i d e a l  c r y s t a l  may be

s t a b i l i s e d  a t  some l o c a l l y  deformed s i t e  i f  th e  t o t a l  en e rg y  o f  th e

deformed c r y s t a l  and e l e c t r o n  i s  low er th a n  t h a t  o f  a *free*

e l e c t r o n  and th e  undeformed c r y s t a l . ^  The d e fo rm a tio n  i s  h e re

a s s o c i a t e d  w ith  th e  p re scen ce  o f  th e  e l e c t r o n .  Coulombic i n t e r a c t i o n s

betw een th e  l a t t i c e  and th e  e l e c t r o n  s e t  up a p o l a r i s a t i o n  f i e l d
2

which P ek a r  i d e n t i f i e d  w ith  th e  t r a p p in g  p o t e n t i a l .

Two d i s t i n c t  c a se s  can be d i s c e r n e d .  T h is  p o l a r i s a t i o n  

e i t h e r  can o r  canno t fo l lo w  th e  moving e l e c t r o n .  In  io n i c  c r y s t a l s ,  

where th e  d is p la c e m e n t  o f  io n s  c r e a t e s  a  p o l a r i s a t i o n  f i e l d ,  th e  

l a t t e r  case  i s  im p o r ta n t .  Massive io n s  a re  unab le  t o  a d j u s t  t h e i r  

p o s i t i o n  f a s t  enough to  fo l lo w  th e  e l e c t r o n  m otion . C onsequen tly ,  

t h i s  * i n e r t i a l  p o l a r i s a t i o n *  c au ses  a  f o r c e  t o  a c t  back upon th e  

e l e c t r o n .
The p o t e n t i a l  w e ll  so formed l o c a l i s e s  th e  e l e c t r o n  and 

i s  h e ld  by P ek ar  t o  be r e s p o n s ib le  fo  b o th  th e  d e fo rm a tio n  o f  th e  

c r y s t a l  as  w e l l  as  th e  e l e c t r o n  s t a b i l i s a t i o n .  E l e c t r o n s  in  such  

s t a t e s  a r e  te rm ed  *po la rons* .

( i i )  The T h e o r e t i c a l  D e s c r ip t io n  o f  th e  P o la ro n .

When th e  l o c a l i s e d  e l e c t r o n  in  a  c r y s t a l  i s  d i s t r i b u t e d  

over  a  l a r g e  r e g io n  in  th e  medium, th e  d i s c r e t e  l a t t i c e  may be 

a p p ro x im a te ly  r e p la c e d  by a co n t in u o u s  d i e l e c t r i c  medium. The 

p o l a r i s a t i o n  a t  any p o in t  in  th e  d i e l e c t r i c  w i l l  be d e te rm ined  

by th e  f i e l d

D (r)  ss f \ t y  ( r ,f) I ^ (r- -  r * ) /  | r  -  r-*| ^ dv* ( l )
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where »Jj ( r * ) I s  th e  wave fu n c t io n  o f  th e  e l e c t r o n *

Por* a  medium c h a r a c t e r i s e d  by h ig h  and low freq u en cy  

d i e l e c t r i c  c o n s t a n t s  D and r e s p e c t i v e l y ,  th e  t o t a l  p o l a r i s a t i o n  

c r e a t e d  by th e  d isp la c e m e n t  D i s

E *  -  (1  -  l /D Bt ) 2 / 4  r r .

S in ce  th e  e l e c t r o n i c  p o l a r i s a t i o n  i s  d e s c r ib e d  by 

2 .  -  -  x/D o p ) 2 / 4 n  ,

th e  i n e r t i a l  p o l a r i s a t i o n  which cannot fo l lo w  th e  e l e c t r o n ’s m otion i s

E t  ** ( I t  -  Ee ) -  C D /4 n  (2 )

where C = ( l / D ^  -  l / l>s t ) .

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

g iv e n  by th e  r e l a t i o n

E = l/2m* J * ( \ 7 ' | 0 ^ d v r + J*V i|> 2 dv ( 3a)

= l / 2m* J (V  ^ ) 2 d v  -  J*P^*D dv ( 3b)

where m* i s  th e  e f f e c t i v e  mass o f  th e  e l e c t r o n  in  a tom ic  u n i t s  and V 

i s  th e  p o t e n t i a l  energy  a c q u i re d  by th e  e l e c t r o n  in  a system  o f  

p o l a r i s a t i o n  d i p o l e s  l o c a te d  a t  th e  l a t t i c e  s i t e s .  E q u a t io n  (3b) 

fo l lo w s  from e q u a t io n  ( 3a) when th e  l a t t i c e  i s  r e p la c e d  by a  

d i e l e c t r i c  continuum , in  which c a s e ,

V (r)  » -C / ( i | > ( r ' ) | 2 /  | r  -  r ' |  d v 1 ( 4 )

S ince  th e  p o t e n t i a l  energy  in v o lv e s  th e  wave f u n c t i o n  o f  th e  e l e c t r o n  

we have n e c e s s a r i l y  a  s e l f - c o n s i s t e n t  f i e l d  p rob lem .
To o b ta in  th e  t o t a l  energy  o f  th e  c r y s t a l  and e l e c t r o n ,  th e  

en e rg y  E must be supplem ented  by th e  energy  expended in  i n e r t i a l l y  

p o l a r i s i n g  th e  medium, dv, end th e  energy  o f  th e  e l e c t r o n  in

th e  co n d u c t io n  band o f  th e  u n p o la r i s e d  c r y s t a l .

E q u a t io n s  ( 3 ) may be s o lv e d  by u t i l i s i n g  th e  v a r i a t i o n  

p r i n c i p l e  and some s u i t a b l e  approx im ate  v/ave f u n c t i o n .  The low estt 

en e rg y  s t a t e  has  a  wave f u n c t i o n  g iven  by m in im is in g  th e  f u n c t i o n a l

J  = l / 2m* f (  V 4>)2 dv -  C / 8 t t  f  I)2 dv .



Employing a  tw o -p aram ete r  v a r i a t i o n a l  f u n c t io n  o f  ithe form
A

i|> «» A (l  + a r  + b r  ) e x p ( - a r ) ,

P ekar showed th a t t  an upper bound to  th e  en e rg y ,  by m in im is in g  J  i s  

E = -0.164m*C2 

a s s o c i a t e d  w i th  th e  o p t im ised  wave f u n c t io n

^ a  0 , 1229a^ / 2 ( l  + a r  + 0 *4516a 2 r 2 ) exp ( - a r )

a  » 0.658m*C

P h o to - e j e c t i o n  o f  th e  e l e c t r o n  from th e  l o c a l i s a t i o n  f i e l d  

w i l l  o ccu r  on a  tim e s c a l e  to o  s h o r t  f o r  th e  i n e r t i a l  p o l a r i s a t i o n  o f  

th e  medium to  re la x *  A ccord ing ly  th e  lo n g  wave l i m i t  o f  th e  p h o t o - e f f e c t  

i s  d e te rm in e d  by

Hrv * -S .

The medium p o l a r i s a t i o n  energy  i s  d i s s i p a t e d  as  h e a t  a t  a  l a t e r  time* 

Thermal d e s t r u c t i o n  o f  th e  p o la ro n  i s  accompanied by d e p o l a r i s a t i o n  

o f  th e  medium, and th e  energy  o f  h e a t  d i s s o c i a t i o n  i s  a c c o rd in g ly  

-  -J-E s in c e  th e  p o t e n t i a l  energy  o f  the  e l e c t r o n  i s  4 /3  S .

The e l e c t r o n i c  p o l a r i s a t i o n  does n o t  c o n t r i b u t e  t o  th e  

b in d in g  energy  o f  th e  s u rp lu s  e le c t ro n *  T his  t r e a tm e n t  i s  eq u iv a le n t ,  

t o  th e  a d i a b a t i c  approxim ation*

( i i i )  The Range o f  V a l i d i t y  o f  th e  P o la ro n  Theory.

The s e p a r a t i o n  o f  t h e  p o l a r i s a t i o n  i n t o  two components 

c e r t a i n l y  r e q u i r e s  some j u s t i f i c a t i o n ,  and may be examined in  th e  

f o l l o w in g  way*^
I f  t h e  f i e l d  produced a t  an io n  by v i b r a t i o n  o f  th e  

e l e c t r o n  i s  o f  th e  form Eq + E^ cos co t ,  th e  p o l a r i s a t i o n  i s  

p r o p o r t i o n a l  t o

l/( -rw) + l/(ur - u>)

where w =* E /h  i s  o f  t h e  f req u en cy  o f  th e  p o l a r i s i n g  f i e l d ,  ■fccor  i s  th e  

s e p a r a t i o n  o f  th e  ground and e x c i t e d  s t a t e s  o f  th e  ion* 33 stem s from 

th e  av e ra g e  e l e c t r o n  d i s t r i b u t i o n .  I f  th e  s t r o n g ly  bound medium 

e l e c t r o n s  have f r e q u e n c ie s  w » w ,  th e  e l e c t r o n i c  p o l a r i s a t i o n  may 

resp o n d  i n s t a n t a n e o u s ly  t o  th e  motion o f  th e  s u r p lu s  e l e c t r o n *  On th e  

o th e r  hand, th e  i n e r t i a l  p o l a r i s a t i o n  may respond  on ly  t o  f r e q u e n c i e s



o f  th e  o rd e r  o f  io n i c  v i b r a t i o n s ,  w ~  l -O ^ se c ” 1 . When u) » t ^ r , th e
io n s  see  on ly  th e  average  f i e l d  H •o

I t  t h e r e f o r e  fo l lo w s  t h a t  's u c h  a s t r i c t  s u b d iv i s io n  o f  

th e  p o l a r i s a t i o n  i n t o  i n e r t i a l  and n o n - i n e r t i a l  components can on ly  

be ach iev ed  i f  th e  n a t u r a l  f requency  o f  th e  e l e c t r o n  s / h  l i e s  in  th e
p

c r y s t a l  t r a n s p a r e n c y  zone.*

I f  th e  p o la ro n  model i s  to  be a  re a s o n a b le  model f o r  th e  

s u r p lu s  e l e c t r o n  in  p o la r  l i q u i d s  and c r y s t a l s ,  th e  b in d in g  energy  

must l i e  between th e  two l i m i t s  d e f in e d  by th e  c h a r a c t e r i s t i c  

f r e q u e n c ie s  o f  th e  medium e l e c t r o n i c  and v i b r a t i o n a l  m o tio n s .

E l e c t r o n s  in  p o l a r  l i q u i d s  have b in d in g  e n e rg ie s  o f  th e  o rd e r  o f  

l-2eV  so t h a t  th e  e f f e c t s  o f  medium motion a re  u n im p o r ta n t .  However 

t h i s  energy  i s  n o t  v e ry  d i f f e r e n t  from th e  e x c i t a t i o n  and b in d in g  

e n e r g i e s  o f  th e  medium e l e c t r o n s  so t h a t  e l e c t r o n i c  p o l a r i s a t i o n  

becomes an im p o r ta n t  f e a t u r e .  This  b eh av io u r  c o n t r a s t s  w ith  t h a t  in  

io n i c  c r y s t a l s  eg .  NaCl, where th e  b in d in g  energy  o f  th e  e l e c t r o n  i s  

sm a ll  ~  O .leV .^  In  t h i s  case  th e  e f f e c t s  o f  l a t t i c e  v i b r a t i o n  a re  

s i g n i f i c a n t .

U n c e r ta in ty  p r i n c i p l e  arguments show t h a t  medium e l e c t r o n s  

w i th in  a  d i s t a n c e  d ~  (ft/c*) wf--) cannot respond  in s t a n t a n e o u s ly  to  th e  

e x c e ss  e l e c t r o n ' s  motion r e g a r d l e s s  o f  how h ig h  t h e i r  f req u en cy  c*)r  

becom es.^  The e l e c t r o n i c  p o l a r i s a t i o n  i s  th e n  o f  th e  o rd e r  o f  

- * ( l / 2 d ) ( l - l / D  )• When c*)r  i s  ~  3x10^^ sec  \  d e q u a ls  0.55^* T his

d i s t a n c e  i s  much s m a l le r  th a n  th e  c i rc u m fe ren c e  o f  th e  p o la ro n  o r b i t  

so t h a t  any c o r r e c t i o n s  t o  th e  energy  o f  th e  p o la ro n  a re  s m a l l .^  

Analogous s ta t e m e n ts  may be made co n ce rn in g  th e  o th e r  c o n t r i b u t i o n s  to  

th e  p o l a r i s a t i o n .
A p r e r e q u i s i t e  o f  p o la ro n  th e o ry  i s  t h a t  th e  e l e c t r o n  be

d i s p e r s e d  over  a  l a r g e  number o f  c e n t r e s  in  th e  medium. The d isp la c e m e n t

1) i s  assumed t o  v a ry  s low ly  over th e  l a t t i c e  d i s t a n c e  a ,  so t h a t  th e

p o l a r i s a t i o n  o f  any ion  i s  p r o p o r t i o n a l  to  D and i s  indeoenden t o f

th e  p o l a r i s a t i o n  o f  n e ig h b o u r in g  s i t e s .  To j u s t i f y  t h i s  a ssu m p tio n ,  th e

o o la ro n  r a d iu s  r  must be much g r e a t e r  th a n  a .  To an o rd e r  o f  
pm agnitude , r ^  i s  eq u a l  t o  th e  r a d iu s  o f  th e  s p h e r i c a l  r e g io n  w i th in  

which one h a l f  th e  i n t e r a c t i o n  o f  th e  charge  c loud  and th e  i n e r t i a l  

p o l a r i s a t i o n  i s  a t t a i n e d ,  namely

Tp = 10/m*C. (8)
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P ek ar* s  i n i t i a l  con cep ts  have ta k e n  t h e i r  p la c e  in  th e  

t h e o ry  o f  s o lv a t e d  e l e c t r o n s .  Long range  p o l a r i s a t i o n  i n t e r a c t i o n s  

a re  s t i l l  viewed to  he an im p o rtan t  f e a t u r e  o f  ex ce ss  e l e c t r o n  

s t a t e s  in  l i q u i d s .

B. The Im portance o f  C av ity  Form ation .

As an  a l t e r n a t i v e  to  p ro p o s in g  some t r a p p i n g  mechanism

Ogg drew on e x p e r im e n ta l  d a t a  t o  p r e s e n t  a model f o r  s u r p lu s
5

e l e c t r o n s  in  ammonia. Acknowledging th e  l a rg e  volume ex pans ion

which o ccu rs  on s o lu t i o n  o f  a l k a l i  m e ta ls  in  l i q u i d  ammonia, Ogg

s u g g e s te d  t h a t  s p h e r i c a l  c a v i t i e s  were formed in  l i q u i d ,  w i th in

which th e  e l e c t r o n  r e s i d e s .

An e l e c t r o n  l o c a l i s e d  in  such a c a v i ty  o f  r a d i u s  R in  a

medium o f  d i e l e c t r i c  c o n s ta n t  D ,, a c q u i r e s  a  p o t e n t i a l  energy  g iv en
6 X

by th e  Bora e x p re s s io n

V = -  1/2R (1 -  1/Ds t ) .

N e g le c t in g  a l l  s u r f a c e  f o r c e s ,  c o l l a p s e  o f  th e  c a v i t y  i s  c o u n te re d  

by a s im ple  quantum m echan ica l e f f e c t ,  namely * th e  m agnitude o f  th e  

de B ro g l i e  wave l e n g th  o f  th e  e l e c t r o n  must c o r re sp o n d  t rt th e  

c a v i t y  d ia m e te r  l e a d in g  to  a z e r o - p o in t  k in e t ic -  en e rgy .*  Thus,

A « 2R « h/mv

IE * t t 2  /  2R2 a . u .

where T i s  th e  k i n e t i c  e n e rg y .  The t o t a l  energy  o f  th e  e l e c t r o n  

so c o n f in e d ,

E -  t t 2  /2 R 2 -  l/P.R a . u .

? / 2 i s  m in im ised  when R =* 2 n  a . u .  and E! =» —1 /8  t t  •  The in c l u s i o n  o f

th e  i n t e r a c t i o n s  o f  th e  e l e c t r o n  w ith  a p o s i t i v e  i o n i c  atm osphere

le a d s  t o  f u r t h e r  s t a b i l i s a t i o n .
The fo rm a t io n  o f  l a r g e  c a v i t i e s  o f  r a d iu s  loX i s  p h y s i c a l l y

u n r e a l i s t i c ,  w h ile  th e  b in d in g  en e rg y ,  - 0 . 35e^ i  l ° w s u g g e s t in g
t h a t  th e  e l e c t r o n i c  t r a n s i t i o n  i s  between a bound and an unbound

s t a t e .  E la b o r a t i o n  o f  th e  model i s  p o s s i b l e ,  b u t  i t s  im portance

l i e s  in  th e  c o n t r a s t  p r e s e n te d  to  th e  p o la ro n  model o f  P e k a r .  T h is

s im ple  c a v i t y  model em phasised t h a t  a  l o c a l i s e d  s u r p lu s  e l e c t r o n
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in  a  l i q u i d  o f  h ig h  d i e l e c t r i c  c o n s ta n t  shou ld  be s t a b i l i s e d  by 

fo rm ing  a c a v i t y  around i t s e l f .

G. Subsequent Refinem ents  o f  th e  Pekar and Ogg-Models.

6 7Pekar and Deigen and Davydov c o n s id e re d  th e  p o la ro n

model t o  be a p p l i c a b l e  t o  the  s u rp lu s  e l e c t r o n  in  l i q u i d  ammonia.

I f  th e  observed  a b s o rp t io n  band a r i s e s  from an e l e c t r o n i c  t r a n s i t i o n

between I s  and 2p s t a t e s ,  th e  a b s o rp t io n  maximum i s  computed t o  be
a t  an energy

E = 0 .071  C2 m* a . u .  (9)max x yJ
Q

With E = 0.8eV , f o r  th e  ammoniated e l e c t r o n ,  th e  e f f e c t i v e  mass max 1 1
i s  ~  1 .6  and th e  p o la ro n  r a d iu s  i s  4*685?.

S ca led  t o  methyl a l c o h o l ,  m* = 3*6, th e  computed e x c i t a t i o n  

e n e r g i e s  f o r  th e  s o lv a te d  e l e c t r o n  fo l lo w  th e  e x p e r im e n ta l  t r e n d s
9

f o r  a v a r i e t y  o f  a l c o h o l s .  D e v ia t io n s  a re  observed  f o r  w a te r ,

e th y le n e  g ly c o l  and ammonia. To d i s c u s s  th e  p o la ro n  n a tu re  o f  th e

h y d ra te d  e l e c t r o n ,  W eiss^0 su g g es ted  t h a t  th e  e f f e c t i v e  mass, from

e q u a t io n  (9) and th e  observed  E =* 1.72eV, i s  more a p p r o p r i a t e l ymax
a s s ig n e d  a  v a lu e  ~  3 . The p o la ro n  r a d iu s  i s  a c c o rd in g ly  3.3A*

11Kevan m od if ied  P e k a r 's  t r e a tm e n t  to  accoun t f o r  th e  

c o n t r i b u t i o n  o f  th e  e l e c t r o n i c  p o l a r i s a t i o n  to  th e  b in d in g  en e rg y .

The c o r r e c t e d  o p t i c a l  d i s s o c i a t i o n  energy  becomes

Eoo = m* | O . I 64C2  ̂ 0 .0620(1  -  V ^ o p ) }  • ( i 0 )

When th e  i n t e r a c t i o n  o f  th e  s u rp lu s  e l e c t r o n  and th e  e l e c t r o n i c
. 12p o l a r i s a t i o n  i s  th e  im p o r tan t  mode o f  t r a p p i n g ,  t h i s  energy  i s

E = 0 .5  m* (1 -  1/to ) 2 . (11)op ' o p

More c o r r e c t l y ,  t h i s  e q u a t io n  shou ld  ta k e  th e  same form as e q u a t io n  ( 6 )

w ith  C r e p la c e d  by ( l  -  1/Dq^ ) .
The in c lu s io n  o f  th e  e l e c t r o n i c  p o l a r i s a t i o n  c o n t r i b u t i o n

does have some e f f e c t  on th e  e s t im a te d  e f f e c t i v e  mass and th e  p o la ro n

r a d i u s .  I d e n t i f y i n g  th e  a b s o rp t io n  peak o f  th e  h y d ra te d  e l e c t r o n  w ith

th e  Kevan fo rm u la  (10) y i e l d s  in* = O.98  and-? p o la ro n  r a d iu s  o f  9.85?.

The o r i g i n a l  Pekar  t r e a tm e n t  g iv e s  m* = 1.27» d e c re a s in g  th e  p o la ro n

r a d iu s  t o  7 .65?.
The p r e d i c t i v e  c a p a c i ty  o f  th e  p o la ro n  model i s  l i m i t e d  by
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th e  l a c k  o f  knowledge about th e  e f f e c t i v e  mass. E q u a t in g  th e  t h e o r e t i c a l  

e x p r e s s io n s  f o r  some p ro p e r ty  w ith  th e  e x p e r im e n ta l  v a lu e  a l lo w s  some 

e s t im a te  t o  be made. In fo rm a t io n  r e g a r d in g  th e  sp h ere  o f  in f lu e n c e  

o f  th e  e l e c t r o n  in  th e  medium may then  be o b ta in e d  from th e  p o la ro n  

r a d i u s .  In  e s s e n c e ,  one i s  d e te rm in in g  w hether th e  p o la ro n  model 

can acc o u n t f o r  th e  p r o p e r t i e s  o f  th e  s u rp lu s  e l e c t r o n  f o r  a  ch o ic e  

o f  s o l v e n t .  By s tu d y in g  a  spectrum  o f  s i m i l a r  s o lv e n t s  such as  th e  

a l c o h o l s ,  th e  range  o f  a p p l i c a b i l i t y  o f  th e  th e o ry  may be exam ined.

Improvements on th e  Ogg model re c o g n is e  th e  im portance  

o f  s u r f a c e  f o r c e s  a t  th e  c a v i ty  boundary . I n c lu s io n  o f  th e  e f f e c t s  

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

th e  d i e l e c t r i c  su r ro u n d in g  th e  c a v i ty  le a d s  t o  an energy  f o r  th e  
l o c a l i s e d  s t a t e  g iv en  by ^

E » - 0 .6 9 /R  + 4 t t R 2 S + t t 2/2 R 2 a . u .  (12)

where S i s  th e  s u r f a c e  t e n s i o n  o f  th e  c a v i t y  w a l l .  Taking  a  v a lu e

f o r  S e q u a l  to  th e  m acroscop ic  v a lu e  f o r  a p lan e  s u r f a c e  in  ammonia,

S=32ergs/cm  ( 2 .0 6 x 10 a . u .  ) ,  th e  ammoniated e l e c t r o n  i s  unbound,

E = +0.13eV, a t  th e  e q u i l ib r iu m  c a v i ty  r a d iu s  o f  4*8?. A l a r g e r

s u r f a c e  t e n s i o n ,  48ergs/cm  , in c r e a s e s  t h i s  energy  to  +0.40eV

w h ile  r e d u c in g  th e  c a v i ty  r a d i u s  t o  4 *5®*
I n c r e a s i n g  th e  a t t r a c t i v e  p o t e n t i a l  te rm  in  e q u a t io n  (12)

to  - l .O / R  l e a d s  t o  b e t t e r  acco rd  w ith  ex p e r im en t .  For S=« 32ergs/cm  ,

E = ~0.87eV and R=*4*28. Lipscomb i s  l e d  t o  su g g es t  t h a t  'some

s p e c i f i c  quantum m echan ica l i n t e r a c t i o n s  appea r  t o  be n e c e s s a ry  in
14o rd e r  t o  make th e  c a v i ty  s t a b l e . 1 However, a s  S t a i r s  p o in te d  o u t ,  

i f  t h e  e l e c t r o n i c  wave f u n c t io n  i s  a l low ed  to  p e n e t r a t e  i n t o  th e  

medium so t h a t  th e  p o t e n t i a l  energy  o f  th e  e l e c t r o n  i s

V « -1 /2 R  (1 -  l /D s t  ) r  <  R

V » 0 r  >R ,

w i th  th e  i n c l u s i o n  o f  a  s im ple  s u r f a c e  t e n s io n  te rm , th e  ex ce ss

e l e c t r o n  i s  s t a b l e  by -0 .35eV  a t  an e q u i l ib r iu m  c a v i t y  r a d i u s  o f

2 . 98 .

The e l e c t r o n  in  a box model has  been u t i l i s e d  t o  d i s c u s s
15th e  s p e c t r a l  b e h a v io u r  o f  t r a p p e d  e l e c t r o n s  in  o rg a n ic  g l a s s e s .

Taking  th e  o b se rv ed  a b s o r p t io n  band t o  be o f  s->p  c h a r a c t e r ,  th e
R l mnl o rw»<̂/3 -i /-»+ o +’ni e> +v>a«Qi+.i nn + n ViA r>rt pnprmr
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B « 1 .0 4  TT /2R .  a . u .  ( 13 )max

An a p p r o p r i a t e  c a v i ty  r a d iu s  i s  o b ta in ed  by e q u a t in g  t h i s  r e l a t i o n s h i p
16to  th e  o b se rved  a b s o rp t io n  maximum. For a  range o f  a l c o h o l s ,  th e  

r a d i u s  so o b ta in e d  in c r e a s e s  w ith  th e  b u lk  o f  th e  a l c o h o l .  From n - b u ty l  

a l c o h o l  t o  t - b u t y l  a lc o h o l  th e  c a v i ty  in c r e a s e s  from 2 . 89S t o  3 . 27^*

As th e  p o l a r i t y  o f  th e  a lc o h o l  in c re a s e s  th e  c a v i t y  c o n t r a c t s .  The 

a b s o r p t io n  band w id th s  a r e  r a t i o n a l i s e d  by a l lo w in g  a range  o f  

c a v i t y  r a d i i  abou t th e  optimum v a lu e  o b ta in e d  from e q u a t io n  ( 13 ) .

D ( i )  The F us ion  o f  th e  P o laron  and C av ity  Models.

I t  would be a s u b s t a n t i a l  improvement on th e  t h e o r e t i c a l

model i f  th e  b e s t  f e a t u r e s  o f  th e  Ogg and Pekar app roaches  co u ld  be

combined in  a  u n i f i e d  th e o ry .  T h is  s y n th e s i s  was f i r s t  perform ed by 
17J o r t n e r .  However, th e  concept o f  a  t r a p p i n g  p o t e n t i a l  c r e a t e d  by 

i n e r t i a l  p o l a r i s a t i o n  had a l re a d y  proved to  be o f  u t i l i t y  in  a model 

f o r  ch a rg e  t r a n s f e r  t o  s o lv e n t  s p e c t r a  o f  n e g a t iv e  io n s  in  s o l u t i o n . ^ ’ ^  

J o r t n e r  a l s o  p roposed  t h a t  t h i s  id e a  and c a v i ty  fo rm a t io n  were th e  

two key f e a t u r e s  o f  th e  r e fo rm u la t io n .

At l a r g e  d i s t a n c e s  from an e l e c t r o n  d is p o se d  round a 

s p h e r i c a l  c a v i t y  a t  r  =« 0 in  an i n f i n i t e  d i e l e c t r i c ,  th e  d isp la c e m e n t  

D i s  a p p ro x im a te ly  g iv en  by - r  /  r ^ .  The i n e r t i a l  p o l a r i s a t i o n  i s  

t h e r e f o r e ,  from e q u a t io n  ( 2 ) ,

F\ « -  Cr / 4 n r \

The p o t e n t i a l  c r e a t e d  by t h i s  p o l a r i s a t i o n  f i e l d  i s
tt0

V (r )  -  l (P i  /  r ^ )d v  « C /r  ( I 4 )

T h is  p o t e n t i a l  i s  assumed to  be co n tin u o u s  up t o  th e  c a v i t y ,  r a d i u s  R, 

and c o n s ta n t  t h e r e a f t e r .  P e r tu r b a t io n s  o f  th e  p o t e n t i a l  n e a r  t h e  

c a v i t y  a r e  ig n o re d .  At sm all  d i s t a n c e s ,  th e  d isp la cem e n t  i s  n o t  o f  th e  

s im p le  form shown above b u t  d e v i a te s  from a Coulombic form c f .  

e q u a t io n  ( l ) .  The medium m olecu les  may a l s o  be in f lu e n c e d  by a  

ch a rg e  l e s s  th a n  th e  e l e c t r o n i c  c h a rg e ,  s in c e  th e  wave f u n c t io n  

may p e n e t r a t e  th e  d i e l e c t r i c .
R e l a t i v e  t o  th e  energy  o f  an e l e c t r o n  in  th e  c o n d u c t io n  band 

o f  th e  medium, th e  p o t e n t i a l  energy  o f  th e  e l e c t r o n  i s
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V (r)  = -C/R r  < R ( 15 )

V (r)  = - c / r  r  >R

The ground s t a t e  wave fu n c t io n  i s  r e p r e s e n t e d  by th e  I s  
hyd ro g en ic  form

l8  = (p 3/ n ) 2 e x p ( -p r )  (16)

At a s e l e c t e d  c a v i t y  r a d i u s ,  th e  optimum exponent f o r  t h i s  f u n c t i o n  i s  

found by m in im is in g  th e  energy

Wl s  = p2/ 2 -  ° / R + c exp(-2pR) (pH + 1 ) /R  .

The exponent q o f  th e  2p e x c i t e d  s t a t e  fu n c t io n  

2p = (q 'V tt)5’ r  e x p ( -q r )  c o s 0 , 

i s  o b ta in e d  by m in im is ing

Vl2p = q2/ 2  -  c / r  + C e x p ( -2qR) ( l  + |qR + q2R2 + -J-q3R3 )/R .

R egard ing  th e  e l e c t r o n i c  t r a n s i t i o n  between th e s e  two s t a t e s  a s  an

a d i a b a t i c  t r a n s i t i o n ,  th e  i n e r t i a l  p o l a r i s a t i o n  and th e  c a v i ty

r a d iu s  do n o t  change on e x c i t a t i o n .

The energy  o f  th e s e  two s t a t e s  must be supplem ented by a
18te rm  a c c o u n t in g  f o r  th e  e l e c t r o n i c  p o l a r i s a t i o n  en e rg y .  Assuming 

t h a t  th e  e l e c t r o n  d i s t r i b u t i o n  may be r e p r e s e n te d  by a charged  

sp h ere  o f  r a d i u s  eq u a l  t o  th e  mean r a d iu s  o f  th e  o r b i t ,  th e  

i n t e r a c t i o n  ene rgy  i s  g iven  "by th e  Born fo rm ula

S. = - l / 2 r .  (1 -  l /D  ) .1 ' 1 ' op

The t o t a l  e l e c t r o n i c  energy  o f  each  l e v e l ,

E. = W. + S. i  =» I s  o r  2p,1 1 1
may th e n  be u sed  to  c a l c u l a t e  th e  a b s o rp t io n  maximum f o r  a chosen  

c a v i t y  r a d iu s

E = E0 -  E. . max 2p I s
R may be d e te rm in e d  by m atching  th e  computed and observed  a b s o r p t io n  

maxima, and th e  model a p p l ie d  to  c a l c u l a t e  some o th e r  p r o p e r t i e s  o f  

th e  s o lv a t e d  e l e c t r o n .  A l t e r n a t i v e l y ,  th e  c a v i ty  r a d iu s  may be 

e s t im a te d  from d i l a t i o n  mea.surements, and th e  degree  o f  agreem ent 

between th e  computed and th e  observed  peak p o s i t i o n s  used  to  

gauge th e  a p p l i c a b i l i t y  o f  th e  model f o r  th e  s u rp lu s  e l e c t r o n  in  a 

p a r t i c u l a r  s o l v e n t .



For th e  ammoniated e l e c t r o n ,  0 = 0*523» th e  a b s o r p t io n
maxima a t  c a v i t y  r a d i i  o f  3 .0$  and 3 .45$ a re  c a l c u l a t e d  t o  be

0 . 8 5eV and 0,J^eV r e s p e c t i v e l y .  At R = 3*2$, su g g es ted  by volume

e x p an s io n  m easurem ents, th e  computed and observed  v a lu e s  a re

m atched. The mean r a d i i  o f  th e  ground and e x c i t e d  s t a t e  o r b i t s  a t

t h i s  c a v i t y  r a d i u s  a re  4*3$ and 6 .6$  r e s p e c t i v e l y .  The e l e c t r o n  i s

by no means l o c a l i s e d  w i th in  th e  c a v i ty .

For th e  s o lv a te d  e l e c t r o n  in  th e  low er a l c o h o l s ,  th e

p r e d ic t e d  c a v i t y  r a d i i  a r e  found to  f a l l  smoothly wifch i n c r e a s i n g
20p o l a r i t y  e x ce p t  f o r  n - b u ta n o l .  In  m ethano l,  D , = 3 2 .6 ,  th e  c a v i tysx

r a d i u s  i s  1 .1 5 $ ,  w h i l s t  in  e th a n o l ,  D = 24*4, R = 1 .3 2 $ .  The
SX

h y d ra te d  e l e c t r o n  does n o t  f i t  i n t o  t h i s  p a t t e r n .  VJith a d i e l e c t r i c  

c o n s ta n t  o f  ~  80 th e  observed  and computed e x c i t a t i o n  e n e r g ie s  a re  

matched a t  R = 1 . 5 $ . 2 l “ 2^

The h e a t  o f  s o lu t i o n  o f  th e  ex ce ss  e l e c t r o n  may be 

o b ta in e d  when th e  m agnitudes o f  th e  medium p o l a r i s a t i o n  energy  and 

th e  energy  o f  an e l e c t r o n  in  th e  co n d u c t io n  band o f  th e  l i q u i d  a re  

known. Cohen and Thompson in d i c a t e  t h a t  th e  l a t t e r  q u a n t i t y  i s  sm all  

f o r  ammonia. The medium p o l a r i s a t i o n  en e rg y ,  fl » f o r  ammonia,
OO

n =4- fl<li l s l 2 V (r)  dv ,

c o n t r i b u t e s  some 0.475eV, when R = 3*2$, tow ards th e  h e a t  o f  s o l u t i o n
17H = -Bn -  n  = 1.6eV. The ex p e r im e n ta l  e s t im a te  i s  1 .7eV.I s

I f  th e  c a v i ty  c o n t r a c t s  when p re s s u re  i s  a p p l i e d ,  th e  

spec trum  sh o u ld  s h i f t  t o  th e  b lu e ,  a r e s u l t  q u a l i t a t i v e l y  in  acc o rd  

w ith  e x p e r im e n t .  S p e c t r a l  v a r i a t i o n s  w ith  te m p e ra tu re  may be 

accomodated w i th in  th e  model by v a r i a t i o n s  in  each  o f  th e  I s  and 

2p ene rgy  l e v e l s .  For th e  ammoniated e l e c t r o n

dB /  dT = - 4 .00  (dC/dT) + O.409  (dR/dT)
•L o

dE2p /  dT = -3 .1 2  (dC/dT) + 0 .132 (dR /dT).

'd i th  a th e rm a l expans ion  c o e f f i c i e n t ,  dR/dT = 3*10 ^ $ /  K, th e  s h i f t  

in  peak p o s i t i o n  i s  c a l c u l a t e d  to  be in  agreem ent w ith  ex p e r im e n t .

A p o t e n t i a l  w e ll  o f  th e  form (15) can su p p o r t  an i n f i n i t e  

number o f  bound energy  l e v e l s .  S ince th e  e x c i t e d  3 t a t e  o rb i t a . I s  

become more d i f f u s e  as th e  p r i n c i p a l  quantum number n i n c r e a s e s ,  

t h e i r  ene rgy  i s  ap p ro x im a te ly  g iven  by
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E = -C2/ 2 n 2 -  1 / 2 r  ( l  -  l /D  . ) a . u ,  n >  2 (18)n n oo

The asymmetry o f  th e  a b s o rp t io n  band on th e  h ig h  energy  s id e  may be

th e  r e s u l t  o f  o v e r la p p in g  a b s o rp t io n  bands a r i s i n g  from t r a n s i t i o n s
17between th e  ground s t a t e  and th e s e  h ig h e r  energy  l e v e l s .

To d i s t i n g u i s h  t h i s  approach  from th o se  o f  Ogg and Pekar
PAt h i s  model has r e c e n t l y  been named ’th e  p o l a r i s e d  c a v i ty  m o d e l ' .  ^

The assum ption  t h a t  i n e r t i a l  p o l a r i s a t i o n  p ro v id e s  th e

p o t e n t i a l  w e ll  f o r  th e  e l e c t r o n  e n t a i l s  t h a t  th e  medium m olecu les

a re  c a p a b le  o f  r e o r i e n t a t i o n  in  th e  f i e l d  o f  th e  e l e c t r o n .  I f  th e

r e l a x a t i o n  t im e s  a re  lo n g ,  as in  a low te m p e ra tu re  g l a s s  o r  a

c r y s t a l ,  th e  b u i ld - u p  o f o r i e n t a t i o n a l  p o l a r i s a t i o n  i s  s low . The
25o b s e r v a t io n  t h a t  th e  t r a p p e d  e l e c t r o n  in  ic e  i s  s t a b l e  s u g g e s ts

t h a t  by a p p ly in g  J o r t n e r ’s model, which r e l i e s  on lo n g - ra n g e

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

t r a p p i n g  s i t e  must be i d e n t i f i e d  w ith  a  d e f e c t  in  th e  medium or
22t h a t  some f r o z e n - i n  p o l a r i s a t i o n  e x i s t s .

Hamlet and Kevan conclude t h a t  th e  e x c i t e d  s t a t e  o f  th e
2 6t r a o p e d  e l e c t r o n  in  aqueous g l a s s e s  i s  unbound. This  i s  confirm ed

27by th e  r e c e n t  o b s e rv a t io n  oi a p h o to c u r r e n t .  An easy  r a t i o n a l i s a t i o n

i s  e f f e c t e d  i f  cn ly  s h o r t - r a n g e  i n t e r a c t i o n s  c o n t r i b u t e  t o  th e

s t a b i l i t y  o f  th e  ex cess  e l e c t r o n  (S e c t io n  H). I f  i t  i s  th e  case

t h a t  m ic ro sc o p ic  r e l a x a t i o n  p ro c e s s e s  p roceed  much f a s t e r  th a n
28 29m acroscop ic  r e l a x a t i o n  t im es  1 th e  a p p l i c a t i o n  o f  th e  p o l a r i s e d  

c a v i t y  model may be j u s t i f i e d .

Taking  cogn izance  o f  th e  o b s e r v a t io n s  d i s c u s s e d  in  S e c t io n  

A ( i i i ) ,  c o n c e rn in g  th e  s u b d iv i s io n  o f  th e  t o t a l  p o l a r i s a t i o n ,  f o r  

e l e c t r o n s  in  p o l a r  s o lv e n t s  a s e l f - c o n s i s t e n t  f i e l d  approach  in  

which b o th  p o l a r i s a t i o n  f i e l d s  a re  s im u l ta n e o u s ly  accoun ted  f o r  

sh o u ld  be a d o p t e d . ^ * ^

At th e  l i m i t  o f  ze ro  c a v i t y  r a d iu s  J o r t n e r  so computes 

th e  h e a t  o f  s o l v a t i o n  o f  th e  s u r p lu s  e l e c t r o n  t o  be

E = -O.O488 (1 -  l/ l>s t ) 2 a . u .

The observed  h y d r a t io n  energy  f o r  th e  l o c a l i s e d  e l e c t r o n  in  w a te r ,

1.7eV, i s  on ly  approached by t h i s  fo rm u la .  A lthough unaware o f  th e
p

f a c t ,  P ekar  a l s o  so lv ed  t h i s  problem u t i l i s i n g  th e  more f l e x i b l e
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v a r i a t i o n a l  f u n c t i o n  ( 5 ) ,  d e r iv i n g  th e  s o lv a t io n  energy

E = -0 .0 5 4 7  ( 1 - l / D ^ ) 2 a . u .  (19)

6 7Prom th e  e a r l y  i n v e s t i g a t i o n s  9 th e  a b s o rp t io n  maximum sho u ld  l i e  
a t  an energy

Ema* "  0 ‘0 n  <W / V 2

The e x c i t a t i o n  e n e r g i e s  o f  th e  h y d ra te d  and ammoniated e l e c t r o n  a r e  

so c a l c u l a t e d  to  be 1.88eV and 1.72eV r e s p e c t i v e l y .  The use  o f  a 

more f l e x i b l e  f u n c t io n  in c r e a s e s  th e  c a l c u l a t e d  v a lu e  f o r  th e
•J2

h y d ra te d  e l e c t r o n  t o  2 . l8 e V . The d i s p a r i t i e s  in  th e  observed  

and c a l c u l a t e d  a b s o r p t io n  maxima i s  ta k e n  to  im ply c a v i t y  fo rm a t io n .

The u n s a t i s f a c t o r y  n a tu r e  o f  c a l c u l a t i o n s  which impose 

c a v i t y  fo rm a t io n  i s  i l l u s t r a t e d  by ex am in a t io n  o f  t h e  energy  

s u r f a c e s  f o r  th e  ammoniated e l e c t r o n ^  (s e e  A ppendix).  T h is  d iagram  

was drawn u t i l i s i n g  th e  p o l a r i s e d  c a v i t y  model. As a  consequence 

o f  n e g l e c t i n g  th e  s u r f a c e  f o r c e s  a c ro s s  th e  c a v i t y  boundary , th e  

lo w e s t  ene rgy  c o n f ig u r a t i o n  l i e s  a t  R » 0 .  w i th in  th e  c a v i ty  

m ode ls ,  t h i s  p a ram e te r  i s  n e c e s s a r i l y  a s c e r t a i n e d  by r e c o u r s e  t o  

some e x p e r im e n ta l  o b s e r v a t io n .  A s a t i s f a c t o r y  th e o ry  shou ld  

u n iq u e ly  d e te rm in e  t h i s  p a ra m e te r .

( i i )  P re lu d e  t o  th e  Semicontinuum T rea tm e n t .

The models h i t h e r t o  d e s c r ib e d  ta k e  no acco u n t o f  th e  

m o le c u la r  n a t u r e  o f  th e  medium in  which th e  e l e c t r o n  i s  l o c a l i s e d .

The i n d i v i d u a l  c h a r a c t e r i s t i c s  o f  th e  m a tr ix  a re  assumed t o  be 

a d e q u a te ly  r e p r e s e n t e d  by v a r i a t i o n s  in  th e  d i e l e c t r i c  c o n s t a n t s .

To encompass t h e  b e h a v io u r  o f  s u r p lu s  e l e c t r o n s  w i th in  a  s in g l e  

fo rm u la  such as  e q u a t io n  ( 19 ) i s  an u n l i k e l y  ach ievem en t,  and 

some d e v i a t i o n s  have been n o te d .  The m ic ro sco p ic  p r o p e r t i e s  o f  a 

s o lv e n t  a r e  l i k e l y  t o  m a n ife s t  th e m se lv es  in  a  more complex f a s h io n  

th a n  th e  e a r l y  t h e o r i e s  would s u g g e s t .

The two im p o rtan t  advances tow ards  th e  s o p h i s t i c a t i o n  

s o lv a t e d  e l e c t r o n  th e o ry  were made by O 'R e i l l y ^  and by I g u c h i . ^

To in c o r p o r a te  s h o r t  range  i n t e r a c t i o n s ,  O’R e i l l y  

p roposed  t h a t  a  c a v i t y  in  th e  medium i s  bounded by n p o in t  d ip o l e s  

|i and q u a d ru p o le s  Q, a t  a  d i s t a n c e  a  = R + from th e  c e n t r e  o f
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th e  void* R i s  th e  v o id  r a d iu s  and M th e  m o lecu la r  volume. When th e  

s o lv e n t  i s  ammonia, th e  number o f  m olecu les  on th e  p e r ip h e r y ,
p 2  Q

ap p ro x im a te ly  g iv en  by n » 4 t t  a ' /  M3",. i s  ~23  f c r  R = 3.0A and 

M « 432"'. The p o t e n t i a l  energy  o f  th e  e l e c t r o n ,

V = 0
A

V ■ - n / a  | < c o s  0 >  — Q/a}
2.

« - 4  tt/m3' | < c o s  Q> -o /a jj

i s  however in d ep en d en t o f  th e  number o f  m o le c u le s .

Thermal a g i t a t i o n  o f  th e  m olecu les  on th e  boundary o f  th e  

c a v i ty  d i s t u r b s  t h e  a l ignm en t o f  th e  d ip o le  moment w i th  th e  f i e l d  

such t h a t  th e  an g le  0 sub tended  by th e  d ip o le  moment': and th e  r a d iu s

v e c t o r  i s  d e te rm in e d  by

< C O 8 0 >  « c o th  X  -  l / x  a  L(x)

E^oc i s  th e  l o c a l  e l e c t r i c  f i e l d  a c t i n g  on a 

m o lecu le .

Choosing  th e  f i e l d  t o  be g iv en  by th e  s im ple  form 

El o c  "  - *  /  r 3 »
a  .

th e  d e p th  o f  t h e  w e ll  i n  ammonia i s  4*7eV f o r  a  » 4 . 75A, |i = I . 46D

and Q * lx lO " " ^ e s u .  As a  i s  in c re a s e d  from t h i s  v a lu e  t o  5*5-^ th e

a b s o r p t io n  maximum i s  c a l c u l a t e d  t o  f a l l  from 1.20eV to  0*90eV. By
fa ir  th e  most dominant" i n t e r a c t i o n ’ i s  w ith  th e  permanent d i p o l e .

The l a t e r  s tu d y  by Ig u c h i  was developed  in  th e  s p i r i t

o f  p o la ro n  th e o r y .
The m o le c u la r  d e n s i t y  o f  th e  s o lv e n t  i s  ta k e n  to  v a ry  w i th

te m p e ra tu re  T a s  n ** rr / \ l +  k(T-273)} where nn i s  th e  m olecular-m o *  ’ o
d e n s i t y  a t  273°K and K i s  th e  th e rm a l expansion  c o e f f i c i e n t .  The

i n e r t i a l  p o l a r i s a t i o n  c r e a t e d  by th e  i n t e r a c t i o n  o f  th e  e l e c t r o n

w ith  s o lv e n t  l a y e r s  i s

P ^ ( r )  =* |i < c o s 0 > .

I f  th e  l o c a l  f i e l d  has  th e  s im ple  form (2 2 ) ,  in  which case  

< c o s Q >  « L( | i / k T r a ) ,  th e  p o t e n t i a l  energy  o f  th e  e l e c t r o n ,  g iv e n  by

r  > a  

r <  a

( 20a)

( 20b)

( 20c )

(21)

( 2 2 )
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e q u a t i o n  ( 1 4 ) is
oO

V(i*) « -n ^  p j * L( p / k T r ^ ) / r ^  dv 
r

The e n e rg y  l e v e l s  a r e  o b ta in e d  v a r i a t i o n a l l y  u s i n g  f u n c t i o n s  o f  t h e  

form  (1 6 )  and  (1 7 )  and  e q u a t io n  (3 a )  w i th  m* ** 1 .  The e l e c t r o n i c  

p o l a r i s a t i o n  i s  added  a t  a  l a t e r  s ta g e #

The com puted e x c i t a t i o n  e n e r g i e s  f o r  e t h a n o l  a r e  

l#69eV  a t  300°K and l#89eV atr 180°K m a tc h in g  w e l l  w i th  t h e  o b s e rv e d  

v a l u e s  1#77©V (298°K) and 2.17eV  (195°K )#^ K eep ing  t h e  p o t e n t i a l  

V ( r )  c o n s t a n t  a t  d i s t a n c e s  l e s s  th a n  4*65 s p o i l s  t h i s  a g r e e m e n t # ^

E# The S em icontinuum  T rea tm en t#

S e p a r a t i n g  th e  n u c l e a r  and e l e c t r o n i c  m o t io n s  th r o u g h  t h e

B orn -O ppenhe im er a p p r o x im a t io n ,  t h e  e n e rg y  s u r f a c e  f o r  a  sy s tem

c o n s i s t i n g  o f  a  s u r p l u s  e l e c t r o n  in  a  l i q u i d  i s  m u l t id im e n s io n a l#

The c o m p le x i ty  o f  su ch  a  p rob lem  p r e c l u d e s  t h e  p o s s i b i l i t y  o f  o b t a i n i n g

even  an  a p p ro x im a te  quantum m e c h a n ic a l  d e s c r i p t i o n  o f  t h e  e l e c t r o n i c

s t a t e s .  A ppeal must be made t o  t h e  g e n e r a l  f e a t u r e s  w hich  have

p ro v e d  t o  be o f  im p o r ta n c e  i n  t h e  s i m p l i f i e d  t h e o r i e s  and employ

them i n  some p h y s i c a l l y  r e a s o n a b l e  model by w hich t h e  s t a b i l i t y  o f

e x c e s s  e l e c t r o n  s t a t e s  i n  l i q u i d s  may be i n v e s t i g a t e d #

A d o p t in g  t h i s  v i e w p o i n t ,  t h e  t o t a l  e n e rg y  o f  t h e  sy s tem

may be p a r t i t i o n e d  i n t o  t h e  e l e c t r o n i c  e n e rg y  Eq and th e  medium

r e o r g a n i s a t i o n ;  e n e rg y  E^ r e s u l t i n g  from  th e  d i s r u p t i o n  ox t h e  noimial

l i q u i d  s t r u c t u r e #  For s t a b i l i t y ,  t h e  t o t a l  e n e rg y  o f  t h e  l o c a l i s e d

e x c e s s  e l e c t r o n  s t a t e  must be lo w er  t h a n  t h e  e n e rg y  o f  an  e l e c t r o n

a t  t h e  b o t to m  o f  t h e  c o n d u c t io n  b and ,  V • T h e o r e t i c a l  s t u d i e s  o f
. 2 1e l e c t r o n s  i n  non—p o l a r '  f l u i d s  have v e r i f i e d  t h i s  a s s e r t i o n #

A c c e p t in g  t h a t  t h e  f o r m a t io n  o f  v o id  v o lu m es ,  s h o r t :  -

and  lo n g - r a n g e  i n t e r a c t i o n s  a r e  th e  im p o r ta n t  f e a t u r e s  o f  e l e c t r o n

l o c a l i s a t i o n  i n  p o l a r  l i q u i d s ,  a  p h y s i c a l l y  r e a s o n a b l e  model f o r  t h e
37s o l v a t e d  e l e c t r o n  may be v i s u a l i s e d #

The l o c a l i s a t i o n  c e n t r e  i s  c o n s id e r e d  t o  be a  v o id

s u r ro u n d e d  by  a  s i n g l e  s o l v a t i o n  s h e l l  o f  N o r i e n t e d  d i p o l e s  a t  a

d i s t a n c e  r ^  from  t h e  c a v i t y  c e n t r e ,  embedded in  a  c o n t in u o u s

d i e l e c t r i c  medium commencing a t  a  d i s t a n c e  r  • The r i g i d  a l ig n m e n tc
o f  t h e s e  d i p o l e s  w i th  t h e  e l e c t r i c  f i e l d  c r e a t e d  by th e  e l e c t r o n  

i s  opposed  by th e rm a l  a g i t a t i o n #
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The a t t r a c t i v e  s h o r t - r a n g e  i n t e r a c t i o n s  a r e  a p p l i e d  by

u t i l i s i n g  th e  m ic ro s c o p ic  m o le c u la r  e l e c t r o s t a t i c  p o t e n t i a l  d e r i v e d
 ̂A

by O 'R e i l l y .  e q u a t io n - (20b)#  L ong-range  p o l a r i s a t i o n  i n t e r a c t i o n s  

a r e  i n t r o d u c e d  by way o f  th e  s im p le  Landau p o t e n t i a l ,  e q u a t io n  ( l 5 ) t  

f o r  t h e  a d i a b a t i c  t r e a tm e n t#  A l t e r n a t i v e l y  t h e  SCF p o t e n t i a l ,  e q u a t io n  

( 4 ) w i th  C r e p l a c e d  by  ( l - l / D  ) ,  may be u s e d # ^

N e g l e c t i n g  t h e  q u a d ru p o le  t e r m s ,  t h e  s h o r t - r a n g e  a t t r a c t i v e  

p o t e n t i a l  e n e rg y  o f  t h e  e l e c t r o n ,  g iv e n  by e q u a t io n  ( 20b ) ,  i s

Tg ( r )  = - (N  ( io /  r ^ ) < o o s 0 > -  r a G ^  /  2 r*  (2 3 )

where a  i s  t h e  m o le c u la r  p o l a r i s e a b i l i t y  o f  t h e  s o l v e n t #• The l o c a l  

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

E l o c  =  - ° i  /  r d  ( 2 4 )

where G.. i s  t h e  t o t a l  c h a rg e  c o n t a in e d  i n  t h e  v o id  vo lum e,

-  f \  4 - i l 2 d v .  (2 5 )

The t r e a t m e n t  o f  C ope land  e t  a l ,  c o n d u c te d  w i t h i n  t h e  a d i a b a t i c  

a p p r o x im a t io n ,  a c c o u n t s  f o r  t h e  second  te rm  i n  e q u a t io n  (23 )  w i t h i n  

t h e  e l e c t r o n i c  p o l a r i s a t i o n ,  w h i le  F u ek i  ejt a l  c o n s i d e r  t h e  i n e r t i a l  

and e l e c t r o n i c  p o l a r i s a t i o n  s im u l ta n e o u s ly #  The a v e r a g in g  te rm  

< c o s 0 >  i s  c a l c u l a t e d  u s in g  e q u a t io n s  (2 1 )  and (24)*

I t  i s  i m p l i c i t l y  assumed in  e q u a t io n  (2 3 )  t h a t  t h e  

c o o r d i n a t i o n  s h e l l  c o n s i s t s  o f  p o i n t  d i p o l e s  w h ich  c a n  be o r i e n t e d  

by t h e  e l e c t r i c  f i e l d  p ro d u ced  by th e  e l e c t r o n  a t  t h e  d ip o le #  T h is  

a s s u m p t io n  r e s t r i c t s  t h e  sem icon tinuum  t r e a t m e n t  t o  s o l v e n t s  o f  

s m a l l  and  f a i r l y  r i g i d  m o lecu le s#

U t i l i s i n g  t h e  Landau p o t e n t i a l  (15 )  t h e  p o t e n t i a l  e n e rg y  

o f  t h e  e l e c t r o n  i s  t h e r e f o r e  g iv e n  by

V ( r )  » - I J p < c o s 0 > / r ^  -  C / r Q r < R

V( r ) « - C / r  + VQ r  > R .

P e n e t r a t i o n  o f  t h e  e l e c t r o n  i n t o  t h e  medium i s  r e s i s t e d  by

e x c l u s i o n  o f  t h e  e l e c t r o n  from th e  r e g i o n  o c c u p ie d  by th e  medium

e l e c t r o n s #  Such s h o r t  r a n g e  i n t e r a c t i o n s  a r e  a b s o rb e d  in  th e

p a ra m e te r  V • o
C h o o s in g  a  v a r i a t i o n a l  wave f u n c t i o n  o f  t h e  form  (16)^
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t h e  optimum e n e rg y  i s  found  by m in im is in g
eo

Wl s  "  p2 / 2 “  | ^ M < COS0 >  + C / r c |  Glg  -  c j  + l s 2 / v  dv
R

+ (1 -  a. ) vl s y O

and a d d in g  t h e  e l e c t r o n i c  p o l a r i s a t i o n  en e rg y
oO

Si  -  -  N'a G? /  2 r£  -  i ( l  -  1 /  D ) f  ( f  d v ) 2 r “ 2 d r*
^  • 'f t  0

The o r i e n t a t i o n  o f  t h e  perm anent d i p o l e  depends  on t h e  wave f u n c t i o n

g i v i n g  r i s e  t o  a  s e l f  c o n s i s t e n t  f i e l d  p ro b lem .

The m ag n itu d e  o f  Vq i s  n o t  known- f o r  p o l a r  l i q u i d s ,  a l t h o u g h

t h e  e x p e r i m e n t a l  h e a t s  o f  s o l u t i o n  show t h a t  V >  — l*7eV  fo ir  w a te r

and >  -1 * 7  -  0*7 f o r  ammonia* F o r t u n a t e l y  t h e  d e p th  o f  t h e  p o t e n t i a l

w e l l  d o es  n o t  c r i t i c a l l y  depend  on Vq due t o  a  b a l a n c e  o f  te rm s  i n

th e  p o t e n t i a l *  As VQ i n c r e a s e s ,  t h e  c a v i t y  r a d i u s  i s  l i k e l y  t o

i n c r e a s e  and c h a rg e  w i l l  f lo w  from th e  medium i n t o  t h e  c a v i ty *  The

s u b s e q u e n t  i n c r e a s e  i n  G. th e n  lo w e rs  t h e  p o t e n t i a l  e n e r g y .i s
The p r o c e s s  o f  c a v i t y  f o r m a t io n  r e q u i r e s  t h e  in v e s tm e n t

o f  e n e r g y .  The r e o r i e n t a t i o n  o f  t h e  m o le c u le s  on t h e  b o u n d ary

e n h a n c e s  b o th  d i p o l e  — d i p o l e  an d ,  i n  ammonia f o r  exam ple ,

hyd ro g en  -  h y d ro g en  r e p u l s i o n s .  For w a te r ,  t h e  l a t t e r  te rm  i s

ig n o r e d ;  r o t a t i o n  o f  th e  m o le c u le  can  a l l e v i a t e  t h i s  i n t e r a c t i o n .

E x p a n s io n  o f  t h e  c a v i t y  i s  opposed  by a  s u r f a c e  t e n s i o n  f - r c e  
2

4 ttR S , t h e  s u r f a c e  t e n s i o n  b e in g  t a k e n  a s  t h e  m a c ro sc o p ic  v a l u e ,  

and a t  h ig h  p r e s s u r e s  th e  work done i n  c r e a t i n g  a  v o id  vo lum e. 

D i s r u p t i o n  o f  h y d ro g en  bonds i s  n e g l e c t e d  s in c e  t h e  d e t a i l e d  

s t r u c t u r e  o f  t h e  s o l v a t e d  e l e c t r o n  i s  unknown*

The medium r e o r g a n i s a t i o n ,  e n e rg y  i s  t h e r e f o r e  com puted 

as  t h e  e n e rg y  r e q u i r e d  t o  p o l a r i s e  t h e  d i e l e c t r i c  and form t h e  

c a v i t y .

C a l c u l a t i o n  o f  t h e  t o t a l  e n e rg y  a t  v a r i o u s  v o id  r a d i i  

a l lo w s  a  u n iq u e  d e t e r m i n a t i o n  o f  th e  c a v i t y  r a d i u s  i n  ammonia

and w a t e r .  F o r  N = 4 and 6 . a ssu m in g 'V  == 0 ,  a t  300°K th e  most
. °  9e n e r g e t i c a l l y  f a v o u r a b l e  c e n t r e  t o  d i p o l e  d i s t a n c e s  a r e  2.72A

and 3 . 25^  r e s p e c t i v e l y  f o r  am m o n ia^  and 2 *07^  and 2*5$^ 

r e s p e c t i v e l y  f o r  w a t e r . ^  An i n c r e a s e  i n  expands  t h e  c a v i ty *

The e n e r g i e s  o f  t h e  most s t a b l e  c a v i t i e s  f o r  N « 4 and 6 do n o t
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g r e a t l y  d i f f e r - ,  i n d i c a t i n g  t h a t  some e q u i l i b r i u m  b e tw een  t h e s e  two 

c o o r d i n a t i o n  num bers may e x i s t .

The volume ex p an s io n ,  w i th i n  th e  s em i-co n t in u u m  t r e a tm e n t ,  i s

A y  =* 4 tt/ 3 (r^ -  h

where i s  t h e  e f f e c t i v e  r a d i u s  o f  t h e  volume o c c u p ie d  by e a c h

s o l v e n t  m o le c u le  i n  th e  norm al l i q u i d ,  so t h a t  d i l a t i o n  m easu rem en ts

a r e  i n t e r p r e t e d  a s  a  m a n i f e s t a t i o n  o f  c a v i t y  f o r m a t io n  and a

d e c r e a s e  i n  t h e  d e n s i t y  o f  th e  s o l v a t i o n  s h e a th  o v e r  t h e  no rm al

l i q u i d .  F o r  ammonia, N » 4 and. r  « 4*22$, th e  volume in c re m e n t  i sc
6 6 .8  m l /m o le ,  m a tc h in g  q u i t e  w e l l  S ch in d e w o lf  e t  ad.*s e x p e r im e n ta l  

m easu rem en t 8 4 t  15 m l/m ole  a t  240°K.

The v e r t i c a l l y  e x c i t e d  s t a t e  e l e c t r o n i c  e n e rg y  i s
OO

E2p * 1 2/ 2  -  G2p/ir(1< c o s 9 > /r *  -  C / r l  -  C f  2 / r  **
R

+ (1  -  gu )v + s 0 ,v 2 p 7 o 2 p f

w i th  < c o s 9 >  a p p r o p r i a t e  t o  t h e  g round  s t a t e .

I n  g e n e r a l ,  t h e  e x c i t a t i o n  e n e r g i e s  a r e  o v e r e s t i m a t e d  b u t

o f  t h e  c o r r e c t  o r d e r  o f  m a g n i tu d e .  F u r t h e r ,  t h e  i n c l u s i o n  o f  lo n g

r a n g e  p o l a r i s a t i o n  a p p e a r s  t o  be n e c e s s a r y  t o  lo w er  t h e  e n e rg y  o f
29 40t h e  e x c i t e d  s t a t e .  9

E x p e r i m e n t a l l y ,  K a w a b a ta ^  f i n d s  t h e  e x c i t e d  s + a te  i n  i c e  

t o  be bound . T heo ry  p r e d i c t s  t h e  v e r t i c a l  2p s t a t e  t o  be unbound , b u t  

no a u t o i o n i s a t i o n  t o  t h e  c o n d u c t io n  band t a k e s  p l a c e ,  w hereas  t h e  

r e l a x e d  e x c i t e d  s t a t e  i n  w a te r  and i c e  e x h i b i t s  no  en e rg y  minimum.

The b e s t  u n d e r s to o d  en e rg y  l e v e l  s t r u c t u r e  from  p h o t o -  

b l e a c h i n g  phenomena i s  f o r  t r a p p e d  e l e c t r o n s  i n  2 - m e t h y l t e t r a h y d r o f u r a n  

g l a s s e s . ^  E x c i t a t i o n s  t o  t h e  u n r e l a x e d  e x c i t e d  s t a t e  and th e  

c o n d u c t io n  band  o r  an  a u t o i o n i s i n g  s t a t e  o c c u r  a t  e n e r g i e s  

— l.O eV  and 1 . 6 ± 0 . 2 e V  r e s p e c t i v e l y .  R e l a x a t i o n  o f  t h e  e x c i t e d  

s t a t e  r e s u l t s  i n  c r o s s i n g  t o  a  r e l a x e d  2s s t a t e  some l . l e V  b e lo w  

t h e  r e l a x e d  c o n d u c t io n  b an d .
42T h e o r e t i c a l  c a l c u l a t i o n s  s u p p o r t  t h i s  p i c t u r e .  F o r  n  « 4 

and Vq a» - 0 . 5  t h e  l s - * 2 p  t r a n s i t i o n  i s  c a l c u l a t e d  a t  l.O eV  v jh i le  t h e  

t r a n s i t i o n  t o  t h e  u n r e l a x e d  c o n d u c t io n  band i s  p la c e d  a t  1*4©V. The 

r e l a x e d  2s s t a t e  l i e s  O .leV  above th e  r e l a x e d  2p s t a t e  a lo n g  t h e  

c o n f i g u r a t i o n a l  c o - o r d i n a t e  and  c r o s s e s  n e a r  i t s  minimum. E x c i t a t i o n  

from t h i s  s t a t e  t o  t h e  r e l a x e d  c o n d u c t io n  s t a t e  i s  p l a c e d  a t  0 .6eV  in
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f a i r  a g ree m en t  w i th  l . l e V  from e x p e r im e n t .

Some c a l c u l a t e d  p r o p e r t i e s  f o r  t h e  am m oniated and h y d r a t e d  

e l e c t r o n s  a r e  com pared w i th  o b s e r v a t i o n  i n  T ab le  1 ,

T ab le  1 ,

E x p e r im e n ta l  and  c a l c u l a t e d  p r o p e r t i e s  f o r  t h e  s o l v a t e d  e l e c t r o n *
n =s 4 . V = 0 .o

Ammonia (203°K) W ater  (300°K)

Obs. C a l c . ^ Obs. C a l c # ^
E (eV) max '  ' 0 .8 0  ( 240°K) 1 .1 9 1 .7 2 2 .1 1
Hal f -1  in e  w id th  ( e V) O.46 0 .1 2 0 .9 2 0 .1 8

O s c i l l a t o r  s t r e n g t h 0 .7 7 0 .4 9 0 .7 1 0 .7 8
A K- (eV) 1 .7  0 .7 1 .4 3 1 .7 1 .9 4
A V m l/m o le 84  ± 15 6 6 .8 1-6 25

E x a c t  ag ree m en t w i th  e x p e r im e n t  would be f o r t u i t o u s  b u t  

o v e r a l l  t h e  sem ico n tin u u m  model r e p r o d u c e s  many o f  t h e  o b s e rv e d  f e a t u r e s  

q u i t e  w e ll#  Some d i s c r e p a n c i e s  re m a in ,  i n  p a r t i c u l a r  c o n c e r n in g  t h e  

band w id th#

The sem icon tinuum  t r e a t m e n t  p r e s e n t s  a  g r e a t  advance  i n  t h e  

t h e o r y  o v e r  t h e  e a r l y  m o d e ls .  However, some c r i t i c i s m s  may be made.

The medium re a r r a n g e m e n t  e n e rg y  i s  i n t r o d u c e d  i n  a  c o a r s e  

f a s h i o n .  F o r  ex am p le ,  i t  i s  open t o  d e b a t e  a s  t o  w h e th e r  «, 

m a c ro sc o p ic  s u r f a c e  t e n s i o n  f o r c e  e x i s t s  a t  m o le c u la r  d im e n s io n s .

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

t h e  medium by t h e  e l e c t r o n .  When t h e  l o c a l i s a t i o n  s i t e  e x i s t s  

n a t u r a l l y ,  no s u ch  s u r f a c e  t e n s i o n  f o r c e  i s  o p e r a t iv e #

The m odel p e r m i t s  one c o n f i g u r a t i o n a l  c o o r d i n a t e ,  t h e  v o id  

r a d i u s  R, so  t h a t  th e  c a v i t y  can  o n ly  ’b r e a t h e 1 s y m m e t r i c a l ly ,  w h i le  

o t h e r  modes a r e  p o s s i b l e .

A lth o u g h  th e  f o r c e s  d e t e r m in i n g  th e  s t r u c t u r e  o f  t h e  second  

s o l v a t i o n  s h e l l  a r e  n o t  p u re  c h a r g e - d i p o l e  i n t e r a c t i o n s ,  th e  

s u b s t a n t i a l  p e n e t r a t i o n  o f  t h e  e l e c t r o n i c  xvave f u n c t i o n  i n t o  t h e  

medium s e r v e s  t o  i l l u s t r a t e  t h a t  e f f e c t s  i n  t h i s  l a y e r  may be 

im p o r t a n t .

I n  c o m p le t in g  t h i s  r e v ie w  o f  s o l v a t e d  e l e c t r o n  t h e o r y ,  i t  

may be n o te d  t h a t  t h e  v ie w p o in t  t a k e n  o f  th e  s u r p l u s  e l e c t r o n  h as
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s u b t e l y  changed  on p r o p o s a l  o f  th e  sem icon tinuum  m o d e l.  The p o la r o n  

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

t h e  c u r r e n t  c o n c e p t io n  r e s e m b le s  t h a t  o f  a  s o l v a t e d  io n  a ro u n d  w hich  

s o l v e n t  d i p o l e s  have b een  o r i e n t e d .  R e f e r r i n g  t o  t h e  s u g g e s t i o n  o f  

W eiss t h a t  t h e  t r a p p e d  e l e c t r o n  i n  w a te r  be c a l l e d  a  ’ p o la ro n *  and 

n o t  a  ’h y d r a t e d  e l e c t r o n * , ^  i t  may in d e e d  now be p e r m is s a b l e  t o  

sp e a k  o f  t h e  ’h y d r a t e d  e l e c t r o n * .
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A ( i )  I n t r o d u c t i o n .

I t :  h a s  b ean  em p h as ised  i n  C h a p te r  3 ,  t h a t  t h e  c u r r e n t  t h e o r i e s  

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

s u r r o u n d in g  medium by a  d i e l e c t r i c  c o n t in u u m . S h o r t - r a n g e  medium- 

e l e c t r o n  i n t e r a c t i o n s  a r e  i n c o r p o r a t e d  i n t o  th e  s e m i-c o n tin u u m  

m o d e lv ia  an e l e c t r o s t a t i c  p o t e n t i a l  a r i s i n g  from  p o i n t  d i p o l e s  on 

t h e  b o u n d a ry  b e tw ee n  a  c a v i t y  and th e  c o n t in u o u s  d i e l e c t r i c  

medium.

However, a t  t h e  l o c a l i s a t i o n  c e n t r e ,  t h e  m ic r o s c o p ic  

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

non -  s p h e r i c a l  l o c a l  p o t e n t i a l  e x p e r i e n c e d  by  t h e  s u r p l u s  e l e c t r o n ,  

so  m o d i fy in g  i t s  p r o p e r t i e s .  E l e c t r o s t a t i c  m odels  f a i l  t o  

h i g h l i g h t  t h e s e  l o c a l  v a r i a t i o n s  i n  t h e  p o t e n t i a l .  In  a d d i t i o n ,  

i f  t h e  e x c e s s  e l e c t r o n  i s  s u f f i c i e n t l y  w e l l  l o c a l i s e d ,  t h e  b u lk  

d i e l e c t r i c  p r o p e r t i e s  o f  t h e  medium w i l l  be i n a d e q u a te  t o  p o r t r a y  

t h e  p o t e n t i a l  e x p e r i e n c e d  by t h e  e l e c t r o n .  L o n g -ran g e  p o l a r i s a t i o n  

i n t e r a c t i o n s  i n  t h i s  c a s e  do n o t  d o m in a te  t h e  p r o p e r t i e s  o f  t h e  

s u r p l u s  e l e c t r o n  s t a t e .

The m o le c u la r  a p p ro a c h  t a k e s  t h e  a l t e r n a t i v e  v ie w p o in t  

and exam ines  t h e  m ic r o s c o p ic  s t r u c t u r e  o f  t h e  l o c a l i s a t i o n  s i t e .

The s u r p l u s  e l e c t r o n  i s  c o n s id e r e d  t o  be t r a p p e d  a t ,  and s t a b i l i s i n g ,  

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

The e n e rg y  o f  t h e  e l e c t r o n  depends  n o t  o n ly  upon t h i s  num ber, b u t  

on t h e i r  o r i e n t a t i o n .  I n  t i m e ,  r e o r g a n i s a t i o n  o f  s u c h  c l u s t e r s  

w i l l  p r o v id e  a  v a r i e t y  o f  d i f f e r e n t  s i t e s  i n  t h e  l i q u i d  v r i th in  

w hich  t h e  e l e c t r o n  r e s i d e s .

The e n e rg y  o f  t h e s e  c h a rg e d  m o le c u la r  a g g r e g a t e s  may be 

i n v e s t i g a t e d  u s i n g  m o le c u la r  o r b i t a l  t h e o r y .  T h is  method b y - p a s s e s  

th e  n e e d  t o  d i f f e r e n t i a t e  b e tw ee n  th e  medium and t h e  s u r p l u s  

e l e c t r o n s .  A l l  i n t e r a c t i o n s  a r e  s im u l t a n e o u s l y  a c c o u n te d  f o r .

I m p o r t a n t  f e a t u r e s  s u ch  a s  s p i n  p o l a r i s a t i o n  a r e  n a t u r a l l y  

i n c o r p o r a t e d  i n  t h i s  m e thod . T h is  e f f e c t  c a n n o t  be s t u d i e d  i n  any  

o t h e r  way.

The s o l e  p r o p e r t i e s  w hich  a r e  im m e d ia te ly  open t o  

i n v e s t i g a t i o n  a r e  t h o s e  w h ich  a r i s e  m a in ly  a s  a  r e s u l t  o f  l o c a l  

i n t e r a c t i o n s .  R e l a t i v e l y  d i s t a n t  d i s t u r b a n c e s  i n  t h e  medium a r e  

assum ed t o  have  a  m ino r  e f f e c t .



Dye h as  i n d i c a t e d  some exam ples o f  t h i s  n a t u r e  f o r  

m e ta l-am m onia  s o lu t i o n s '^  w hich may be in  a c c o rd  w i th  t h Q i n t e r p r e t a t i o n  

t h a t  th e y  a r i s e  from l o c a l  i n t e r a c t i o n s *  As th e  m e ta l  c o n c e n t r a t i o n  i n  

ammonia i n c r e a s e s  from d i l u t e  t o  m o d e ra te ,  t h e  a b s o r p t i o n  band s h a p e ,  

e x t i n c t i o n  c o e f f i c i e n t  and e l e c t r o n  r e l a x a t i o n  a r e  in d e p e n d e n t  o f  th e  

m e ta l  c o n c e n t r a t i o n  w h ile  t h e  peak  p o s i t i o n  in  t h e  o p t i c a l  a b s o r p t i o n  

sp e c tru m  i s  o n ly  s l i g h t l y  c o n c e n t r a t i o n  dependen t*

T h is  c h a p t e r  i s  d e v o te d  to  th e  m o le c u la r  approach*  M o le c u la r  

m odels  a r e  p ro p o s e d  f o r  t h e  h y d r a te d  and am moniated e l e c t r o n s  and 

th e  e n e rg y  o f  e a c h  c l u s t e r  i s  c a l c u l a t e d  u s i n g  th e  s e m i - e m p i r i c a l  

IITDO m o le c u la r  o r b i t a l  method*

( i i )  Some E a r l y  M o le c u la r  Models f o r  th e  S o lv a te d  E le c t r o n *

I n  t h e  s p i r i t  o f  a  m o le c u la r  o r b i t a l  t r e a t m e n t ,  K ap lan  and

K i t t e l  assum ed t h a t  th e  o r b i t a l  o f  th e  ammoniated e l e c t r o n  was a

l i n e a r  c o m b in a t io n  o f  I s  and 2p a to m ic  o r b i t a l s  c e n t r e d  on t h e
2h y d ro g en  n u c l e i  a t  t h e  bo u n d ary  o f  a  c a v i t y .  A lth o u g h  no en e rg y  

c a l c u l a t i o n  was p e r fo rm e d ,  p o l a r i s a t i o n  e f f e c t s  w ere assum ed t o  

d e p l e t e  t h e  I s  c h a r a c t e r  o f  t h e  m o le c u la r  o r b i t a l  t o  T h is

model i s  s i m i l a r  t o  t h a t  p ro p o se d  f o r  t h e  F -  c e n t r e  i n  a l k a l i  

h a l i d e s  by Kahn and K i t t e l * ^  The number o f  ammonia m o le c u le s  

s u r r o u n d in g  t h e  c a v i t y  was t a k e n  to  be ~ 1 7 *

T h is  b a s i c  model h^s been  u t i l i s e d  e x t e n s i v e l y  in  

i n v e s t i g a t i o n s  p e r t a i n i n g  t o  th e  h y d r a te d  e l e c t r o n . ^  A s t r u c t u r a l  

model c o m p r is e d  o f  f o u r  t e t r a h e d r a l l y  d i s p o s e d  m o le c u le s  w i th  f o u r  

p r o to n s  d i r e c t e d  to w a rd s  t h e  c e n t r e  was c o n s i d e r e d .  T h is  sy s tem  

may be e n v i s a g e d  t o  be form ed by m o le c u la r  r e o r i e n t a t i o n  round  a 

v a c a n c y  in  t h e  i c e  I  l a t t i c e .  M o le c u la r  o r b i t a l s  a r e  c o n s t r u c t e d  

from s c a l e d  I s  o r b i t a l s  c e n t r e d  on th e  i n n e r  hyd rogen  n u c l e i .

Coulom bic i n t e r a c t i o n s  be tw een  th e  s u r p l u s  e l e c t r o n  and th e  t e t r a m e r  

n u c l e i  and th e  e l e c t r o n s  p ro v id e  a p o t e n t i a l  w e l l  w i t h i n  w hich  th e  

e l e c t r o n  r e s d i e s *  Exchange i n t e r a c t i o n s  and p e r t u r b a t i o n  o f  t h e  w a te r  

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

At an  oxygen-oxygen  d i s t a n c e  o f  2*76$ ,  a p p r o p r i a t e  t o  i c e ,  

t h e  g ro u n d  s t a t e  i s  c a l c u l a t e d  t o  l i e  a t  -4*38eV and th e  t r i p l y  

d e g e n e r a t e  e x c i t e d  s t a t e  a t  —3*58eV* The o p t i c a l  e x c i t a t i o n  e n e rg y  i s  

so c a l c u l a t e d  t o  be 0 .8 eV , w hich  i s  a p p r o x im a te ly  h a l f  t h e  o b s e rv e d  

v a lu e  1 .72eV  (3 0 0 °K )::).  I n  o r d e r  t o  m atch  t h i s  v a l u e ,  IT a to r i  found
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i t  n e c e s s a r y  t o  d i s t o r t  t h e  geom etry  o f  t h e  w a te r  m o le c u le s*

E s t i m a t i n g  th e  en e rg y  in v e s tm e n t  i n  t h e  f o r m a t io n  o f  t h i s  

s t r u c t u r e  t o  be 2eV, th e  h e a t  o f  h y d r a t i o n  i s  2*4eV, com paring  

q u i t e  w e l l  w i th  an o b s e rv e d  1 .7eV .

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

e n e rg y  o f  t h e  sy s tem  i s  n o t  open t o  e v a l u a t i o n .  At l e a s t  one 

e x p e r i m e n t a l  o b s e r v a t i o n  i s  r e q u i r e d  t o  e v a l u a t e  t h e  p a r a m e te r s  

w i t h i n  t h e  m o d e l.  W hether t h i s  s t r u c t u r e  i s  s t a b l e  o r  n o t  r e m a in s  

t o  be a s c e r t a i n e d .

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

o f  a  s o l v a t e d  e l e c t r o n  model was u n d e r ta k e n  by R a f f  and  P o h l .

D im e ric  s t r u c t u r e s  were p ro p o se d  t o  r e p r e s e n t  t h e  im m ed ia te  

e n v i ro n m e n t  o f  t h e  s o l v a t e d  e l e c t r o n  i n  e i g h t  m e d ia .

The e l e c t r o n  i s  c o n s id e r e d  t o  be bound i n  t h e  f i e l d  o f  two 

opposed  m o le c u la r  d i p o l e s ,  w r i t t e n  f o r  h y d ro g en  f l u o r i d e

F -  H . . . e 7 .  .Hr -  P .

To s i m p l i f y  t h e  c a l c u l a t i o n ,  t h i s  sy s tem  may be v iew ed  a s  a  hy d ro g en  

m o le c u le  io n  p e r t u r b e d  by two f l u o r i d e  io n s

F “ . . .  H* . . .  F~.

The m o l e c u la r  o r b i t a l s  f o r  t h e  e x c e s s  e l e c t r o n  may th e n  be t a k e n

t o  be l i n e a r  c o m b in a t io n s  o f  s c r e e n e d  h y d ro g e n ic  I s  f u n c t i o n s

c e n t r e d  on t h e  p r o t o n s .  The s c r e e n i n g  c o n s t a n t  i s  e s t i m a t e d  i n  an

e m p i r i c a l  m anner .

The t r a n s i t i o n  e n e r g i e s ,  a  a  » a ^e com puted t o  be
& ^

2 .39eV  and 1 .63eV  a t  e q u i l i b r i u m  p r o t o n - p r o t o n  s e p a r a t i o n s  o f

1 .6 7 2  and  1 .8 8 2  f o r  t h e  h y d r a te d  and am moniated e l e c t r o n s  r e s p e c t i v e l y .

For su c h  a  c ru d e  m odel,  th e  p r e d i c t i o n  o f  e x c i t a t i o n  e n e r g i e s  t o

w i t h i n  a p p r o x im a te ly  90% o f  th e  o b s e rv e d  a b s o r p t i o n  maxima i s

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

r e c o g n i t i o n  t h a t  e n e r g e t i c  q u a n t i t i e s  s h o u ld  be e v a l u a t e d  a t  e q u i l i b r i u m

c o n f i g u r a t i o n s  and n o t  a r t i f i c i a l l y  m atched  w i th  o b s e r v a t i o n .

The CNDO/2 s t u d i e s  o f  Weissmann and Cohen i n t o  h y d r a t e d
7e l e c t r o n  m odels  a l s o  s u f f e r  from  t h i s  d e f i c i e n c y .  W ith in  t h e  

a p p r o x im a t io n s  in v o l v e d ,  t h e  most f a v o u r a b l e  s t r u c t u r e  f o r  t h e  

h y d r a t e d  e l e c t r c n  i s  r e p o r t e d  t o  be a  no rm al i c e  — l i k e  s t r u c t u r e ,  

and t h e  e x c i t a t i o n  e n e rg y  i s  p la c e d  a t  W hether t h e  s i n g l e

geo m etry  s t u d i e d  r e p r e s e n t s  a  minimum e n e rg y  c o n f i g u r a t i o n  o r  n o t
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i s  n o t  c o n s i d e r e d .  In  a d d i t i o n ,  th e  CHDO method h a s  b een  shown i n  

C h a p te r  2 . t S e c t i o n  D, t o  be in a d e q u a te  f o r  t h e  i n v e s t i g a / t i o n  o f  

o p c n - s h e l l  s y s te m s .

( i i i )  A S t a b i l i t y  C r i t e r i o n  f o r  t h e  M o le c u la r  C l u s t e r .

The l o c a l i s e d  e x c e s s  e l e c t r o n  s t a t e  becomes s t a b l e  when 

th e  e n e rg y  o f  su ch  a  s t a t e  i s  lo w er  th a n  t h a t  o f  t h e  q u a s i  — f r e e  

e l e c t r o n .  When t h e  m o le c u la r  a p p ro a c h  i s  u t i l i s e d ,  t h e  c l u s t e r  i s  

e s s e n t i a l l y  i s o l a t e d ,  and any e f f e c t s  a r i s i n g  from th e  s u r r o u n d in g  

medium a r e  n e g l e c t e d .  The c l u s t e r  may p e rh a p s  be v iew ed  a s  

p e r s i s t i n g  i n  t h e  g a s  p h a s e ,  so  t h a t  some o t h e r  c r i t e r i o n  i s  

r e q u i r e d  t o  d e te r m in e  th e  s t a b i l i t y  i n  t h e  p r e s c e n c e  o f  t h e  s u r p l u s  

e l e c t r o n .

F o r  a  sy s tem  c o n t a i n i n g  n s o l v e n t  m o le c u le s  S and  an 

e l e c t r o n ,  t h e  t o t a l  e n e rg y  o f  a  s t a b l e  s p e c i e s  must be lo w er  t h a n  

t h e  e n e rg y  o f  t h e  s e p a r a t e d  m o le c u le s  and an e l e c t r o n .  The l a t t e r  s t a t e ,  

h e r e a f t e r  c a l l e d  t h e  r e f e r e n c e  s t a t e ,  may f o r m a l ly  be w r i t t e n  

(n  — l ) S  + S“  w here t h e  e l e c t r o n  h as  been  a s s o c i a t e d  w i th  one 

s o l v e n t  m o le c u le .  F o r  s t a b i l i t y ,

Es t  “  E [ ( Sn b e _ ^ "  E C(n  "  l ) s  + S" ] < 0 * ( ! )

T h is  e n e rg y  d i f f e r e n c e  may be p a r t i t i o n e d  i n  a  r e v e a l i n g  way. I f  t h e  

e l e c t r o n  a f f i n i t y  o f  t h e  s o l v e n t  S i s

A(S) « E (S~) -  E ( S ) ,  

r e l a t i o n  ( l )  may be w r i t t e n  a s

E [ (S n ) -  n S ]  + [A (S n ) -  A ( S ) ] < 0 .  ( 2 )

The f i r s t  te rm  i n  t h i s  e x p r e s s i o n  i s  t h e  e n e rg y  r e q u i r e d  

t o  s y n t h e s i s e  t h e  s o l v e n t  c l u s t e r ,  w h i l s t  t h e  seco n d  m easu re s  t h e  

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

m o le c u le .

P r o v i d i n g  th e  fo rm e r  q u a n t i t y  i s  r e l a t i v e l y  s m a l l ,  t h e  

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

a f f i n i t i e s  o f  th e  s o l v e n t  and com plex a r e  d i s p a r a t e .  The e l e c t r o n  

a f f i n i t y  o f  a  c l u s t e r  i s  l i k e l y  t o  be s m a l l e r  ( l e s s  p o s i t i v e )  t h a n  

t h e  e l e c t r o n  a f f i n i t y  o f  a  s o l v e n t  m o le c u le ,  so  t h a t  s o l v e n t s  o f  

h ig h  and p o s i t i v e  a f f i n i t i e s  may be e x p e c te d  t o  y i e l d  s t a b l e  s p e c i e s .



I n t u i t i v e l y  t h i n  s t a b i l i t y  c r i t e r i o n  seems t o  make c h e m ic a l  s e n s e .

L arge  p o s i t i v e  e l e c t r o n  a f f i n i t i e s  a r i s e  when th e  e l e c t r o n  

i s  f o r c e d  to  e n t e r  a h ig h l y  a n t ib o n d in g  o r b i t a l  on t h e  s o l v e n t  

m o le c u le .  Such o r b i t a l s  g e n e r a l l y  have a  l a r g e  s p a t i a l  e x t e n s i o n ,  

and e l e c t r o n  d e n s i t y  f lo w s  o v e r  th e  m o le c u la r  sy s tem  and i s  

s t a b i l i s e d .

F o r  f u t u r e  r e f e r e n c e ,  t h e  com puted e n e r g i e s ,  w i t h i n  th e  

INDO a p p r o x im a t io n ,  f o r  n e u t r a l  and n e g a t i v e l y  c h a rg e d  w a te r  and 

ammonia m o le c u le s  a r e  c o l l e c t e d  in  T ab le  1 .

T a b le  1 .

The com puted e n e r g i e s  ( a . u . ) f o r  t h e  w a te r  and ammonia m o le c u le s  

and  t h e i r  n e g a t i v e  i o n s .

H^O -1 9 .2 5 1 9  H O "  -1 8 .9 8 6 7

nh3 - 1 3 .5 2 9 9  nh3" • - 1 3 .2 7 5 6

NH3 ( p l a n a r )  - 13 .5261  NH3 ( p l a n a r )  - 13*2925

B ( j )  Some Dimer M odels f o r  t h e  S o lv a t e d  E l e c t r o n .

As a  f i r s t  s t a g e  i n  t h e  i n v e s t i g a t i o n  o f  m o le c u la r  c l u s t e r

m odels  f o r  t h e  h y d r a t e d  and ammoniated e l e c t r o n s ,  v a r i o u s  d im er

m odels  have b een  c o n s i d e r e d .

The p r o c e s s  e n v i s a g e d  d u r in g  s o l v a t i o n  may be d e s c r i b e d

a s  f o l l o w s .  T h e rm a l i s e d  e l e c t r o n s  a r e  t r a p p e d  a t  a  d im e r ic  s i t e  i n

t h e  l i q u i d  i n  a  t im e  com parab le  w i th  t h e  d i e l e c t r i c  r e l a x a t i o n

t i m e .  S u b se q u e n t  r e o r i e n t a t i o n  o f  th e  d im e r ic  f r a g m e n ts  may f o l l o w .

The f u l l  t r a p p i n g  a b i l i t y  o f  th e  l i q u i d  may be f u r t h e r  d e v e lo p e d  by

th e  in v o lv e m e n t  o f  a d d i t i o n a l  m o le c u le s  i n  th e  t r a p p i n g  s i t e .

F ig u r e  1 d e p i c t s  th e  geom etry  o f  t h r e e  d im er  m odels  f o r

th e  h y d r a t e d  and am moniated e l e c t r o n .  S t r u c t u r e  I I I  i s  a  f ra g m e n t

d e t a c h e d  from  th e  w u r z i t e  i c e  s t r u c t u r e ,  w h i le  m odels  I  and  I I  a r e

p l a n a r .  S t r u c t u r e  I  f o r  t h e  h y d r a te d  e l e c t r o n  b e a r s  some re s e m b la n c e

t o  t h e  ’I) d e f e c t '  in v o k ed  by B je rru m  i n  o r d e r  t o  r a t i o n a l i s e  th e
8

d i e l e c t r i c  r e l a x a t i o n  phenomena o b s e rv e d  f o r  i c e .

INDO m o le c u la r  o r b i t a l  c a l c u l a t i o n s  were c a r r i e d  o u t  a t  

s e v e r a l  i n t e r m o l e c u l a r  d i s t a n c e s  f o r  e a c h  m odel. The a n g le  a i n  th e



F ig u r e  1 .  The g e o m e t r ie s  for^ t h e  d im er s t r u c t u r e s  I ,  I I  and I I I  f o r  

t h e  am moniated and h y d r a te d  e l e c t r o n s .

0 . 958° / 1 0 4 .45'
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S t r u c t u r e  I
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S t r u c t u r e  I I
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F ig u re  2 ,  The t o t a l  e n e rg y  v a r i a t i o n s  f o r  th e  d im er  s t r u c t u r e s  I ,  

I I  and I I I  ( a  = 0 ) w ith  i n t e r m o l e c u l a r  s e p a r a t i o n .  The r e f e r e n c e  

s t a t e  en e rg y  i n  e ac h  d iag ram  i s  h i g h l i g h t e d  "by th e  b ro k en  l i n e .
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i c e - l i k c  s t r u c t u r e  I I I  was v a r i e d  betw een 0°  and 9^°* The com puted 

e n e r g i e s  a r e  d i s p l a y e d  i n  T a b le s  2 ,3 ,  and in  F ig u r e  2 .  The t a b l e s  

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

s t a t e  en e rg y  f o r  e ac h  model i s  h i g h l i g h t e d  i n  th e  f i g u r e .

I t  i s  im m e d ia te ly  a p p a r e n t  t h a t  a l l  t h e  d im e r ic  s t r u c t u r e s  

p o r t r a y  a  s t a b l e  e q u i l i b r i u m  geom etry  i n  th e  p r e s c e n c e  o f  th e  e x c e s s  

e l e c t r o n .  The optimum i n t e r m o l e c u l a r  s e p a r a t i o n s  f o r  s t r u c t u r e s  I  and 

I I  a r e  gauged  t o  be a t  1 .2 ?  and 1,3*? r e s p e c t i v e l y .  These d i s t a n c e s  

a r e  a p p r o x im a te ly  0.4-2 s m a l l e r  th a n  th e  c a l c u l a t i o n s  o f  R a f f  and 

P o h l s u g g e s t . ^
g

The s tu d y  o f  McAloon and W eb s te r ,  c o n d u c te d  w i t h i n  th e
IT

e x te n d e d  H uckel m ethod , a s s ig n e d  i n t e r m o l e c u l a r  d i s t a n c e s  by 

m a tc h in g  th e  o b s e rv e d  t r a n s i t i o n  e n e r g i e s  and th e  d i f f e r e n c e  be tw een  

th e  e n e r g i e s  o f  t h e  lo w e s t  u n o ccu p ied  v i r t u a l  o r b i t a l  and th e  h i g h e s t  

o c c u p ie d  o r b i t a l .  The s e p a r a t i o n s  so o b ta in e d  were 1*52 f o r  s t r u c t u r e  I 

and 3*522 f o r  s t r u c t u r e  I I .  T h is  p ro c e d u re  h as  a l r e a d y  b een  c r i t i c i s e d .

The INDO c a l c u l a t i o n s  l o c a t e  t h e  optimum i n t e r m o l e c u l a r  

d i s t a n c e s  f o r  t h e  s t r u c t u r e  I I I  a t  1 .3 o 2  f o r  a  -  0°  and 1 .3 5 2  f o r  

a = 90° w ith  a  sm ooth v a r i a t i o n  be tw een  th e s e  l i m i t s .

At t h e  most e n e r g e t i c a l l y  f a v o u r a b l e  g e o m e try ,  on u t i l i s i n g  

e q u a t i o n  ( l )  and  th e  d a t a  in  T ab le  1 ,  s t r u c t u r e s  I -  I I I  l i e  

1 .09eV , 0 .41eV  and 2.23eV  ( a =» 0 ° )  r e s p e c t i v e l y  be low  t h e  r e f e r e n c e  

s t a t e  e n e r g y .  The most f a v o u r a b l e  c o n fo rm a t io n  f o r  t h e  i c e - l i k e  

d im er  I I I  i s  a t  a = 0 ° .  The e n e rg y  d i f f e r e n c e  b e tw ee n  a  Cr 0 °  and 

90°  i s  some 0.33©V*

The l a r g e r  s t a b i l i s a t i o n  en e rg y  f o r  s t r u c t u r e  I I I  o v e r  

s t r u c t u r e  I i s  m a in ta in e d  f o r  a l l  i n t e r m o l e c u l a r  a n g l e s .  P a r t i t i o n i n g  

t h e  s t a b i l i s a t i o n  en e rg y  in  t h e  manner o f  e q u a t io n  ( 2 ) may i l l u m i n a t e  

t h i s  p r e f e r e n c e .

At t h e  e q u i l i b r i u m  g e o m e t r ie s  above ,  when th e  e l e c t r o n  i s  

rem oved, t h e  d im e rs  I and I I I  have e n e r g i e s  —33 .4953  a . u .  and 

-3 8 .5 2 0 1  a . u .  ( a = 0 ° )  r e s p e c t i v e l y .  Some 0.23©V i s  t h e r e f o r e  

r e q u i r e d  t o  fo rm  s t r u c t u r e  I ,  w h i l s t  an e n e rg y  gain0.45© V i s  

made on fo rm in g  s t r u c t u r e  I I I .  The e l e c t r o n  a f f i n i t i e s  o f  t h e s e  

s t r u c t u r e s  a r e  c a l c u l a t e d  t o  be 5*90eV - o r  model I and 5*43oV f o r  

model I I I .  The i c e - l i k e  s t r u c t u r e  i s  t h e r e f o r e  f a v o u re d  due t o  t h e  

l a r g e r  a f f i n i t y  f o r  e l e c t r o n s  and th e  en e rg y  g a i n  on fo rm in g  t h i s  

s t r u c t u r e .
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( i i )  The E x c i t a t i o n  E n e r g i e s .

T r a n s i t i o n  e n e r g i e s  a t  each  i n t e r m o l e c u l a r  s e p a r a t i o n  f o r  

s t r u c t u r e s  I ,  I I  and I I I  were e v a l u a t e d  b,y th e  method d e s c r i b e d  i n  

C h a p te r  2 , S e c t i o n  E.

At t h e  e q u i l i b r i u m  g e o m e t r i e s ,  t h e  e x c i t a t i o n  e n e r g i e s  a r e  

com puted t o  be l*98eV  f o r  t h e  h y d r a te d  e l e c t r o n  model I  and 

l . lO e V  f o r  t h e  am moniated e l e c t r o n  model I I .  Arnuch h i g h e r  v a l u e ,

5 -  6eV, i s  o b t a in e d  f o r  s t r u c t u r e  I I I .  The two fo rm e r  v a l u e s

m atch  t h e  e x p e r im e n ta l  o b s e r v a t i o n s  o f  1 .72eV  f o r  th e  h y d r a te d  e l e c t r o n

and 0 .80eV  (240°*0  f o r  t h e  am moniated e l e c t r o n .

The v a r i a t i o n  i n  c a l c u l a t e d  e x c i t a t i o n  e n e rg y  w i th  

i n t e r m o l e c u l a r  geom etry  i s  shown in  T a b le s  A and 5*

F o r  p l a n a r  s t r u c t u r e s  I  and I I ,  a  d e c r e a s e  i n  t h e  

i n t e r m o l e c u l a r  s e p a r a t i o n  s h i f t s  th e  t r a n s i t i o n  e n e rg y  to w a rd s  t h e  

b l u e .  From T a b le  4» a  c o m p re ss io n  o f  th e  d im er  i n t e r m o l e c u l a r  d i s t a n c e s  

by O . lS  i n c r e a s e s  t h e  e x c i t a t i o n  e n e rg y  by 0 , l8 e V  and 0 .13eV  f o r  

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

on t h e s e  s y s te m s  i s  r e f l e c t e d  i n  s m a l l e r  i n t e r m o l e c u l a r  s e p a r a t i o n s ,  

t h e  a b s o r p t i o n  maximum i s  p r e d i c t e d  t o  s h i f t  t o  s h o r t e r  w a v e le n g th s .  

T h is  r e s u l t  i s  i n  q u a l i t a t i v e  ag reem en t w i th  e x p e r im e n t .  C o n v e r s e ly ,  

i f  a  t e m p e r a t u r e  i n c r e a s e  expands t h e  d im er  s t r u c t u r e ,  a  r e d  s h i f t  

i s  i n d i c a t e d ,  i n  q u a l i t a t i v e  ag reem en t w i th  e x p e r im e n t .

I f  su c h  d im e r ic  s t r u c t u r e s  a r e  i n i t i a l l y  form ed in  

r a d i o l y s e d  w a te r  and ammonia, an i n t e r e s t i n g  s p e c t r a l  phenomenon 

i s  p r e d i c t e d  t o  o c c u r .  In  w a te r  a t  0 °C, t h e  two n e a r e s t  n e ig h b o u r  

oxygen atom s l i e  a t  2 .8 3 8  and 3*27® f o r  t h e  i c e  I  s t r u c tu r e .* '* '

I n  ammonia a t  199°K t h e  n e a r e s t  n i t r o g e n  atom l i e s  a t  568* 2 I f  

d im er  s t r u c t u r e s  o f  t h e  ty p e s  I  and I I  a r e  fo rm ed , th e  p r o t o n -  

p r o t o n  s e p a r a t i o n s  a r e  O.918  and 1 .3 5 8  f o r  model I  and I .5 3 8  f o r  

model I I .

As t h e  w a te r  d im er  r e l a x e s ,  th e  p r o t o n - p r o t o n  s e p a r a t i o n  

may move to w a rd s  ~  I . 2S . The sp e c tru m ,  i f  o b s e rv e d  a t  a  s h o r t  enough 

t im e ,  w i l l  be s e e n  t o  b u i l d  up a s  two h ig h  and low en e rg y  bands  

c o a l e s c e .  A l t e r n a t i v e l y  t h e  i n i t i a l  sp e c tru m  may n a r ro w .  The ammonia 

d im er  s p e c tru m  i s  p r e d i c t e d  t o  s h i f t  t o  th e  b l u e .

No s u c h  s h i f t s  have y e t  b een  d e t e c t e d  f o r  t h e s e  s y s t e m s .

I f  t h e  m ic r o s c o p ic  r e l a x a t i o n  t im e  i s  v e ry  s h o r t ,  t h e  above 

p r o c e s s e s  may n o t  be e a s i l y  o b s e rv e d .



F ig u r e  3 . The v a r i a t i o n  in  c a l c u l a t e d  e x c i t a t i o n  en e rg y  , Emax
w ith  i n t e r m o l e c u l a r  a n g le  f o r  two i n t e r m o l e c u l a r  d i s t a n c e s ,  D($) 

o f  s t r u c t u r e  I I I .
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The b e h a v io u r  o f  th e  e x c i t a t i o n  e n e rg y  w i th  th e  geo m etry  o f  

th e  i c e - l i k e  f ra g m e n t  I I I  i s  more com plex .

Over a l l  i n t e r m o l e c u l a r  a n g l e s ,  th e  d a t a  d i s p l a y e d  in  

T ab le  5 shows t h a t  a  co m p re ss io n  o f  th e  i n t e r m o l e c u l a r  d i s t a n c e  

B, r e s u l t s  i n  an i n c r e a s e  in  th e  e x c i t a t i o n  e n e rg y .

A lth o u g h ,  a s  a v a r i e s ,  th e  e x c i t a t i o n  e n e rg y  i s  com puted 

t o  be r a t h e r  l a r g e ,  5 -  6ev", th e  i n t e r e s t i n g  f e a t u r e  o f  t h i s  

v a r i a t i o n  i s  t h a t  t h e  e x c i t a t i o n  e n e rg y  e x h i b i t s  a  maximum i n  t h e  

r a n g e  a = 45° -  7 0 ° .  The w u r z i t e  a n g le  i n  i c e  i s  54°44'* I f  t h i s  

b e h a v i o u r ,  i l l u s t r a t e d  m  F ig u re  3t i s  p ro v ed  t o  be s u b s t a n t i a t e d  

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

phenomena may be e f f e c t e d *

When th e  c l u s t e r  i s  i n i t i a l l y  s t a b i l i s e d  by th e  t r a p p e d  

e l e c t r o n ,  t h e  g eom etry  o f  th e  s i t e  may be e x p e c te d  t o  vary *  As th e  

c l u s t e r  r e l a x e s ,  th e  i n t e r m o l e c u l a r  o r i e n t a t i o n  m igh t be e x p e c te d  

t o  move to w a rd s  a n g l e s  i n  th e  c e n t r a l  r e g i o n  so d e p l e t i n g  t h e  number 

o f  g e o m e t r i e s  a t  a n g le s  a = 0 -  10° and a = 80 -  9°°*  The 

a b s o r p t i o n  s p e c t ru m ,  i f  o b se rv e d  b e f o r e  t h i s  t i m e ,  w i l l  r e v e a l  a  

band maximum a t  lo w e r  e n e r g i e s  th a n  th e  f i n a l  s p e c t ru m .

B a th in g  su ch  a  sy s tem  in  l i g h t  o f  s h o r t e r  w a v e le n g th  th a n

th e  a b s o r p t i o n  maximum may invoke  a  1 p h o t o - s h u t t l e  * e f f e c t  and

r e p o p u l a t e  th e  t r a p s  w i th  a n g le s  away from th e  c e n t r a l  r e g i o n .  The

s p e c tru m  w i l l  s h i f t  t o  t h e  r e d .  I r r a d i a t i o n  a t  lo n g e r  w a v e le n g th s  1

empty t h e  lo w e r  e n e rg y  t r a p s  and a  s h i f t  t o  th e  b lu e  i n  t h e  sp e c tru m

i s  e f f e c t e d .  These p r e d i c t i o n s  a r e  in  a c c o rd  w i th  p h o to b l e a c h i n g
13

e x p e r im e n t s  on i r r a d i a t e d  a l k a l i n e  g l a s s e s .

C om press ion  o f  th e  c l u s t e r  r e s u l t s  i n  a b lu e  s h i f t ,  

e x p a n s io n  r e s u l t s  i n  a  r e d  s h i f t .  The r e d  s h i f t  w i th  t e m p e r a t u r e  

may be f u r t h e r  en h an ced  by i n c r e a s i n g  th e  number o f  o r i e n t a t i o n s  

l y i n g  away from  m edian  a n g l e s .  These c o n c l u s i o n s  a r e  i n  q u a l i t a t i v e  

ag ree m en t w i th  th e  e x p e r i m e n t a l l y  o b s e rv e d  e f f e c t s  o f  p r e s s u r e  and 

t e m p e r a t u r e  on t h e  a b s o r p t i o n  maximum o f  th e  h y d r a te d  e l e c t r o n .

The s t r u c t u r e s  I  and I I  may a l s o  be u t i l i s e d  t o  r a t i o n a l i s e  

th e  b l e a c h i n g  ohenomena by m aking th e  a s su m p tio n  t h a t  t r a p s  o f  

d i f f e r e n t  d e p t h s  e x i s t  i n  th e  l i q u i d .  S h a llo w  t r a p s  have i n t e r m o l e c u l a r  

d i s t a n c e s  l a r g e r  th a n  t h e  optimum g eo m e try .

The m agn itude  o f  th e  c a l c u l a t e d  e x c i t a t i o n  e n e rg y  f o r  

s t r u c t u r e  I I I  i s  a  w a rn in g  a g a i n s t  a  to o  r e a d y  a c c e p ta n c e  o f  t h e



d e s c r i p t i o n  o f  b l e a c h i n g  phenomena u s i n g  t h i s  m ode l.  I t  i s  n o t  

i n t e n d e d  t h a t  t o o  much em p n asis  be p la c e d  on th e  b e h a v io u r  f o r  

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

p e r fo rm e d  a t  a  more a c c u r a t e  l e v e l  o f  c a l c u l a t i o n .

An e x a m in a t io n  o f  t h e  ch a rg e  d i s t r i b u t i o n s  f o r  t h e  d im er  

m ode ls  i n d i c a t e s  a  p o s s i b l e  s o u rc e  o f  an e x c i t a t i o n  e n e rg y  o f  t h i s  

m a g n i tu d e .

( i i i )  The C harge D i s t r i b u t i o n s  f o r  t h e  Dimer M odels .

The com puted c h a rg e  d e n s i t i e s  o f  t h e  e x c e s s  e l e c t r o n  a t

eac h  atom f o r  S t r u c t u r e s  I  -  I I I  a r e  d i s p l a y e d  in  F ig u r e s  4 and  5*

F ig u r e  A p o r t r a y s  t h e  g round  s t a t e  d i s t r i b u t i o n ,  and F ig u r e  5» t h e

e x c i t e d  s t a t e  d i s t r i b u t i o n .  The ch a rg e  d e n s i t i e s  c a l c u l a t e d  by
9

McAloon and W eb s te r  by p e r fo rm in g  a  p o p u l a t i o n  a n a l y s i s  on t h e  e x te n d e d
ii

H uckel m o le c u la r  o r b i t a l s  a r e  in c lu d e d  f o r  co m p ar iso n  i n  F ig u r e  4*

The INDO c a l c u l a t i o n s  r e v e a l  t h a t  i n  t h e  g round  s t a t e ,  

t h e  s u r p l u s  e l e c t r o n  i s  d e l o c a l i s e d  o v e r th e  m o le c h la r  fram ew ork 

o f  t h e  w a te r  and  ammonia d im e rs  I  and I I .  There  i s  a l s o  t o  be n o te d  

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

t h e  c e n t r e  o f  t h e  d im e r .  The m a jo r  p o r t i o n  o f  t h e  c h a rg e  l i e s  on 

t h e  h e t e r o - a t o m s .

T h is  d i s t r i b u t i o n  i s  i n  d i r e c t  c o n t r a s t  t o  t h a t  o b t a in e d
ii

f’rora t h e  e x te n d e d  H uckel c a l c u l a t i o n s .  W ith in  t h i s  a p p r o x im a t io n ,  

t h e  d im e r i c  p r o t o n s  r e t a i n  most o f  th e  c h a r g e .  D e l o c a l i s a t i o n  

t a k e s  p l a c e  o n ly  i n  t h e  w a te r  s t r u c t u r e s  I  and I I I .  The c o n t r a s t  

d i s p l a y e d  in  t h e  c h a rg e  d e n s i t i e s  f o r  t h e s e  two d im e r s ,  I  and I I ,  

was in v o k e d  t o  r a t i o n a l i s e  t h e  o b s e r v a t i o n  t h a t  t h e  p o la r o n  model 

a p p e a r s  t o  be a  b e t t e r  t h e o r e t i c a l  model f o r  t h e  h y d r a t e d  e l e c t r o n  

th a n  f o r  t h e  am moniated e l e c t r o n ,  a s  n o te d  i n  C h a p te r  3» S e c t i o n  

D ( i ) . T h is  c o n c l u s i o n  no lo n g e r  o b t a i n s .  The INDO s t u d i e s  c o n c lu d e  

t h a t  d e l o c a l i s a t i o n  i s  a p p r e c i a b l e  i n  b o th  s o l v e n t s .

An e x a m in a t io n  o f  F ig u re  5 shows t h a t  on e x c i t a t i o n  t h e  

c h a rg e  i s  d i s p e r s e d  to w a rd s  t h e  o u t e r  r e g i o n s  o f  th e  s t r u c t u r e s  

I  and I I .
I n  t h e  g round  s t a t e ,  t h e  c h a rg e  on model I I I  i s  a lm o s t  

c o m p le te ly  l o c a l i s e d  on one m o le c u le .  T h is  d i s p o s i t i o n  i s  

m a in ta in e d  f o r  a l l  o r i e n t a t i o n s .  When e x c i t a t i o n  o c c u r s ,  th e



F ig u r e  4* The g round  s t a t e  c h a rg e  d i s t r i b u t i o n s  o f  t h e  s u r p l u s  

e l e c t r o n  com puted by th e  INDO ( r i g h t  hand s i d e )  and t h e  e x te n d e d
t l  Q

H uckel m ethods ( l e f t  hand s i d e ) ?  f o r  t h e  d im er  s t r u c t u r e s  I ,  I I  and I I I .
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F ig u r e  5« The e x c i t e d  s t a t e  c h a rg e  d i s t r i b u t i o n s  o f  t h e  s u r p l u s  

e l e c t r o n  con.puted by th e  INDO method f o r  t h e  d i m e r s t r u c t u r e s  I ,  I I  and I I I .
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c h a rg e  i s  s e e n  t o  ’hop* from one m o le c u le  t o  t h e  o th e r#  H e re in  may 

l i e  t h e  r e a s o n  f o r  t h e  l a r g e  e x c i t a t i o n  en e rg y  com puted f o r  t h i s  

s t r u c t u r e .

I t  was a s s e r t e d  in  C h a p te r  2 , S e c t i o n  B , t h a t  when change  

r e d i s t r i b u t i o n  on e x c i t a t i o n  i s  s i g n i f i c a n t  i t  may be n e c e s s a r y  t o  

em ploy c o n f i g u r a t i o n  i n t e r a c t i o n  t e c h n iq u e s  o r  t o  p e r fo rm  a  new SCP 

c a l c u l a t i o n  f o r  t h e  e x c i t e d  s t a t e #  The i c e - l i k e  s t r u c t u r e  I I I  does  

in d e e d  e x h i b i t  e x t e n s i v e  c h a rg e  movement#

On d e - e x c i t a t i o n ,  th e  e l e c t r o n  may be s t a b i l i s e d  on a 

s i t e  o t h e r  t h a n  th e  o r i g i n a l  m o le c u la r  c l u s t e r #  T h is  movement o f  

c h a rg e  i s  r e m i n i s c e n t  o f  a  p h o to c u r r e n t#  R e c e n t ly ,  r e p o r t s  o f  

p h o t o c o n d u c t i v i t y  in  Y - i r r a d i a t e d  a l k a l i n e  g l a s s e s  have b een  r a a d e , ^  

a l t h o u g h  su ch  b e h a v io u r  has  n o t  been  o b s e rv e d  in  w a t e r .

( i v )  Some A l t e r n a t i v e  Dimer Models#

In  F ig u r e  6 ,  f o u r  d im er  models a r e  d e p i c t e d .  The d i p o l e  

moments o f  t h e  c o n s t i t u e n t  m o le c u le s  a r e  d i r e c t e d  to w a rd s  t h e  c e n t r e  

o f  t h e  c l u s t e r #  In  s t r u c t u r e s  IV and VI t h e  i n t e r m o l e c u l a r  p r o t o n -  

p r o to n  d i s t a n c e s  a r e  m inim ised# T h is  i n t e r a c t i o n  i s  m in im ise d  i n  

s t r u c t u r e s  V and V I I  by r o t a t i o n  ab o u t  t h e  symmetry a x i s  r u n n in g  

th r o u g h  th e  two h e t e r o - a to m s  i n  each  model#

At a  c h o ic e  o f  i n t e r m o l e c u l a r  d i s t a n c e s ,  T ab le  6 shoxvs th e  

com puted  t o t a l  e n e r g i e s .  I t  can  be s e e n  t h a t  e a c h  d im er  s t r u c t u r e  

a t t a i n s  an  e q u i l i b r i u m  geom etry#

When t h e  lo w e s t  com puted e n e rg y  i s  com pared w i th  th e  

r e f e r e n c e  s t a t e  e n e rg y  none o f  t h e s e  s t r u c t u r e s ,  e x c e p t i n g  V i s  

p r e d i c t e d  t o  be s t a b l e .  The s t a b i l i t y  o f  d im er  V o v e r  th e  r e f e r e n c e  

s t a t e  i s  a  mere 0 .005eV , f a r  l e s s  th a n  any o f  t h e  s t r u c t u r e s  I  -  I I I ,  

The u t i l i t y  o f  t h e s e  d im er  models i s  t h e r e f o r e  low , and w i l l  n o t  be 

f u r t h e r  d i s c u s s e d .

(v )  The Dimer Model C a l c u l a t i o n s  in  P e r s p e c t i v e .

I t  would  be im pru d en t t o  e n t e r t a i n  t h e  c o n c e p t io n  t h a t  a 

d im e r  model r e p r e s e n t s  th e  s t r u c t u r e  o f  th e  s o l v a t e d  e l e c t r o n .

In d e e d  i t  i s  h i g h l y  u n l i k e l y  t h a t  t h i s  s p e c i e s  may be f u l l y  u n d e r s to o d  

on th e  b a s i s  o f  su ch  s t r u c t u r e s #  As an  exam ple o f  t h e  d e g re e  o f  

c o m p le x i ty  w hich  may be in v o lv e d  in  t a k i n g  th e  m o le c u la r  a p p ro a c h ,  

r e c e n t  m a g n e t ic  r e s o n a n c e  s t u d i e s  o f  m e ta l—ammonia s o l u t i o n s  d e t e c t



f i g u r e  6 .  T h e  g e o m e t r i e s  c f  t h e  d i m e r  m o d e l s  I V ,  V ,  VI  a n d  V I I  f o r  

t h e  a m m o n i a t e d  a n d  h y d r a t e d  e l e c t r o n s .
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t h e  i n t e r a c t i o n s  o f  th e  s u r p l u s  e l e c t r o n  w i th  some 3 - 1 3  ammonia 
15m o le c u le s . '"  However, i t  i s  hoped t h a t  some o f  th e  im p o r ta n t  

f e a t u r e s  o f  t h e  s o l v a t e d  e l e c t r o n  may be r e c o g n i s e d  w i t h i n  a  s im p le  

model su ch  as  th e  d im er  s t r u c t u r e s .  F u r t h e r ,  a s  p r e v i o u s l y  d i s c u s s e d ,  

th e  e x i s t a n c e  o f  d im e r ic  s i t e s  in  th e  l i q u i d  may be im p o r ta n t  i n  th e  

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

The main f e a t u r e s  w hich  have b een  d i s t i l l e d  from  th e  d im er  

model c a l c u l a t i o n s  may be sum m arised a s  f o l l o w s .

W ith  ch an g e s  i n  th e  m o le c u la r  g e o m e t r ie s  o f  t h e  d im er  

m o d e ls ,  p r e d i c t e d  v a r i a t i o n s  i n  s p e c t r a l  phenomena a p p e a r  t o  be i n  

q u a l i t a t i v e  a c c o r d  w i th  e x p e r im e n ta l  o b s e r v a t i o n s .  Some m easu re  o f  

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

on s t r u c t u r e s  I  and I I  f o r  w hich  th e  m atch  o f  c a l c u l a t e d  and 

o b s e rv e d  e x c i t a t i o m  e n e r g i e s  i s  f a i r *

The e l e c t r o n i c "  d i s t r i b u t i o n  o f  m odels I  and I I  h i g h l i g h t s  

t h e  t e n d e n c y  o f  t h e  e x c e s s  e l e c t r o n  t o  be d e l o c a l i s e d  b u t  w i th  a  

p r e f e r e n c e  t o  l i e  on p r o to n s  n e a r  th e  c l u s t e r  c e n t r e .  D i s p e r s a l  o f  

c h a rg e  o c c u r s  on e x c i t a t i o n .

The i c e  -  l i k e  d im er  c a l c u l a t i o n s  a l lo w  some s p e c u l a t i o n s  

t o  be made c o n c e r n in g  th e  s p e c t r a l  ch an g e s  a s  t h e  c l u s t e r  r e l a x e s .  A 

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

A t t e n t i o n  i s  now d i r e c t e d  to w a rd s  t h e  i n v e s t i g a t i o n  o f  

some t e t r a m e r  m odels  f o r  th e  s o l v a t e d  e l e c t r o n  i n  w a te r ,  ammonia and  

v .a ter-am m onia  m i x t u r e s .  These s t r u c t u r e s  may be a  more p h y s i c a l l y  

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

s t r u c t u r e s .

C ( i )  Some T e t ra m e r  Models f o r  t h e  H y d ra ted  and Ammoniated E l e c t r o n s .

A d e f e c t  t e t r a m e r  model f o r  th e  h y d r a te d  e l e c t r o n  w h ich  has  

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

in  F ig u r e  7 ? and  l a b e l l e d  V I I I .  T h is  s t r u c t u r e  may be form ed by t h e  

rem o v a l  o f  a  t e t r a h e d r a l l y  c o o r d in a t e d  w a te r  m o le c u le  i n  t h e  w u r z i t e  

i c e - l a t t i c e  f o l l o w e d  by r e o r i e n t a t i o n  o f  th e  f o u r  r e m a in in g  m o le c u le s  

su ch  t h a t  f o u r  p r o to n s  p o i n t  to w a rd s  t h e  t e t r a h e d r o n  c e n t r e .

T h is  model i s  found  t o  be c o m p a t ib le  w i th  many e x p e r i m e n t a l  

o b s e r v a t i o n s  c o n c e r n i n g  t h e  s u r p l u s  e l e c t r o n  i n  aq u eo u s  m e d ia .  Tlie 

s i m i l a r i t y  i n  t h e  s p e c t r a ,  E = l»72eV (300 K) i n  w a t e r , ^
"17 1 ft Q

1 • 94eV (77°K) i n  c r y s t a l l i n e  i c e  1 and 2.12eV  (77 K) i n  a l k a l i n e  

i c e , 1^ i n  c o n j u n c t i o n  w i th  th e  l a c k  o f  any s h a r p  d i s c o n t i n u i t y  a t  th e



F ig u r e  7» The t e t r a m e r  s t r u c t u r e s  f o r  t h e  h y d r a te d  and am m oniated  

e l e c t r o n s ,  D i s  th e  d i s t a n c e  from th e  c e n t r e  o f  t h e  t e t r a h e d r o n  t o  

th e  v e r t i c e s .

V I I I  I X

X
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17
f r e e z i n g -  p o in t  s u g g e s t s  t h a t  th e  s i t e s  h o u s in g  th e  e l e c t r o n  a r e  

v e r y  s i m i l a r .  The low y i e l d  o f  t r a p p e d  e l e c t r o n s  i n  c r y s t a l l i n e  i c e  

i n d i c a t e s  a r e q u i r e m e n t  f o r  some p r e - e x i s t i n g  s i t e  a t  w hich  t h e  

e l e c t r o n  i s  e s t a b l i s h e d * .  Kawabata r e c e n t l y  found  t h a t  by d o p in g  i c e  

c r y s t a l s  w i th  f l u o r i d e s ,  so  e n h a n c in g  th e  number o f  d e f e c t  s i t e s

in  some way, t h e  y i e l d  o f  t r a p p e d  e l e c t r o n s  was d r a m a t i c a l l y
18 1 ^ i n c r e a s e d .  EPR s t u d i e s  s u g g e s t  t h a t  th e  s i t e  i s  w a te r - w a l l e d  and

20c o o r d i n a t e d  by a p p ro x im a te ly  f o u r  w a te r  m o le c u le s .

A n o th e r  model w hich may a l s o  s a t i s f y  t h e s e  c r i t e r i a  i s  t o  

be found  in  F ig u r e  7 j  l a b e l l e d  IX. The e i g h t  p r o to n s  o f  t h e  

s u r r o u n d in g  w a te r  m o le c u le s  p o in t  to w a rd s  t h e  c e n t r e  o f  t h e  

t e t r a h e d r o n .  To c o n s t r u c t  a s o l v a t i o n  s h e l l  o f  t h i s  form from  th e  

i c e  s t r u c t u r e  r e q u i r e s  c o n s id e r a b ly  more m o le c u la r  r e o r i e n t a t i o n  

a ro u n d  some v a c a n t  s i t e .

The p rob lem  o f  a l l e v i a t i n g  th e  r e s u l t i n g  p r o to . i - p r o to n  

r e p u l s i o n s  i s  a c h ie v e d  by r o t a t i o n  o f  eac h  m o le c u le  u n t i l  t h e  sum c f  

t h e  i n t e r m o l e c u l a r  p r o to n - p r b to n  d i s t a n c e s  i s  a  maximum.

In  t h e  t e t r a m e r  model X p ro p o se d  f o r  t h e  ammoniated e l e c t r o n ,  

t h e  tw e lv e  p r o to n s  l i e  be tw een  th e  n i t r o g e n  atom and th e  t e t r a h e d r o n  

c e n t r e .  I t  i s  d i f f i c u l t  t o  r e l i e v e  any p r o t o n - p r o t o n  r e p u l s i o n s  s i n c e  

a  r o t a t i o n  o f  any m o le c u le ,  i n c r e a s i n g  th e  d i s t a n c e s  be tw een  some n u c l e i ,  

b r i n g s  o t h e r  r e p u l s i o n s  i n t o  p l a y .

T h is  s t r u c t u r e  i s  n e c e s s a r i l y  an a r b i t r a r y  c h o i c e .  The 

number o f  m o le c u le s  s u r r o u n d in g  th e  l o c a l i s a t i o n  s i t e  o f  t h e
15am m oniated e l e c t r o n  i s  known o n ly  t o  l i e  w i t h i n  a  r a n g e  3 — 1 3 *

The INDO e n e r g i e s  computed f o r  th e  n e g a t i v e l y  c h a rg e d  

t e t r a m e r s  a t  v a r i o u s  d i s t a n c e s  from t h e  c e n t r e  t o  t e t r a h e d r o n  

v e r t e x ,  a r e  c o l l e c t e d  in  T ab le  7 ,  and d i s p l a y e d  i n  F ig u r e  8 .  The 

r e f e r e n c e  s t a t e  e n e rg y  i s  h i g h l i g h t e d  on eac h  d iag ram ..

The h y d r a t e d  e l e c t r o n  s t r u c t u r e s  V I I I  and IX e x h i b i t  an 

e q u i l i b r i u m  g eo m e try  a t  D =» I .9 2 S  and I . 8 5 S  r e s p e c t i v e l y .  At t h e  

minimum e n e r g y ,  e a c h  s t r u c t u r e  i s  found  t o  be s t a b l e  w i th  r e s p e c t  

t o  t h e  r e f e r e n c e  s t a t e  e n e rg y  —76*7424 a . u . ,  model V I I I  by 2 .22eV  

and model IX by 1 .63eV .

T h is  c o n c l u s i o n  i s  a t  v a r i a n c e  w i th  t h e  CIJDO/2 s t u d i e s  o f  

Weissman and Cohan.*^ At a  d i s t a n c e  D =* 1.73^> th e y  r e p o r t  t h a t  

s t r u c t u r e  V I I I  i s  e n e r g e t i c a l l y  u n f a v o u r a b le  by 0 .4 0 e V . The e n e rg y  

expended  on fo rm in g  t h i s  s t r u c t u r e  i s  1 .90eV  w h ile  t h e  e l e c t r o n  

a f f i n i t y  i s  p l a c e d  a t  some 1.50eV below  th e  e l e c t r o n  a f f i n i t y  o f  t h e



F i g u r e  8» T h e  t o t a l  e n e r g y  v a r i a t i o n s  f o r  t h e  t e t r a m e r  s t r u c t u r e s  

w i t h  t e t r a h e d r o n  s i z e .  T h e  a p p r o p r i a t e  r e f e r e n c e  s t a t e s  a r e  h i g h ­

l i g h t e d  b y  t h e  b r o k e n  l i n e s .
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i s o l a / t e d  w a te r  m olecu le#

I t  i s  t h e  a u th o r * s  o p in io n  t h a t  t h i s  c o n c l u s i o n  may be a  

c o n se q u e n c e  o f  u s in g  t h e  CITDO ap p ro x im a tio n #  I t  may be r e c a l l e d  from  

C h a p te r  2 , s e c t i o n  D ( i ) ,  t h a t  th e  1111)0 t e c h n iq u e  was p ro p o s e d  in  

o r d e r  t o  com pensa te  f o r  t h e  i n h e r e n t  d e f i c i e n c i e s  o f  t h e  CNI)0 m ethod 

f o r  c a l c u l a t i o n s  on open -  s h e l l  system s#

U t i l i s i n g  e q u a t io n  ( 2 ) f th e  s t a b i l i s a t i o n  e n e r g i e s  r e p o r t e d  

h e r e  may be p a r t i t i o n e d  t o  i l l u s t r a t e  t h e  e s s e n t i a l  d i f f e r e n c e s  be tw een  

t h e  two s t r u c t u r e s  and  CUDO c a l c u l a t i o n s .

At, t h e  optimum g e o m e t r ie s  f o r  t h e  c h a rg e d  s t r u c t u r e s ,  t h e  e n e rg y  

o f  t h e  n e u t r a l  t e t r a m e r  m odels  a r e  —77*0078 a#u# f o r  s t r u c t u r e  V I I I  

an d  -77*0129  a . u ,  f o r  s t r u c t u r e  IX* The e l e c t r o n  a f f i n i t i e s  o f  t h e  

t e t r a m e r  s t r u c t u r e s  a r e  t h e r e f o r e  5*00eV and 5*73eV r e s p e c t i v e l y #

U t i l i s i n g  th e  d a t a  i n  T ab le  1 ,  th e  e n e rg y  g a in s  on f o r m a t io n  o f  t h e s e  

two s t r u c t u r e s  from t h e  s e p a r a t e d  com ponents a r e  0#0G6eV f o r  V I I I  

and 0#145eV. f o r  IX.

On i n t r o d u c t i o n  o f  t h e  s u r p l u s  e l e c t r o n ,  s t r u c t u r e  V I I I  

becomes more s t a b l e  t h a n  s t r u c t u r e  IX, m a in ly  a s  a  co n seq u en c e  o f  th e  

g r e a t e r  a f f i n i t y  o f  model V I J I  f o r  an e l e c t r o n .

A s im p le  e l e c t r o s t a t i c  model m igh t be e x p e c te d  t o  p r e d i c t  

t h a t  s t r u c t u r e  IX i s  t h e  most f a v o u r a b l e  a r ra n g e m e n t  o f  th e  f o u r  

w a te r  m o le c u le s#  When th e  d i p o l e  moments a r e  a l i g n e d  i n  t h e  m anner 

^ e s c r i b e d  f o r  model IX, th e  p o t e n t i a l  w e l l  w i l l  be d e e p e r  th a n  t h a t  

s e t  up by model V I I I ,  l e a d i n g  t o  a  lo w e r  e n e rg y .  The IUD0 c a l c u l a t i o n s  

i l l u s t r a t e  t h e  im p o r ta n c e  o f  i n v e s t i g a t i n g  s o l v a t e d  e l e c t r o n  m odels  

by a  t e c h n iq u e  w hich  w i l l  a l lo w  th e  d e t a i l e d  e v a l u a t i o n  o f  s h o r t  

r a n g e  i n t e r a c t i o n s .

The t e t r a m e r  model X p ro p o se d  f o r  t h e  am m oniated e l e c t r o n  

i s  found  t o  be s t a b l e  by 0 .63eV  o v e r  t h e  r e f e r e n c e  s t a t e  e n e rg y  

- 5 3 .8 6 5 2  a . u . ,  a t  an e q u i l i b r i u m  geom etry  o f  D = 2 . 07$ .

The e n e rg y  o f  t h e  u n ch a rg e d  s t r u c t u r e  a t  t h i s  g eo m e try  i s  

- 5 4 .1 2 2 3  a . u .  By p a r t i t i o n i n g  th e  s t a b i l i s a t i o n  e n e rg y  i n t o  t h e  

com ponents  d e f i n e d  in  e q u a t io n  ( 2 ) ,  i t  i s  found  t h a t  a  s m a l l  e n e rg y  

g a i n ,  0 .076eV , i s  o b t a in e d  on f o r m a t io n  o f  th e  s o l v a t i o n  s h e l l .  The 

low s t a b i l i s a t i o n  e n e rg y  a r i s e s  a s  a  r e s u l t  o f  t h e  f a i r l y  l a r g e  and 

p o s i t i v e  e l e c t r o n  a f f i n i t y ,  6# 35©V, o f  t h e  n e u t r a l  s t r u c t u r e .

F i n a l l y ,  i t  may be n o te d  t h a t  t h e  c e n t r e  t o  v e r t e x  d i s t a n c e s  

c a l c u l a t e d  f o r  th e  t e t r a m e r  s t r u c t u r e s  a r e  s m a l l e r  t h a n  th e  c e n t r e  t o  

d i p o l e  d i s t a n c e s  o b ta in e d  from th e  sem icon tinuum  t r e a t m e n t  d e s c r i b e d



-  56 -

i n  C h a p te r  3*» S e c t io n  E .

( i i )  The Computed E x c i t a t i o n  E n e rg ie s  f o r  t h e  T e t ra m e r  M odels .

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

s t r u c t u r e s ,  V I I I ,  IX and X, a r e  a ssem b led  in  T ab le  8 .

At t h e  optimum g e o m e t r i e s ,  th e  e x c i t a t i o n  e n e r g i e s  fo r-  th e  

h y d r a t e d  e l e c t r o n  m odels V I I I  and IX a r e  computed t o  be 2 .08eV  and 

0*85eV r e s p e c t i v e l y .  The fo rm e r  v a lu e  m a tches  q u i t e  w e l l  w i th  t h e  

o b s e rv e d  a b s o r p t i o n  maximum o f  1 .72eV , w h i le  t h e  l a t t e r  i s  low .

C o n s id e r  model V I I I .  I f  i n c r e a s e s  i n  t e m p e r a t u r e  and  

p r e s s u r e  c a u se  r e s p e c t i v e l y  e x p a n s io n  and c o n t r a c t i o n  o f  t h e  w a te r  

c l u s t e r ,  t h e  p r e d i c t e d  s h i f t s  i n  th e  a b s o r p t i o n  sp e c tru m  a r e  

q u a l i t a t i v e l y  i n  a c c o rd  w i th  e x p e r im e n t .

The c o n t r a s t i n g  b e h a v io u r  o f  th e  t r a n s i t i o n  en e rg y  f o r  

t h e  two w a te r  c l u s t e r s  i s  shown i n  F ig u re  9* As t h e  w a te r  c l u s t e r  

IX i s  c o m p re sse d ,  th e  t r a n s i t i o n  en e rg y  moves t o  l o n g e r  w a v e le n g th s ,  

w h i le  f o r  s t r u c t u r e  V I I I  th e  s h i f t  i s  t o  th e  b lu e  and l e v e l s  o f f  

f o r  d i s t a n c e s  l e s s  th a n  ~  1 .8X .

As a  co n seq u en c e  o f  i t s  h ig h e r  e n e rg y ,  t h e  c h a rg e d  s t r u c t u r e  

IX m ig h t be e x p e c te d  t o  p e r s i s t  o n ly  a t  h ig h  t e m p e r a t u r e s .  T h e r e f o r e ,  

a t  e l e v a t e d  t e m p e r a t u r e s ,  t h e  b lu e  s h i f t  i n  t h e  a b s o r p t i o n  maximum 

w i th  p r e s s u r e  m igh t be e x p e c te d  t o  r e v e r s e  i t s  d i r e c t i o n .  The r e c e n t

s tu d y  o f  th e  a b s o r p t i o n  specxrum  o f  t h e  h y d r a te d  e l e c t r o n  be tw een
o o 21-  4 and 39° C d id  n o t  d e t e c t  any such  e f f e c t .  I t  i s  i n t e r e s t i n g

t o  n o t e  t h a t  a t  390°C in  s u p e r c r i t i c a l  w a te r  t h e  a b s o r p t i o n  maximum o f

th e  o p t i c a l  s p e c tru m  l i e s  a t  0.93©V, a l th o u g h  a t  t h i s  p r i m i t i v e  l e v e l

o f  t h e  m o le c u la r  a p p ro a c h ,  no d i r e c t  a s s ig n m e n t  o f  s t r u c t u r e  can  be

made.

S t r u c t u r e s  i n t e r m e d i a t e  betw een V I I I  and IX may d e v e lo p  

as  t h e  t e m p e r a t u r e  i n c r e a s e s ,  moving th e  t r a n s i t i o n  e n e r g i e s  t o  

l o n g e r  w a v e le n g th s .

U t i l i s i n g  th e  d a t a  i n  T ab le  8 c o n c e r n in g  t h e  d e f e c t  model V I I I , .  

an a t t e m p t  t o  q u a n t i f y  t h e  s p e c t r a l  s h i f t s  w i th  t e m p e r a t u r e  and 

p r e s s u r e  m igh t be made i f  t h e  s i z e  o f  th e  c l u s t e r  i s  t a k e n  t o  depend  

on th e  t e m p e r a t u r e  and p r e s s u r e .

The f i r s t  peak  in  t h e  r a d i a l  d i s t r i b u t i o n  c u rv e  f o r  w a te r  

m a n i f e s t s  a  t e m p e r a tu r e  dependence  o f  th e  f o r m ^

r ( 3 )  = 2 .8 3  + 0 . 00 l 8t ( 3 )



Fig u r e  9« The v a r i a t i o n  o f  t h e  c a l c u l a t e d  e x c i t a t i o n  e n e r g i e s ,  A E (e V ) , 

w i th  t h e  d i s t a n c e  D($) from th e  t e t r a h e d r c i i  c e n t r e  t o  t h e  v e r t e x  f o r  

s t r u c t u r e s  V I I I  and IX, The arrow ed  p o s i t i o n s  shew th e  e x c i t a t i o n  

e n e r g i e s  a t  t h e  optimum g e o m e tr ie s*
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where t  i s  th e  t e m p e r a tu r e  i n  °C* Tht3 s e p a r a t i o n  be tw een  n e a r e s t  

n e ig h b o u r  oxygen atoms i n c r e a s e s  w i th  te m p e r a tu r e  a t  a  r a t e  

0 .0 0 1 8 § /° K .  The w a te r  c l u s t e r  V I I I  may be assumed t o  have a  th e rm a l  

e x p a n s io n  c o e f f i c i e n t  o f  t h i s  o r d e r  by r e c o g n i t i o n  t h a t  t h e  

l o c a l i s e d  e l e c t r o n  m ight s im u l a t e  th e  b e h a v io u r  o f  t h e  a b s e n t  oxygen 

atom in  th e  h y d rogen  — bonded w a te r  s t r u c t u r e *

C lo se  t o  th e  lo w e s t  en e rg y  g eo m e try ,  D = 1*92$, t h e  

e x c i t a t i o n  e n e rg y  v a r i e s  w i th  c l u s t e r  s i z e  a s  <3E ^  /dD  =* -  2 .2 3 e V /S .

Combined w i th  th e  th e rm a l  e x p a n s io n  c o e f f i c i e n t  o f  t h e  c l u s t e r ,  t h e  

com puted  t e m p e r a t u r e  dependence  o f  t h e  peak  p o s i t i o n  i s

d Emax/ dT = (d  Smax /  dD • dB/ dT) “  - ° * 0040eV /OK.

A s i m i l a r  c a l c u l a t i o n  f o r  t h e  p l a n a r  dirner model I  y i e l d s  a  v a l u e

-  0 .0 0 3 2  eV /  °K. Over t h e  ra n g e  0 °  — 90°G,  G o t t s c h a l l  and H a r t^

found  t h a t  t h e  a b s o r p t i o n  maximum f o r  t h e  h y d r a te d  e l e c t r o n  h a s  a

t e m p e r a t u r e  c o e f f i c i e n t  o f  -0 .0 0 2 9 e V /°K . The t h e o r e t i c a l  s h i f t  i s

i n  f a i r  ag ree m en t w i th  t h e  e x p e r im e n ta l  o b s e r v a t i o n .

The t e m p e r a t u r e  c o e f f i c i e n t  i n  i c e ^  i s  ~ 0 .0 0 1 2 eV / K, lo w e r

th a n  t h a t  i n  w a t e r .  The a v e ra g e  oxygen t o  oxygen d i s t a n c e  i n  i c e  i s

l e s s  t e m p e r a t u r e  d e p e n d e n t  th a n  i n  w a t e r .  From th e  x - r a y  d a t a  o f

La P l a c a  and P o s t , ^ ^  be tw een  —10°C and 0°C th e  a v e ra g e  th e rm a l

e x p a n s io n  c o e f f i c i e n t  o f  i c e  i s  ~  0 .0 0 0 l6 $ /° K .  The c a l c u l a t e d

t e m p e r a t u r e  c o e f f i c i e n t  o f  th e  a b s o r p t i o n  maximum in  i c e  may th e n  be

p la c e d  a t  dE , / d T  » -0 .0 0 0 3 5 eV/°K, a  f a c t o r  o f  t h r e e  s m a l l e r  th a n  max
t h e  o b s e rv e d  v a l u e .

At 24°C, i f  t h e  a p p l i e d  p r e s s u r e  i s  r a i s e d  t o  1000 a tm o s p h e re s ,

t h e  a v e ra g e  oxygen -  oxygen d i s t a n c e  i n  w a te r  d e c r e a s e s  from 2 .8 7 3 ^

t o  2 * 8 2 5 X .^  Talcing t h e  s i z e  o f  t h e  t e t r a m e r  t o  v a r y  a t  a  r a t e

( 2 .8 2 5  -  2 . 8 7 3 ) 2 / k b a r ,  t h e  p r e s s u r e  c o e f f i c i e n t  o f  t h e  a b s o r p t i o n

maximum i s  c a l c u l a t e d  t o  be 0 .0 8 5 e V /k b a r .  The t r e n d  in  t h e  e x c i t a t i o n

e n e r g y ,  d i s p l a y e d  in  F ig u r e  9 Tor s t r u c t u r e  V I I I ,  shows t h a t  t h i s

p r e s s u r e  c o e f f i c i e n t  s h o u ld  f a l l  o f f  as  th e  c l u s t e r  i s  co m p re sse d .

E x p e r i m e n t a l l y ,  th e  p r e s s u r e  c o e f f i c i e n t  i s  o b se rv e d  t o

be 0 .0 5 3  -  0 .0 6 e V /k b a r  f o r  p r e s s u r e s  up t o  a p p r o x im a te ly  5 k b a r .  At

p r e s s u r e s  i n  e x c e s s  o f  5 k b a r ,  f u r t h e r  i n c r e a s e s  have l i t t l e  e f f e c t  
2 Aon t h e  s p e c t ru m .

These  c a l c u l a t i o n s  assume t h a t  th e  s p e c t r a l  s h i f t s  w i th



p r e s s u r e  and te m p e r a tu r e  a r e  d e te rm in e d  m a in ly  by v a r i a t i o n s  i n  t h e

d im e n s io n s  o f  th e  c l u s t e r .  E f f e c t s  w hich may a r i s e  from r e o r i e n t a t i o n ;

o f  t h e  c o o r d i n a t i o n  s h e l l  have n o t  been  c o n s id e r e d  q u a n t i t a t i v e l y .

D e s p i t e  t h e  a p p ro x im a t io n s  in v o lv e d ,  t h e  q u a l i t a t i v e  and q u a n t i t a t i v e

c o n c l u s i o n s  w hich  may be drawn match q u i t e  w e l l  t h e  o b s e rv e d  s p e c t r a l

phenomena f o r  t h e  h y d r a te d  e l e c t r o n .  We now c o n s i d e r  t h e  am m oniated

e l e c t r o n  s t r u c t u r e  X.

At t h e  e q u i l i b r i u m  geom etry  D ® 2 .0 7 2 ,  t h e  ammonia t e t r a m e r

model e x h i b i t s  an  e x c i t a t i o n  en e rg y  o f  0 .72eV , s l i g h t l y  lo w er  th a n  th e

o b s e rv e d  v a l u e  0 .80eV  a t  2 4 0 ° K . ^  The t e m p e r a tu r e  c o e f f i c i e n t  o f  th e

a b s o r p t i o n  maximum i s  -  1 .5  -  0 .2  x 10” ^ e V /°K •

As t h e  c l u s t e r  s i z e  d e c r e a s e s ,  th e  c a l c u l a t e d  e x c i t a t i o n

e n e r g i e s  s h i f t  t o  t h e  b l u e ,  q u a l i t a t i v e l y  i n  a c c o rd  w i th  t h e  e f f e c t s
25o f  p r e s s u r e  on t h e  s p e c tru m .

12Prom x - r a y  d i f f r a c t i o n  e x p e r im e n t s ,  e a c h  m o le c u le  i n  ammonia

a t  199°K i s  s u r ro u n d e d  by  a p p ro x im a te ly  sev en  m o le c u le s  a t  a  d i s t a n c e

3*562, w i th  f o u r  more a t  R a i s i n g  th e  t e m p e r a t u r e  t o  277°K

i n c r e a s e s  t h e  fo rm e r  d i s t a n c e  t o  ~  3*74^* The l a t t e r  v a l u e  s h o u ld  be

r e g a r d e d  a s  an e s t i m a t e ,  s i n c e  i t  was o b ta in e d  from  th e  r a d i a l
12d i s t r i b u t i o n  c u r v e s  p u b l i s h e d  by  Kruh and P e t z .

S e t t i n g  t h e  th e rm a l  e x p a n s io n  c o e f f i c i e n t  o f  t h e  t e t r a m e r  

t o  (3*74  -  3 * 5 6 ) / (2 7 7  -  19 9 ) -  0 .0 0 2 6 2 /°K ,  t h e  t e m p e r a t u r e  c o e f f i c i e n t  

o f  t h e  a b s o r p t i o n  maximum i s  c a l c u l a t e d  t o  be —0 .0 0 2 eV /°K , i n  good 

ag re e m e n t  w i th  e x p e r im e n t .  A s im i la r -  c a l c u l a t i o n  f o r  d im er  s t r u c t u r e  I I  

a f f o r d s  an e s t i m a t e  -0 .0 0 6 5 e V /°K .

( i i i )  The B andw id th  o f  th e  H yd ra ted  and Ammoniated E l e c t r o n  O p t i c a l  S p e c tru m .

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

band  shape  i s  d e te rm in e d  by th e  th e rm a l  p o p u la t i o n  o f  a  c o n f i g u r a t i o n  

and t h e  t r a n s i t i o n  e n e rg y  a t  t h a t  c o n f i g u r a t i o n .  M easured from th e  

minimum e n e rg y  Emj_n , ^he h a l f  band -  w id th  a t  h ig h  t e m p e r a t u r e s  T, 

i s  d e te r m in e d  from  th e  p o i n t s  D^ and f o r  w hich

E ( D , ) -  E . « B(D0 ) -  E . «  kT D0 > D1v l 7 mm > 2 '  mm; 2 1

w here k  i s  th e  B oltzm ann  c o n s t a n t .  The h a l f  b an d w id th  i s  th e n  g iv e n



F ig u r e  10 . The breakdown o f  th e  o p t i c a l  a b s o r p t i o n  sp e c tru m  o f  th e  

am m oniated  e l e c t r o n  a t  258°K (from  r e f ,  33) f o l l o w i n g  th e  method o f  

H am ill  ( r e f ,  2 9 ) •  The f u l l  l i n e  shows th e  o b se rv e d  s p e c tru m .
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by

V  lHe*<V - Ee*<V'
w here ^'e .x;(^-j_) t h e  computed t r a n s i t i o n  e n e rg y  a t  D^.

The h a l f  b a n d w id th s  c a l c u l a t e d  in  t h i s  way a r e  O .leV  f o r

s t r u c t u r e  V I I I  a t  300°K and 0 .08eV  f o r  s t r u c t u r e  X a t  240°K. The

o b s e rv e d  h a l f  b a n d w id th s  o f  t h e  s o l v a t e d  e l e c t r o n  s p e c t r a  a r e  somewhat

l a r g e r ,  0 . 5 6 eV in  i c e  (77°K ) , 18 0 .92eV  i n  w a te r  (300°K ) 26 and 0 .46eV

i n  ammonia ( 240°K) . ^

T h is  d i s c r e p a n c y  c o n c e rn in g  th e  w id th  i s  a l s o  a f e a t u r e  o f
27th e  sem ico n tin u u m  t r e a tm e n t*

A r a t i o n a l i s a t i o n  o f  th e  o b s e rv e d  band shape  i s  a c h ie v e d  by

p r o p o s in g  t h a t  a  v a r i e t y  o f  d i f f e r e n t  t r a p p i n g  s i t e s  a ro u n d  th e
28optimum e x i s t  i n  t h e  l i q u i d  o r  t h a t  t h e  o b s e rv e d  s p e c tru m  i s  t h e

27e n v e lo p e  o f  s e v e r a l  a b s o r p t i o n  bands a r i s i n g  from s e v e r a l  e x c i t a t i o n s .  

The t r u e  s i t u a t i o n  p r o b a b ly  com bines b o th  f e a t u r e s .
29

In  s u p p o r t  o f  th e  second  a l t e r n a t i v e ,  H am il l  showed t h a t  

th e  sh ap e  o f  t h e  a b s o r p t i o n  sp ec tru m  o f  th e  t r a p p e d  e l e c t r o n  i n  

3-m e th y lp e n ta n e  i s  c o n s i s t e n t  w i th  th e  o v e r l a p p in g  o f  two 

e x c i t a t i o n  bands*

F o l lo w in g  H a m i l l ,  t h e  a b s o r p t i o n  sp e c tru m  o f  th e  am m oniated 

e l e c t r o n  a t  -1 5 °C ,  shown in  F ig u r e  10 , may be c o n s id e r e d  t o  be t h e  

e n v e lo p e  o f  two a b s o r p t i o n  b an d s ,  one a t  0*77©V and a n o t h e r  a t  1 .08eV , 

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

a t  h i g h e r  e n e r g i e s .  T h is  breakdown i s  a c h ie v e d  by r e f l e c t i o n  o f  t h e  

lo w e r  e n e rg y  edge o f  th e  band and s u b t r a c t i o n  o f  t h e  i n t e n s i t y  from 

t h e  t o t a l  i n t e n s i t y .

I f  t h e  h ig h e r  en e rg y  a b s o r p t i o n  a t  1 .08eV  a r i s e s  from  a  

I s  t o  3p t r a n s i t i o n ,  th e  p o l a r i s e d  c a v i t y  model may be u t i l i s e d  t o  

e s t i m a t e  th e  e n e rg y  f o r  su ch  a  p r o c e s s .  W ith D = 1*756 and.

D . = 22 , e q u a t i o n  (1 8 )  p l a c e s  t h e  3p l e v e l  a t  an e n e rg y  -0 .7 8 3 e V .G X
F o r  a  c a v i t y  r a d i u s  o f  3 . 2 8 , t h e  g round  s t a t e  e n e rg y  i s  - 2 .0 7 3 e V .  The 

I s  t o  3p t r a n s i t i o n  sh o u ld  t h e r e f o r e  l i e  a t  1 .29eV , in  good ag reem en t 

w i th  t h e  h ig h  e n e rg y  peak  in  F ig u r e  10 .

The h a l f  b an d w id th  o f  th e  f i r s t  e x c i t a t i o n  band i s  0 . 3 6 eV, 

a  f a i r  r e d u c t i o n  o v e r  t h e  t o t a l  b a n d w id th .  T h is  v a l u e  i s  s t i l l  l a r g e r  

by a  f a c t o r  o f  — 4 t h a n  t h e  t e t r a m e r  model c a l c u l a t i o n  s u g g e s t s .
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The o b s e r v a t i o n  t h a t  th e  l a r g e  b an d w id th  i n  w a te r ,  0 ,92eV ,

f a l l s  t o  0 , 560V in  i c e  p e rh a p s  s u g g e s t s  t h a t  t h e r e  i s  a  w id e r

r a n g e  o f  s i m i l a r  t r a p s  i n  w a te r .  To a,ccount f u l l y  f o r  th e  o b s e rv e d  

b a n d w id th  would t h e r e f o r e  a p p e a r  t o  be f u t i l e  u n l e s s  b o th  th e  

d i s t r i b u t i o n  o f  t r a p s  and h i g h e r  e n e rg y  a b s o r p t i o n  p r o c e s s e s  a r e  

t a k e n  i n t o  a c c o u n t ,

( i v )  D i l a t i o n  Phenomena.

The volume in c re m e n t s  a s s o c i a t e d  w i th  t h e  s u r p l u s  e l e c t r o n  

have  r e c e n t l y  b een  m easured  t o  be 84 ± 15 m l/m ole  (240°K) in  ammonia 

and  20 m l / m o l e , 1 — 6 m l / m o l e ^  i n  w a t e r .  The im p ac t o f  s u ch  

phenomena on th e  t h e o r e t i c a l  m odels  f o r  t h e  s o l v a t e d  e l e c t r o n  i s  

r e f l e c t e d  by t h e  i n c l u s i o n  o f  a  p a r a m e te r  w hich d e s c r ib e s ;  t h e  

e f f e c t i v e  r a d i u s  o f  a  v o id  vo lum e. The m o le c u la r  a p p ro a c h  i n t r o d u c e s  

a  new f a c t o r  t o  be c o n s i d e r e d .

C o n s id e r  s t r u c t u r e  V I I I  f o r  t h e  h y d r a te d  e l e c t r o n .  I n  t h e

a b s e n c e  o f  th e  s u r p l u s  e l e c t r o n ,  th e  lo w e s t  e n e rg y  g eom etry  l i e s  a t

D -  2 , l l S .  I n t r o d u c t i o n  o f  t h e  e l e c t r o n  c o n t r a c t s  t h i s  d i s t a n c e  t o  

1 . 9 2 2 , a s  a l r e a d y  m en tio n ed  i n  S e c t io n  C ( i ) .  T h is  f e a t u r e  s u g g e s t s  

t h a t  volume in c re m e n ts  may be a  m a n i f e s t a t i o n  o f  some o t h e r  

phenomenon th a n  c a v i t y  f o r m a t io n ,  f o r  exam ple , t h e  whole l a t t i c e  a b o u t  

t h e  l o c a l i s a t i o n  s i t e  may be ex p an d ed .  A l t e r n a t i v e l y ,  th e  r e g i o n  

s u r r o u n d in g  t h e  s i t e  may be d i l u t e d  com pared t o  th e  no rm al l i q u i d , ^  

D e v e lo p in g - th e  fo rm e r  c o n c e p t ,  f o u r  m o le c u le s  i n  w a te r  may 

be s i t u a t e d  a t  t h e  c o r n e r s  o f  a  t e t r a h e d r o n  f i x e d  in  a  cube o f  volume 

1 1 9 , 56 2 . ^  I n  t h e  p r e s c e n c e  o f  t h e  e l e c t r o n ,  t h i s  c e l l  expands  by a  

d i s t a n c e  ( 1*92  -  0 ,9 5 8 )8  i n ea c h  d i r e c t i o n ,  a q u i r i n g  a  volume 

3 2 0 .O lS ,^  The volume e x p a n s io n  i s  t h e r e f o r e  3 0 .19  m l/rao le .  T r e a t i n g  

th e  ammonia t e t r a m e r  s t r u c t u r e  i n  t h i s  way p r e d i c t s  a  volume e x p a n s io n  

o f  81 m l/m o le ,  f o r  an ammonia d e n s i t y  o f  O .08 I 4 g /m l a t  240°K.

No c a v i t i e s  a r e  form ed in  th e  l i q u i d .  An e x c lu d e d  volume 

i s  c r e a t e d  w i t h i n  w hich  t h e  m o le c u le s  c o o r d i n a t i n g  t h e  c e n t r e  may n o t  

e n t e r ,  t h u s  e x p a n d in g  th e  volume a s s o c i a t e d  w i th  e a c h  c l u s t e r .

I n  a  more c o n v e n t io n a l  way, th e  m o le c u le s  c o u ld  be a s c r i b e d  

a r a d i u s  r ,  beyond  w hich l i e s  t h e  second  s o l v a t i o n  s h e l l .  T ak in g  

r  » 1 .5 8  f o r  ammonia and w a te r ,  a s  s u g g e s te d  by C opeland  £ t  a l , 2^ 

t h e  s p h e r i c a l  r e g i o n  a s s o c i a t e d  w i th  t h e  t e t r a m e r s  may be a s c r i b e d  

a  volume 1 6 7 .5 6 8  ^ f o r  s t r u c t u r e  V I I I  and I 9 0 . 59X ^ f o r  s t r u c t u r e  X.
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The volume in c re m e n ts  a s s o c i a t e d  w i th  th e  s u r p l u s  e l e c t r o n  i n  w a te r  

and  ammonia a r e  28*9 m l/m ole  and 20*9 m l/m ole  r e s p e c t i v e l y .  The 

o b s e rv e d  m a g n itu d es  a r e  i n  t h e  r e v e r s e  f o r  t h e s e  s o l v e n t s .

The r e l a t i o n s h i p  be tw een  th e s e  two v ie w p o in t s  may be s e e n  

i f  t h e  l a t t i c e  e x p a n s io n  i s  t r e a d e d  a s  c r u d e l y  e q u i v a l e n t  t o  an 

e x p a n s io n  o f  t h e  m o le c u la r  r a d i i  i n  th e  p r e s c e n c e  o f  t h e  e l e c t r o n .

The c o n s i d e r a t i o n  o f  m odels  w hich in c lu d e  a  second  s o l v a t i o n  s h e l l  

w ould be an i n t e r e s t i n g  t e s t  o f  th e  l a t t i c e  e x p a n s io n  c o n c e p t .

(v )  The Ammonia -  W ater Mixed S o lv e n t  System .

The p o la r o n  t h e o r y  q u a l i t a t i v e l y  accom odates  t h e  o b s e r v a t i o n  

t h a n  an i n c r e a s e  i n  s o l v e n t  p o l a r i t y  l e a d s  t o  a  peak  a b s o r p t i o n  f o r  

t h e  s o l v a t e d  e l e c t r o n  a t  s h o r t e r  w a v e le n g th s .  By sa m p l in g  a  l a r g e  

p o r t i o n  o f  t h e  medium th e  e l e c t r o n  i s  e x p e c te d  t o  e x h i b i t  a

com prom ise sp e c tru m  l y i n g  be tw een  th e  s p e c t r a  o f  t h e  p u re  co m ponen ts .
82 88 The s t u d i e s  o f  A r a i  and  S au e r  and o f  I>ye, DeBacker and Dorfrnan were

i n s t i g a t e d  t o  i n v e s t i g a t e  t h i s  b e h a v io u r  i n  a l c o h o l - w a t e r  and

a m in e -w a te r  s o l u t i o n s  r e s p e c t i v e l y .  In  b o th  c a s e s  i t  i s  c o n c lu d e d

t h a t  t h e  s o l v a t e d  e l e c t r o n  i n t e r a c t s  w i th  a  l a r g e  number o f  m o le c u le s .

Yet t h e r e  i s  some e v id e n c e  t h a t  t h e  f o r m a t io n  o f  a g g r e g a t e s

o f  p o l a r  m o le c u le s  i s  im p o r ta n t  t o  s t a b i l i s e  t h e  e l e c t r o n  in
8£m i x tu r e s  o f  p o l a r - n o n - p o l a r  m i x tu r e s .  Two a b s o r p t i o n  p e a k s ,

85c h a r a c t e r i s t i c  o f  t h e  p u re  l i q u i d s ,  a r e  o b s e rv e d .

I t  i s  o f  i n t e r e s t  and d e s i r e a b l e ,  a s  a  t e s t  o f  t h e  

m o le c u la r  a p p ro a c h ,  t o  i n v e s t i g a t e  t h e  manner i n  w h ich  t h e  t e t r a m e r  

m odels  p o r t r a y  th e  b e h a v io u r  o f  t h e  s u r p l u s  e l e c t r o n  s p e c t r a  i n  

am m onia-w ate r  s o l u t i o n s .  T e tram e r  a g g r e g a t e s  w hich  m igh t be im p o r ta n t  

a t  d i f f e r e n t  mole f r a c t i o n s  o f  w a te r  a r e  i l l u s t r a t e d  i n  F ig u r e  1 1 .

E ach  s t r u c t u r e  i s  o b t a in e d  by s u c c e s s iv e  r e p la c e m e n t  o f  one w a te r  

m o le c u le  i n  s t r u c t u r e  V I I I  by an  ammonia m o le c u le  o r i e n t e d  a s  in  

s t r u c t u r e  X. The com puted g round  s t a t e  and t r a n s i t i o n  e n e r g i e s  a r e  

c o l l e c t e d  i n  T ab le  9*

The e x c i t a t i o n  e n e r g i e s  computed a t  t h e  lo w e s t  e n e rg y  

g eo m e try  f o r  e a c h  s t r u c t u r e  a r e  su p e r im p o sed  on t h e  e x p e r i m e n t a l  

d a t a  o b s e rv e d  by Dye, DeBacker and Dorfrnan in  F ig u r e  12 . The 

com puted  e n e r g i e s  v a ry  n o n - 1 i n e a r l y  be tw een  th e  l i m i t i n g  e x c i t a t i o n  

e n e r g i e s  f o r  t h e  p u re  t e t r a m e r  m o d e ls .  A lth o u g h  th e  m atch  o f  t h e s e  

two c u r v e s  i s  n o t  q u a n t i t a t i v e ,  t h e  o v e r a l l  t r e n d  i n  th e  e x c i t a t i o n  

e n e rg y  o f  t h e  s u r p l u s  e l e c t r o n  i s  w e l l  r e p ro d u c e d  by t h e  c a l c u l a t i o n s .



F ig u r e  11 . The t e t r a m e r  s t r u c t u r e s  u t i l i s e d  t o  r e p r e s e n t  t h e  

m o le c u la r  c l u s t e r s  o c c u r in g  i n  ammonia -  w a te r  m ix tu r e s  a t  v a r i o u s  

mole f r a c t i o n s ,  x ,  o f  w a te r .

x  =. 0 ,7 5 x ---- 0 .5

x  =* 0 ,2 5



F ig u r e  12* The computed and o b s e rv e d  e x c i t a t i o n  e n e r g i e s  o f  th e  

s u r o l u s  e l e c t r o n  i n  ammonia — w a te r  m ix tu re s *  The f u l l  l i n e  shows 

th e  e x p e r im e n ta l  d a t a ;  th e  c r o s s e s  mark t h e  c a l c u l a t e d  t r a n s i t i o n  

e n e r g i e s  a t  5 niole f r a c t i o n s  o f  w ater*

2*2

1.6

1 . 4

1 . 2

1 . 0

0*0 0 . 2 5 0*5 0*75

Mole F r a c t i o n  o f  T, /a te r*

2
^
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E x a m in a t io n  o f  t h e  t o t a l  en e rg y  f o r  e ac h  t e t r a m e r  shows t h a t  

t h e r e  i s  a  p r o g r e s s i v e  d e c r e a s e  in  th e  s t a b i l i s a t i o n  en e rg y  o v e r  th e  

r e f e r e n c e  s t a t e  a s  each  w a te r  m o lecu le  i s  r e p la c e d *  For exam ple ,  on 

moving from (iTH^, 3^ 0 )* e t o  ( 2NH^, 2H2 0 )*e t h e  d e c r e a s e  i n  

s t a b i l i s a t i o n  en e rg y  i s  0*51eV. The en e rg y  o f  th e  mixed s t r u c t u r e s  

i s  t o  be com pared w i th  two r e f e r e n c e  s t a t e s ,  d e p e n d in g  on w h e th e r  t h e  

s u r p l u s  e l e c t r o n  i s  f o r m a l ly  a s s o c i a t e d  w i th  an ammonia o r  a  w a te r  

m o lecu le*

As ammonia m o le c u le s  a r e  added ,  t h e  c l u s t e r  i n  g e n e r a l  

e x p a n d s ,  e x c e p t i n g  t h a t  a  s m a l l  c o n t r a c t i o n  i s  o b s e rv e d  a t  a  mole 

f r a c t i o n  o f  w a te r  0 *7 5 *

( ( v i )  The C harge D i s t r i b u t i o n s ,

The c a l c u l a t e d  e x c e s s  e l e c t r o n  d e n s i t y  a t  eac h  atom f o r  

f o r  t h e  t e t r a m e r  m odels  V I I I  t o  X i s  p o r t r a y e d  i n  F ig u r e  13# As 

was o b s e rv e d  w i th  t h e  d im er  s t r u c t u r e s  I  and I I ,  t h e  e l e c t r o n  i s  

d e l o c a l i s e d  o v e r  t h e  c l u s t e r ' .  P ro to n s  l y i n g  c l o s e s t  t o  th e  c e n t r e  o f  

t h e  t e t r a h e d r o n  a c q u i r e  more c h a rg e  th a n  t h e  more d i s t a n t  p ro to n s *  I t  i s  

a l s o  i n  e v id e n c e  t h a t  t h e  h e t e r o - a to m s  r e t a i n  most o f  t h e  e l e c t r o n  

d e n s i t y ,  t h e  o v e r a l l  a v e ra g e  v a lu e  b e i n g  0 * l 6 e~’*

One o f  t h e  im p o r ta n t  f e a t u r e s  o f  t h e  m o le c u la r  a p p ro a c h  

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

o b ta in e d *  E a r l i e r  t r e a t m e n t s  r e l i e d  on o r t h o g o n a l i s i n g  th e  wave 

f u n c t i o n  o b ta in e d  from  a  c a v i t y  model c a l c u l a t i o n  w i th  t h e  p e r i p h e r a l  

s o l v e n t  o r b i t a l s * ^  The INDO m o le c u la r  o r b i t a l  t r e a t m e n t  i n c l u d e s  

s p i n  p o l a r i s a t i o n  i n  a  n a t u r a l  way.

By c o m p ar iso n  w i th  some e x p e r im e n ta l  d a t a  from m a g n e t ic  

r e s o n a n c e  e x p e r im e n t s ,  t h e  g r a i n  o f  th e  m o le c u la r  o r b i t a l s  m igh t 

be examined*

i ( v i i )  The E l e c t r o n  S p in  R esonance Spectrum  o f  t h e  S o lv a t e d  E l e c t r o n ,

( a )  I n t r o d u c t i o n .

The e l e c t r o n  s p i n  r e s o n a n c e  sp ec tru m  o f  t h e  s o l v a t e d  e l e c t r o n  

i n  p o l a r  m edia  i s  t y p i f i e d  by a  s i n g l e  r e s o n a n c e .  L in e w id th s  v a r y  from 

t h e  f i n e ,  0*02 g a u s s  i n  l i q u i d  ammonia a t  293° K , ^  ^he "broad,

g r e a t e r  th a n  50  g a u s s  f o r  cae s iu m  i n  m e th y lam in e .

The o r i g i n  o f  t h i s  n a r ro w  a b s o r p t i o n  h as  b een  i n t e r p r e t e d  in  
2

two w ays . K ap lan  and K i t  t e l  p ro p o sed  t h a t  h y p e r f m e  i n t e r a c t i o n s  o f



F ig u r e  13 . The c a l c u l a t e d  chax’ge d e n s i t i e s  o f  t h e  e x c e s s  e l e c t r o n  

a t  e a c h  atom i n  t h e  t e t r a m e r  s t r u c t u r e s  V I I I ,  IX and X,

V I I I  I X

0 . 0 2
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0 .1 7

0 .0 4

0.01
0 . 0 2 0 .0 4

0.05

0 .0 60 .0 6 0.17
0 .160 0 . 1
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0 .02

X
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0.033

P 33
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t h e  s u r p l u s  e l e c t r o n  w i th  th e  p r o to n s  in  ammonia were r a p i d l y  

m o d u la te d  by t h e  Brownian m otion  o f  th e  medium m o le c u le s .  S u b seq u en t 

NMR m easu rem en ts  were a t  v a r i a n c e  w ith  t h i s  p r o p o s a l , ^  w h i le  i s o t o p i c  

s u b s t i t u t i o n  o f  ammonia r e v e a l e d  th e  p red o m in an t o r i g i n  o f  t h e  

r e s i d u a l  b r o a d e n in g  t o  be due to  h y p e r f in e  i n t e r a c t i o n  w i th  n i t r o g e n  

n u c l e i #  r f r The r e l a x a t i o n  rnechansim has  a l s o  b een  c o n s id e r e d  a s  a  

m a n i f e s t a t i o n  o f  t u n n e l l i n g  e f f e c t s  w hich  m odu la te  th e  l y p e r f i n e  
i n t e r a c t  i o n s . ^ 5»4 1 »42•

The a l t e r n a t i v e  a p p ro a c h  v iew s  th e  s o l v a t e d  e l e c t r o n  a s  a

p o l a r o n .  D eigen  and P e k a r ^  showed t h a t  t o  a  f i r s t  a p p r o x im a t io n ,

h y p e r f i n e  i n t e r a c t i o n s  do n o t  a l t e r  t h e  en e rg y  o f  t h e  p o l a r o n .

C o n s e q u e n t ly  no b r o a d e n i n g - o f  th e  ESR sp e c tru m  w i l l  be o b s e r v e d .  The

e x t re m e  s h a r p n e s s  o f  th e  l i n e w i d t h  in  m etal-am m onai s o l u t i o n s  i s  h e l d

a s  e v id e n c e  f o r  t h e  e x i s t a n c e  o f  t h e  p o la ro n  i n  t h i s  medium. The

o b s e r v a t i o n  c f  su ch  h y p e r f in e  i n t e r a c t i o n s  i n v a l i d a t e s  t h i s  c o n c l u s i o n .

The im p o r ta n c e  o f  h y p e r f in e  i n t e r a c t i o n s  w i th  p r o to n s  i s

d e m o n s t r a te d  by th e  s p e c t r a  o f  a l k a l i n e  aqueous g l a s s e s ^  and 
45g l a s s y  a l c o h o l s .  J I n  t h e  d e u t e r a t e d  medium th e  l i n e w i d t h s  o f  th e  

s p e c t r a  a r e  more th a n  h a lv e d  from 15 t o  7 g a u s s .

The ESR sp e c tru m  h as  n o t  y e t  b een  o b s e rv e d  in  p u re  i c e ,  

a l t h o u g h  i n  w a te r  a t  5°C th e  l i n e w i d t h  i s  r e p o r t e d  t o  be < 0 .5  g a u s s , ^  

R e c a l l i n g  th e  c o r re s p o n d a n c e  be tw een  th e  s t r u c t u r e  o f  t h e  s o l v a t e d  

e l e c t r o n  i n  i c e ,  a l k a l i n e  g ] * s s  and w a te r  ( c f .  S e c t i o n  C ( i ) )  i t  

would a p p e a r  t h a t  t h e  n a r ro w  l i n e w i d t h  i n  w a te r  i s  a  r e s u l t  o f  

m o d u la t io n  o f  t h e  h y p e r f i n e  i n t e r a c t i o n s  w i th  p r o t o n s .

(b )  T h e o r e t i c a l  C o n s i d e r a t i o n s .

When t h e  ESR s p e c tru m  i s  a ssem b led  from t h e  e n v e lo p e  o f  

a b s o r p t i o n s  a r i s i n g  from h y p e r f in e  i n t e r a c t i o n s  w i th  v a r i o u s  d i f f e r e n t  

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

r e l a t i v e l y  s im p l e .  The r o o t  mean s q u a re  l i n e w i d t h  may be a s s e s s e d  by 

t h e  r e l a t i o n ^

W2 = 64  IT2 /  27 V | J 2 h  + 1 g a u s s  ( 4 )

1 h

w here jit i s  t h e  m a g n e tic  moment o f  n u c l e u s  i  w i th  s p i n  I ^ .  p i  i s  th e

u n p a i r e d  s p i n  d e n s i t y  a t  n u c l e u s  i .  T h is  e x p r e s s i o n  h a s  b een  u t i l i s e d  
20by Kevan t o  i l l u s t r a t e  t h a t  t h e  l i n e w i d t h  o f  t h e  ESR s p e c tru m  in  

Y - i r r a d i a t e d  a l k a l i n e  g l a s s e s  a r i s e s  from th e  i n t e r a c t i o n  o f  t h e
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e l e c t r o n  w i th  a p p ro x im a te ly  e i g h t  p r o t o n s .

E q u a t io n  ( 4 ) i s  a p p l i c a b l e  t o  a  r i g i d  l a t t i c e .  When th e

h y p e r f i n e  i n t e r a c t i o n  f l u c t u a t e s  a t  a  r a t e  t  \  t h e  l i n e w i d t h  i s
° 48m o d i f ie d  and may be c a l c u l a t e d  from th o  r e l a t i o n

8ET =s Y t g a u s s .  ( 5 )c

where Y i s  t h e  e l e c t r o n  g y ro m a g n e t ic  r a t i o .

The v a lu e  a d o p te d  f o r  th e  c o r r e l a t i o n  t im e  t i s  c r i t i c a l .c
To make an e s t i m a t e ,  t h e  r e l a x a t i o n  mechanism must be known.

N u c le a r  m a g n e t ic  r e s o n a n c e  s t u d i e s  by C a t t e r a l l ,  S t o d u l s k i  

and  Symons c o n c lu d e d  t h a t  t h e  m o d u la t io n  o f  t h e  co n tac t ' :  i n t e r a c t i o n s  

p r o c e e d s  more r a p i d l y  th a n  v i s c o s i t y  c o n t r o l l e d  m o le c u la r  p r o c e s s . ^

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

sodium-ammonia s o l u t i o n s  w i th  t e m p e r a tu r e  a r e  accommodated u t i l i s i n g  

a  c o r r e l a t i o n  t im e  p r o p o r t i o n a l  t o  q / T  where r| i s  t h e  v i s c o s i t y  o f  

t h e  medium.,

F o r  t h e s e  r e a s o n s ,  u p p e r  l i m i t s  t o  th e  c o r r e l a t i o n  t im e  a r e

e s t i m a t e d .  The c o r r e l a t i o n  t im e  f o r  r e s t r i c t e d  r o t a t i o n  ? f  ammonia

m o le c u le s  i n  t h e  l i q u i d  a t  293°K i s  e s t i m a t e d  from  t h e  Debye
50r e l a t i o n  t o  be 4*8 p i c o s e c .  The Debye fo rm u la  i s  found  t o  h o ld

when t h e  tu m b l in g  s p e c i e s  i s  a p p ro x im a te ly  s p h e r i c a l  and ~ 3  t im e s
51l a r g e r  t h a n  t h e  s o l v e n t  m o le c u le s .  When some a c c o u n t  o f  t h e

m o le c u la r  n a t u r e  o f  th e  medium i s  t a k e n ,  t h e  p r e d i c t e d  c o r r e l a t i o n
52t im e s  a r e  r e d u c e d  b y . a  f a c t o r  o f  5 — 6 t i m e s ,  f o r  ammonia t o  

^ 0 .9 6  p s e c .

U t i l i s i n g  an  e q u a t io n  be tw een  th e  c o r r e l a t i o n  t im e  f o r
53d i e l e c t r i c  r e l a x a t i o n  and v i s c o s i t y  r e p o r t e d  by G r a n t ,  t f o rc

w a te r  a t  5°C i s  t a k e n  t o  be 13*6 p s e c .

( c )  The L in e w id th  C a l c u l a t i o n s .

The INDO c a l c u l a t i o n s  u t i l i s e  a  b a s i s  s e t  c o n s i s t i n g  o f  

S l a t e r  f u n c t i o n s .  C o n s e q u e n t ly ,  t h e  node i n  t h e  2s f u n c t i o n s  f o r  

f i r s t  row atom s i s  c o l l a p s e d  t o  a  p o i n t  node a t  t h e  n u c l e u s  and  s p in  

d e n s i t i e s  a t  t h e  n u c l e u s  a r e  n o t  im m e d ia te ly  a v a i l a b l e  w i t h i n  t h e
54INDO m ethod . R e c o g n i s in g  t h i s  d e f e c t ,  P o p le ,  B e v e r id g e  and D o b o s h ^  

showed t h a t  t h e  s p i n  d e n s i t i e s  a t  n i t r o g e n  and h y d ro g en  n u c l e i  may 

be e s t i m a t e d  from  t h e  s e m i - e m p i r i c a l  r e l a t i o n s
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PN. -  2 2 .2 1 6 8  R x 1024 cm-32s 2s

p H « 2 .2 8 1 1  R x 1024 cm"*3

w here t h e  s p in  d e n s i t y  m a t r ix  e le m e n ts  R a r e  g iv e n  by
pq

a. 6 R ,  p -  P K .
pq pq pq

T a b le  10 d i s p l a y s  th e  s p i n  d e n s i t i e s  so  computed a t  v a r i o u s  n u c l e i  f o r

t h e  t e t r a m e r  m odels  V I I I  t o  X. The t o t a l  s p in  d e n s i t i e s  a r e  com pared
20 55w i th  t h e  o b s e rv e d  v a l u e s  i n  a l k a l i n e  i c e s  f and m eta l-am m onia  

s o l u t i o n s . ^

I n  g e n e r a l  th e  s p in  d e n s i t y  a t  t h e  p r o to n s  i s  somewhat

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

m o d e ls .  The s m a l l  n e g a t i v e  s p in  d e n s i t y  o b s e rv e d  a t  t h e  ammonia

p r o t o n s  i s  n o t  a t  a l l  w e l l  r e p r o d u c e d ,  t h e  c a l c u l a t e d  v a lu e  b e i n g

a b o u t  0 .9 *  The c a l c u l a t e d  d e n s i t y  a t  n i t r o g e n  n u c l e i  i s  o f  t h e

c o r r e c t  m a g n i tu d e .

N e g a t iv e  s p i n  d e n s i t i e s  a t  p r o to n s  a r e  a l s o  o b s e rv e d  i n  
56m e ta l -a rn in e  s o l u t i o n s .  T h is  f e a t u r e  i s  n o t  an uncommon phenomenon 

f o r  o r g a n ic  r a d i c a l s .  U s u a l ly  some s p in  p o l a r i s a t i o n  mechanism i s  

i n d i c a t e d .

U s in g  e q u a t io n s  ( 4 ) and ( 5 ) and t h e  d a t a  i n  T ab le  1 0 ,  t h e

FSR l i n e w i d t h s  were c a l c u l a t e d  f o r  a  ra n g e  o f  c o r r e l a t i o n  t i m e s .

Computed and e x p e r i m e n t a l  v a l u e s  a r e  c o l l a t e d  i n  T ab le  11 .

F or t h e  h y d r a te d  e l e c t r o n ,  th e  ag reem en t w i th  t h e  c u r r e n t l y  
a6

a v a i l a b l e  e x p e r i m e n t a l  d a t a  i s  f a i r .  On d e u t e r a t i o n ,  th e  l i n e w i d t h  

i s  p r e d i c t e d  t o  d e c r e a s e  m a rk e d ly .

F o r  t h e  am moniated e l e c t r o n ,  t h e  c a l c u l a t e d  l i n e w i d t h  i s  o f  

t h e  c o r r e c t  o r d e r  o f  m a g n i tu d e ,  t h e  dom inan t i n t e r a c t i o n  b e i n g  w i th  

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

d e u te ro am m o n ia .  R e c a l l i n g  t h a t  t h e  s p in  d e n s i t y  i n  m e ta l-am m onia  

s o l u t i o n s  i s  found  t o  be n e g a t i v e ,  w i th  a co m p arab le  c o r r e l a t i o n  

t im e  i n  deu te roam m onia  t h e  l i n e w i d t h  s h o u ld  i n c r e a s e  o v e r  t h a t  

o b s e rv e d  i n  ammonia. T ak in g  th e  c o r r e l a t i o n  t im e  t o  be p r o p o r t i o n a l  

t o  U /T , i n  ND^ i s  i n c r e a s e d  by a  f a c t o r  o f  ~  1 .2  o v e r  t h a t  

i n  N H y 41 The c a l c u l a t e d  d i f f e r e n c e  i n  l i n e w i d t h s  be tw een  th e  two 

s o l v e n t s  th e n  becomes s m a l l e r .

T ha t t h e  p red o m in an t h y p e r f i n e  i n t e r a c t i o n s  i n  ammonia 

s o l u t i o n s  a r e  w i th  t h e  n i t r o g e n  n u c l e i  i s  w e l l  a c c o u n te d  f o r  w i t h i n
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t h e  INDO c a l c u l a t i o n s .  The d i s c r e p a n c y  c o n c e r n in g  th e  s ig n  o f  t h e  

d e n s i t y  a t  p r o to n s  may he a  f a u l t  o f  th e  s im p le  t e t r a m e r  model 

p ro p o se d  f o r  t h e  ammoniated e l e c t r o n .  The i n t r o d u c t i o n  o f  l a r g e r  

c o o r d i n a t i o n  s h e l l s  o r  f u r t h e r  c o o r d i n a t i o n  s h e l l s  may in d e e d  he 

r e q u i r e d  t o  d e s c r i b e  t h e  e l e c t r o n  -  p r o to n  i n t e r a c t i o n s  more f u l l y .

In  a d d i t i o n ,  t h e  m o le c u la r  o r b i t a l s  o f  t h e  sy s tem  a r e  

c o n s t r u c t e d  from a  m in im al b a s i s  s e t  o f  a to m ic  o r b i t a l s  c e n t r e d  on 

e a c h  a tom . I t  may be n e c e s s a r y  t o  in t r o d u c e  more f l e x i b i l i t y  i n t o  t h i s  

s e t  by i n c l u d i n g  more a to m ic  o r b i t a l s  o r  f u n c t i o n s  w hich  stem  from 

t h e  c e n t r e  o f  t h e  t e t r a m e r .  S p in  d e n s i t y  may th e n  be b e t t e r  

r e p r e s e n t e d .

P a r a m e t r i s a t i o n  o f  t h e s e  o r b i t a l s  w i t h i n  t h e  INDO 

a p p ro x im a t io n  i s  a  v e r y  d i f f i c u l t  p r o c e s s .  An a t t e m p t  t o  i n t r o d u c e  

2p f u n c t i o n s  on t h e  h y d rogen  atoms met w i th  co m p le te  f a i l u r e .  An 

ab i n i t i o  UHF c a l c u l a t i o n  on th e  ammonia t e t r a m e r  may be th e  o n ly  

way ro u n d  t h i s  p ro b lem .

( v i i i )  The T e t ra m e r  Model C a l c u l a t i o n s  and th e  Sem iconttnuum  T re a tm e n t .

To sum m arise t h e  c a l c u l a t i o n s  on th e  t e t r a m e r  m odels  f o r  

t h e  s o l v a t e d  e l e c t r o n ,  T ab le  12 c o l l a t e s  th e  c a l c u l a t e d  and o b s e rv e d  

p r o p e r t i e s  o f  t h e  h y d r a te d  e l e c t r o n  ( s t r u c t u r e  V I I I )  and th e  

am m oniated  e l e c t r o n  ( s t r u c t u r e  X)* The d a t a  i n  t h i s  t a b l e  may be 

com pared  w i th  t h a t  i n  T ab le  1 o f  C h a p te r  3«

B oth  t h e  m o le c u la r  ap p ro a c h  and th e  sem icon tinuum  t r e a t m e n t  

p r o v id e  a  r e a s o n a b l e  m atch  w i th  e x p e r im e n ta l  d a t a  when t h e  same 

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

w i t h i n  t h e  m o le c u la r  a p p ro a c h ,  i t  i s  d i f f i c u l t  t o  p r e d i c t  su ch  a  

p r o p e r t y  a s  t h e  h e a t  o f  s o l v a t i o n .  T h is  c a l c u l a t i o n  would in v o lv e  

seme c o n s i d e r e d i ^ n  o f  t h e  l i q u i d  s u r ro u n d in g  th e  m o le c u la r  c l u s t e r .

The m o le c u la r  o r b i t a l  c a l c u l a t i o n s  a r e  n e c e s s a r i l y  p e r fo rm e d  f o r  t h e  

i s o l a t e d  c l u s t e r ,  a l th o u g h  a  c o r re s p o n d e n c e  w i th  t h e  l i q u i d  s t a t e  i s  

c l a im e d .  T h is  p rob lem  must a w a i t  f u r t h e r  d e v e lo p m e n ts .

I t  i s  u n f o r t u n a t e  t h a t  some r e c o u r s e  must be made t o  

e x p e r i m e n t a l  o b s e r v a t i o n s  on t h e  p u re  l i q u i d s  i n  o r d e r  t o  q u a n t i f y  

t h e  s p e c t r a l  s h i f t s  w i th  t e m p e r a tu r e  and p r e s s u r e .  T h is  f e a t u r e  o f  

th e  m o le c u la r  a p p ro a c h  a r i s e s  s in c e  t h e  c o n f i g u r a t i o n  d iag ram  i s  n o t  

t e m p e r a t u r e  o r  p r e s s u r e  d e p e n d e n t ,  a s  in  t h e  sem icon tinuum  t r e a t m e n t .  

The m o le c u le s  c o m p r i s in g  e ac h  c l u s t e r  a r e  h e ld  r i g i d l y  a t  t h e  v e r t i c e s
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o f  t h e  t e t r a h e d r o n .  T em p era tu re  and p r e s s u r e  e f f e c t s  a r e  th e n  assumed 

t o  expand o r  c o n t r a c t  th e  t e t r a m e r .  Yet even  s o ,  some e x p e r i m e n t a l  

o b s e r v a t i o n s  have b een  shown t o  be w e l l  accommodated i n  t h i s  s im p le  

f a s h i o n .

A p a r t i c u l a r l y  im p o r ta n t  f a c e t  o f  th e  m o le c u la r  o r b i t a l  

t r e a t m e n t  i s  t h a t  s p in  p o l a r i s a t i o n  e f f e c t s  may be im m e d ia te ly  

i n v e s t i g a t e d .  A lth o u g h  th e  INDO s p in  d e n s i t i e s  a t  t h e  c l u s t e r  

p r o to n s  a r e  somewhat h i g h e r  th a n  th e  o b s e rv e d  v a l u e s ,  i t  i s  

r e c o g n i s e d  t h a t  a  more r e f i n e d  c o m p u ta t io n a l  t e c h n iq u e  o r  a  more 

e l a b o r a t e  model s t r u c t u r e  may be r e q u i r e d  t o  p ro d u ce  c l o s e r  ag ree m en t 

w i th  e x p e r im e n t .  The sem icon tinuum  t r e a t m e n t  ca n n o t  a c c o u n t  f o r  t h i s  

f e a t u r e .

Some d i s c r e p a n c i e s  s t i l l  rem a in  w i th i n  th e  m o le c u la r  a p p ro a c h ,  

p a r t i c u l a r l y  t h o s e  c o n c e r n in g  th e  b a n d w id th .  The a n a l y s i s  o f  t h e  

b a n d sh ap e  o f  t h e  am moniated e l e c t r o n ,  s e c t i o n  ( i v ) ,  d e m o n s t r a t e s  t h a t  

t h i s  d e f i c i e n c y  may n o t  be a s  s e v e r e  a s  f i r s t  s u p p o se d .  There  would 

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

g eo m e try  w hich  t h e  m o le c u la r  a p p ro a c h  does  n o t  accom m odate. For e ac h  

t e t r a m e r  model a  u n iq u e  c l u s t e r  s i z e  i s  p r e d i c t e d .

The s u c c e s s e s  o f  th e  two a p p ro a c h e s  t o  t h e  t r e a t m e n t  o f  t h e  

s o l v a t e d  e l e c t r o n  recommend t h a t  p e rh a p s  b o th  t r e a t m e n t s  s h o u ld  be 

u t i l i s e d  i n  a  com plem en tary  f a s h i o n .  The sem icon tinuum  t r e a t m e n t  

may be u s e f u l  t o  gauge th e  g r o s s  p r o p e r t i e s  o f  t h e  s o l v a t e d  e l e c t r o n ,  

w h i le  t h e  m o le c u la r  a p p ro a c h  u t i l i s e d  t o  r e f i n e  t h e  m odel.  The t h e o r y  

may a l s o  be f u r t h e r  advanced  by some f u s i o n  o f  t h e  two a p p ro a c h e s  a s  

was p e r fo rm e d  by J o r t n e r  i n  th e  f o r m u l a t i o n  o f  t h e  p o l a r i s e d  c a v i t y  

m o d e l.
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1 .2 -3 8 .2 7 8 7 1 .2 - 26.8321

1 .3 - 38.2781 1 .3 -2 6 .8 3 3 7

1 . 4 -3 8 .2 7 5 7 1 . 4 -2 6 .8 3 3 4

1 .5 -3 8 .2 7 2 3 1 .5 -2 6 ,8 3 2 1
1 .6 -3 8 .2 6 8 7 1 .6 - 26.8304

1 .7 -3 8 .2 6 4 9 1 .8 - 26.8265
2 .0 - 26.8230

TABLE 3
i

The c a l c u l a t e d  e n e r g i e s  E ( a * u . ) ,  f o r  t h e  i c e - l i k e  f ra g m e n t  I I I  f o r  

v a r i o u s  i n t e r m o l e c u l a r  s e p a r a t i o n s  D(A)and a n g l e s  a ° .

D /a 0 15 30 45 60 75 90
1 .1 -3 8 .2 9 4 2 -3 8 .2 9 3 8 -3 8 .2 9 2 5 - 38.2902 -3 8 .2 8 6 2 -3 8 .2 7 9 6

1 .1 5 -3 8 .3 0 6 9 -3 8 .3 0 7 3 -3 8 .3 0 6 4 - 38.3042 -3 8 .3 0 1 0 -3 8 .2 9 5 1
1 .2 -3 8 .3 1 5 8 -3 8 .3 1 5 4 -38 .3147 -3 8 .3 1 3 0 -38 .3 1 0 1 - 38.3051 - 38.2974
1 .2 5 -3 8 .3 1 9 8 -3 8 .3 1 9 5 -3 8 .3 1 8 9 -3 8 .3 1 7 5 -38 .3 1 5 1 -38 .3 1 0 7

1 .3 -3 8 .3 2 0 7 -3 8 .3 2 0 5 -3 8 .3 2 0 0 - 38.3189 -3 8 .3 1 6 8 -3 8 .3 1 3 1 - 38 .3074

1 .3 5 -3 8 .3 1 9 5 -3 8 .3 1 9 3 -3 8 .3 1 8 9 -3 8 .3 1 7 9 -3 8 .3 1 6 2 -3 8 .3 1 3 2 - 38.3085

1 .4 -3 8 .3 1 7 0 -38 .3166 -3 8 .3 1 6 2 -3 8 .3 1 5 4 - 38.3140 -3 8 .3 1 1 5 -3 8 .3 0 7 4

1 .5 -3 8 .3 0 8 7 - 38.3084 -3 8 .3 0 7 5 -3 8 .3 0 6 9 - 38.3085 - 38.3022



TABLE 4

The c a l c u la t e d  e x c i t a t i o n  e n e r g ie s  ®e x ( e^) ^or' v a r io u s  in term o lecu la r -  

s e p a r a t io n s  D($) o f  th e  dimer’ s t r u c t u r e s  I  and I I .

I  I I

D E D Ee x e x
1 .0 2.32 1 .0 1 .5 3
1 .1 2.16 1 .1 1 .3 #
1 .2 1 .9 3 1 .2 1 .2 3

l o 1.80 1 .3 1 .10

1 . 4 1 .6 3 1 . 4 O.98

1 .5 1 .4 3 1 .5 0 .8 7

1 .6 1 .3 0 1 .6 0 .7 7

1 .7 1 .15 1 .8 0 .5 9
2 .0 0 .4 5

TABLE 5

The c a l c u l a t e d  e x c i t a t i o n  e n e r g ie s  in  eV f o r  th e  i c e - l i k e  s t r u c tu r eo
I I I  a t  v a r io u s  in te r m o le c u la r  s e p a r a t io n s  D(A)and a n g le s  a  •

D /a 0 15 30 45 60 75 90

1 .1 7 .2 0 7 .2 5 7.^6 7 .5 0 7 .60 7.61

1 .1 5 6 .92 7.00 7 .1 4 7.22 7 .2 3

1 .2 6 . 5O 6 .5 7 6.66 6 .7 5 6 .8  5 6 .8 4 6 .72

1 .25 6 .1 8 6.21 6 .2 9 6 .40 6 .4 7 6.46

1 .3 5 .82 5 .8 5 5 .97 6.03 6 .10 6 .09 5 .9 9

1 .3 5 5 .4 7 5 .5 0 5 .5 8 5 .67 5 .7 3 5-72 5 .6 3

1 . 4 5 .1 3 5.16 5.23 5 .3 2 5 .3 8 5 .3 7 5 .2 9

1 .5 4 .5 2 4 .5 9 4*66 4 .7 2 4 .7 5 4 .6 5



TABLE 6

T h e  c a l c u l a t e d  e n e r g i e s  E ( a . u . )  f o r  t h e  d i m e r  s t r u c t u r e s  I V ,  V ,  V I

a n d  V I I I  a t  v a r i o u s  s e p a r a t i o n s  D ( A ) .  E  0 i s  t h e  r e f e r e n c e  s t a t e
'  r e i

e n e r g y *

E

- 38.1880 

-3 8 .2 2 4 5  
-3 8 .2 3 7 2  

-3 3 .2 3 8 5  

- 3 8 .2388  

- 38 .2382  

- 3 8 .2 3 7 1

- 3 8 .2 3 8 6

V I  V I I

D E  D S

2 .1  - 2 6 .8 0 3 0  2 .0  -2 6 .8 0 0 7

2 .2  - 26.8034  2 .1  - 26.8018

2 .3  -2 6 .8 0 3 5  2 .2  - 2 6 .8 0 2 4

2 . 4  -2 6 .8 0 3 3  2 .3  -2 6 .8 0 2 5 ^

2 .5  - 2 6 .8 0 3 0  2 .4  -2 6 .8 0 2 5 ^

E -2 6 .8055  -26 .8055

I V V

D

2 . 2

2 .4
2.6

2 .7
2 . 8  

2 .9  
3 .0

- 38 .1496

- 3 8 .1989

-3 8 .2 1 2 5

-3 8 .2 1 3 3

- 3 8 .2 1 2 4
- 38.2098

-3 8 .2 0 7 5

D

2 . 0

2 . 2

2 .4

2 .5
2.6

2 .7
2 . 8

E r e f - 38 .2386



TABLE 7

The c a l c u l a t e d  t o t a l  e n e r g i e s  E ( a . u . ) f o r  t h e  t e t r a m e r  s t r u c t u r e s  V I I I ,  

IX and  X* D(a ) i s  t h e  d i s t a n c e  from th e  c e n t r e  o f  t h e  t e t r a h e d r o n  t o  

t h e  v e r t e x *

V I I I  IX X

D E D E D E

1-7 5 8 -7 6 .7 9 8 9 1 .8 0 -7 6 .8 0 1 3 1 .8 7 4 - 5 3 .8 6 7 4
1 .8 0 8 - 7 6 . 8 I 4 I 1 .8 2 - 76 .8020 1 .9 2 4 -5 3 .8 7 8 9
I .8 5 8 -7 6 .8 2 1 7 I .8 4 -7 6 .8 0 2 4 1 .9 7 4 -5 3 .8 8 5 2
1 .9 0 8 -7 6 .8 2 4 1 1 .8 5 -7 6 .8 0 2 5 2 .0 2 4 -5 3 .8 8 8 2

1-958 -7 6 .8 2 3 2 1 .8 6 -7 6 .8 0 2 4 2 .0 3 4 -5 3 .8 8 8 4
2 .0 0 8 - 76 .8202 1 .8 8 -7 6 .8 0 2 1 2 .0 5 4 -5 3 .8 8 8 7
2 .O58 -7 6 .8 1 5 9 1 .9 0 - 76 .8017 2 . 064 -5 3 .8 8 8 7 ,
2 .1 0 8 -7 6 .8 1 0 9 1 .9 4 -7 6 .8 0 0 2 2 .0 7 4 -53 .8888"

2 .1 5 8 -7 6 .8 0 5 7 2 .0 0 -7 6 .7 9 7 0 2 .0 8 4 -5 3 .3 8 8 7 ,

2 .1 2 4 - 53 .8881

2 .1 7 4 - 53 .8866

TABLE 8

The com puted  e x c i t a t i o n  e n e r g i e s  E (eV) f o r  t h e  t e t r a m e r  s t r u c t u r e so ex
V I I I X  and X* D (A )is  t h e  d i s t a n c e  from  th e  t e t r a h e d r o n  c e n t r e  t o  

t h e  v e r t e x .

V I I I  IX X

D Eex D Eex D Ee x
1 .7 5 8 2 .3 3 1 .8 0 0 .7 8 1 .8 7 4 0 .8 7

1 .8 0 8 2 .2 8 1 .8 2 0 .8 1 1 .9 2 4 O.8 4

I .8 5 8 2 .2 0 I .8 4 O.8 4 1 .9 7 4 0 .8 0

1 .9 0 8 2 .0 9 1 .8 5 O.85 2 .0 2 4 0 .7 6

1 .9 5 8 1 .9 7 1 .8 6 0 .8 6 2 .0 3 4 0 .7 5

2 .0 0 8 I .8 4 1 .8 8 0 .8 7 2 .0 5 4 0 .7 4

2 .0 5 8 1 .7 1 1 .9 0 O.8 9 2 .O64 0 .7 3

2 .1 0 8 1 .5 7 1 .9 4 O.9 0 2 .0 7 4 0 .7 2

2 .1 5 8 1 .5 3 2 .0 0 0 .9 0 2 . 084 0 .7 1

2 .1 2 4  0 .6 8  

2 .1 7 4  O.6 4



TABLE 9

The com puted t o t a l  e n e r g i e s ,  E ( a . u . ) ,  and  e x c i t a t i o n  e n e r g i e s ,  E (eV ),ex
f o r  t h e  ammonia -  w a te r  t e t r a m e r s .  L ($ )  i s  th e  d i s t a n c e  from th e  

t e t r a h e d r o n  c e n t r e  t o  th e  v e r t i c e s ;  n i s  t h e  number o f  ammonia m o le c u le s  

s u b s t i t u t e d  i n  s t r u c t u r e  V I I I ;  E^ and E0 a r e  t h e  r e f e r e n c e  s t a t e  

e n e r g i e s  when th e  e l e c t r o n  i s  a s s o c i a t e d  w i th  a  w a te r  and an ammonia 

m o le c u le  r e s p e c t i v e l y .

n = l n=2
D E Eex D E Eex

1 .8 7 4 - 7 1 .0 8 8 5 8 1 .7 2 1 .8 7 4 -6 5 .3 4 6 7 1 .2 3

1 .8 7 9 - 7 1 . 0886^ 1 .7 1 1 .9 2 4 -6 5 .3 4 7 9 1 .1 9

I .8 8 4 - 71 .0886 1 .7 0 1 .9 3 4 -6 5 .3 4 8 0 1 .1 8

I .8 8 9 - 71 .0886 I .6 9 1 .9 4 4 -6 5 .3 4 7 9 1 .1 7

I .8 9 4 - 7 1 .0 8 8 5 ? 1 .6 8 1 .9 5 4 -6 5 .3 4 7 8 1 .1 6

1 .9 2 4 -7 1 .0 8 7 9 I .63 1 .9 7 4 -6 5 .3 4 7 5 1 .1 4

1 .9 7 4 - 7 1 .O856 1 .5 5

E1 - 7 1 .0 2 0 4 - 6 5 .2 9 8 4

Ea - 7 1 .0 3 1 2 - 65 .3092

n=3

D E Eex
1 .8 7 4 -5 9 .6 0 0 0 1 .0 2

1 .9 2 4 -5 9 .6 0 6 3 1 .0 0

1 .9 7 4 -5 9 .6 0 9 6 0 .9 9

2 .0 2 4 -5 9 .6 1 1 0 0 .9 7 4

2 .0 3 4 -5 9 .6 1 1 1 0 . 9 7 2

2 .0 4 4 - 5 9 . 6 l l l 6 0 .9 7

2 .0 5 4 - 5 9 . 6 l l l g 0 . 9 6 9

2 . 064 - 5 9 . 6 l l l 6 0 .9 6 3

2 ,0 7 4 - 5 9 . 6 H I 0 .9 6 ?

2 .1 2 4 - 59 .6104 0 .9 6 3

*1 -5 9 .5 7 6 4

* 2 -5 9 .5 8 7 2



TABLE 1 0

2 4 — 3The c a l c u l a t e d  and o b se rv e d  s p in  d e n s i t y ,  i n  u n i t s  o f  10 cm , air

v a r i o u s  n u c l e i  i n  th e  t e t r a m e r  s t r u c t u r e s  V I I I ,  IX and X.

S t r u c t u r e N u c leu s Rn s  ns P ca lc P t o t a l P t o t a l ( ° bs

V I I I IF

H

0.0572

0 .0163

0 .1 3 0

0.037
0 .6 6 8 0 . 1 6 9 , 20 

J . 14055

IX HT

H

O.O459

0 .0433

0 .105

0 .0 9 9
0 .8 1 6

X N 0.0677 1 .505 6 .0 1 8 6 .4 4 0  15
H 0.0325 0 .0 7 4

TABLE 11

0 .8 8 8 - 0 .0 7 2

The c a l c u l a t e d  and o b s e rv e d  ESR l i n e w i d t h s f o r  t h e  h y d r a te d  and

am m oniated e l e c t r o n s f o r  a  ran g e o f  c o r r e l a t i o n  t i m e s .

S o lv e n t S t r u c t u r e T(°K) To (p s e c ) 5H 1 c a l c 6Hobs

H2° V I I I 278 13 .6 0 .2 5 < 0 . 5  46

V
V I I I 278 13 .6 0 .0 1 5

H2° IX 278 1 3 .6 0 .2 8

n 2° IX 278 13 .6 0 .0 1 7c.
NH3 X 293 4 .8

O.96

0 .2 2

O.O45
0.025 37

nd3 X 293 4 .8

O.96

5 .76

1 .15

0 .1 5

0 .0 3 1

0 .1 8

0 .0 3 7



Some e x p e r i m e n t a l  and com puted p r o p e r t i e s  f o r  t h e  ammoniated and 

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

Ammonia (240°K) H a te r ( 300°K)

Obs, C a lc . Obs. C a lc

E (eV) max '  ' 0 .8 0 0 .7 2 1 .7 2 2 .0 8

dE /d T  x  103eV/°K max7 1 - 1 . 5 * 0 . 2 - 2 .0 ~ 2 .9 - 4 . 0

H a l f -b a n d w id th  (eV) O.46 0 .0 8 0 .9 2 0 ,1

ESR l i n e w i d t h  ( g a u s s ) 0 .0 2 5 O.O45 0 .5 0 .2 5

A V m l/m ole 84*15 81 1-6 3 0 .1 9
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CONCLUSION#



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

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

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

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

m o l e c u l a r  a p p r o a c h ,  t h e  m o d e l  c a l c u l a t i o n s  d e s c r i b e d  a r e  v € - r y  

e n c o u r a g i n g .

Both th e  sem icon tinuum  t r e a tm e n t  and th e  m o le c u la r  a p p ro a c h  

g iv e  e s t i m a t e s  f o r  th e  same p r o p e r t y ,  and f a i l  in  th e  b an d w id th  

c a l c u l a t i o n s .  The m o le c u la r  m odels do r e v e a l  f e a t u r e s  w hich a r e  

n o t  accom odated  w i th i n  t h e  sem icon tinuum  t r e a t m e n t .  The l a t t e r  

a p p ro a c h  r e l i e s  on m o le c u la r  r e o r i e n t a t i o n  and p o l a r i s a t i o n  

t o  p r o v id e  a  p o t e n t i a l  w e l l  w i th i n  w hich th e  e l e c t r o n  i s  t r a p p e d .

The d e g re e  o f  r e o r g a n i s a t i o n  i s  n o t  r e a d i l y  a s c e r t a i n e d .

The m o le c u la r  a p p ro a c h ,  on th e  o t h e r  h an d ,  i s  im m e d ia te ly  

s u i t e d  t o  accom odate  th e  s i n g u l a r i t i e s  in  t h e  p o t e n t i a l  e x p e r i e n c e d  

by th e  e l e c t r o n  a s  w e l l  a s  t h e  e f f e c t s  o f  molecular* o r i e n t a t i o n .

I f  m o le c u la r  r e a r r a n g e m e n t  o r  th e  e x i s t a n c e  o f  some d e f e c t  s i t e  i n  t h e  

l i q u i d  i s  im p o r ta n t  f o r  s t a b i l i s a t i o n ,  a  m o le c u la r  model i s  most 

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

The d im er  model c a l c u l a t i o n s  p ro v ed  t o  be u s e f u l  i n  t h i s  

c o n t e x t .  By c o n s i d e r a t i o n  o f  t h e  r e l a x a t i o n  o f  th e  d im er  s t r u c t u r e  

some o b s e rv e d  and new s p e c t r a l  phenomena a r e  p r e d i c t e d .  The I1TD0 

c a l c u l a t i o n s  a l s o  showed t h a t ,  for- t h e  h y d r a te d  e l e c t r o n ,  t h e  most 

f a v o u r a b l e  m o le c u la r  geom etry  o f  a  t e t r a m e r  s t r u c t u r e  i s  n o t  t h a t  

e x p e c te d  from an e l e c t r o s t a t i c  m odel.  The m atch  b e tw een  t h e  com puted 

p r o p e r t i e s  f o r  t h e  c l u s t e r  model V I I I ,  and t h e  o b s e rv e d  p r o p e r t i e s  o f  

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

d e s e r v e s  f u r t h e r  s tu d y .

C o n t r a ry  t o  t h e  sem icon tinuum  and c a v i t y  m o d e ls ,  i n  t h e  

p r e s c e n c e  o f  t h e  e x c e s s  e l e c t r o n ,  no c o n v e n t io n a l  c a v i t y  i s  fo rm e d .

The m o le c u la r  model V I I I  o f  t h e  h y d r a te d  e l e c t r o n  c o n t r a c t s  when 

t h e  e l e c t r o n  i s  i n t r o d u c e d .  D i l a t i o n  phenomena a r e  s u g g e s te d  t o  be 

a  m a n i f e s t a t i o n  o f  l a t t i c e  e x p a n s io n .  The t e s t  o f  t h i s  h y p o t h e s i s  

a w a i t s  t h e  i n v e s t i g a t i o n  o f  more e x t e n s i v e  m o le c u la r  m o d e ls .

A lth o u g h  th e  c a l c u l a t e d  ESR l i n e w i d t h s  a r e  o f  t h e  c o r r e c t  

o r d e r  o f  m a g n i tu d e ,  th e  s p i n  d e n s i t i e s  a t  p r o to n s  a r e  l a r g e r  th a n  

th e  o b s e rv e d  v a l u e s  i n  s o l i d  m e d ia .  T h is  p r o p e r t y  may p e rh a p s  be b e t t e r  

e v a l u a t e d  u s i n g  a  more a c c u r a t e  t e c h n iq u e  th a n  t h e  INBO m ethod .


