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Abstract

This paper presents the results of an analysis of the vibra-

tional spectrum of the solvated alkali metal cations in dimethyl

su ip hoxide (1)MSO). The purpose of this stud y is to determine more

about the structure of the primary solvation shell and to formulate

a clearer picture of the vibrational states of these species. The

ionic systems are investigated with the use of a potential energy

function which consists basically of an ionic term and an exponential

repulsi~ ... Dispersion interactions , where they apply, are accounted

for with the use of the Morse function. We show that for systems with

cubic symmetry there is no dependence in the force constant upon

elec trostatic terms . Thus , the far infrared spectrum provides a

probe of the repulsi on interaction which operates between the ion and

the solvent. On the other hand , the breathing modes depend upon

all contributions in the potential function. Our study shows that

the ions of lith ium , sodium , and potassium can he regarded as

classical point charges. Dispersion effects are not important for

these ions. The far infrared spectra of the ions of rubidium and

cesium , on the other hand , depend upon dispersion forces. Finally,

the ions of lithium and sodium may he regarded as atomic masses

t r apped  inside an infinitely massive solvent cage. For the

remainin g alkali metal ions , reduced mas s effects are important

in the determination of the vibrational frequencies.



t n t  roduc t ion

A k n o w l e d g e’ at  t h e  m e c h a n i c s  of i o n i c  s o l v at  ion is  i m p o r t a n t

for  t h e  u n d e r s t a n d i n g  o I a number  of phenomena . For ex ample  , t he

d e f o r m a t i o n  ol t h e  s o l v a t  ion  s h eat h  about  an ion  c o n t r i b u t e s  to th e

elect rop h or e t  c et~iect •
l An a d j u s t m e n t  at  t h e  so lv at  ion s h e a th

about  an ion  or e l e c t r o a c t i v e  spec i e s  often contributes to the

ac t  Lv at ion of an electron t r a n s t e r  transition in  an oxidat ion —

reduc t ion r eact  i o n .  — The el a stic deform ation of t h e  solvat ion

structure can he expressed in terms of t h e  v i b r a t i o n s  of the system.

Thus , a knowled ge of the vib rational modes of solvated ionic and

mole cular spec ies is needed in order to underst and a number of

transport and kinet ic processes.

Because of t h e  relative s implic i t y of t h e ’  electronic structure

of t h e  a ik a l  i met  a i s  and their cat ions , th e~ are  potent jail V

excel Lent sy s t em s  to invest i g a t e  i n  o rde r  b e t t e r  to understand

m a n y  of t h e  f e a t u r e s  of t h e  e l e c t r o n  t r a n s f e r  reac t ion.

F I ect r ochem i  st  rv can be c a r r i e d  out on t he a l k a l i  m e t a l  ca t ions in

d i met hr I su 1 phox i d ’  ( DM50) as we 11 as i n  at her  sal ven t s . A 11 of

the  a v a i l a b l e  a l k a l i  m e t a l  c a t  ions  are ’  sot tib it’ i n  I)MSO to some

ex t e n t  . Thus , for  t he’~ e sv s t  ems there ’ is the grea t  t’st amount

of i nt’orma t ion from spe’ct roscop ic experimen ts . L hii s ,

we con cen t  r a t e  our  att ent ion on thes e ’  sy s t em s  in  t h i s  paper .

In p a r t i c u l a r , we are’ interested in the’ v ibrational spectra of

the ’ metal cat i ons  in  DM50 .

Fdgt’ II et at .‘~ an~I Popov and h i  s cal l e a g u es  ~ ‘~~ have c ar r  ire1

out e x t e n s i v e  i n v e s t  i g a t  ions  of t h e  f a r  infr ared v i b r a t  l an a i

sI~ect  ra of t h e  a l k a l i  m e t a l  cat  ions  in  DM50 . Thus , their data form

-
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the basis of our  i n v e s t  i g a t  ion .
4 S ,t~l .dg e l  I et ~i l  . and Popov in  e x a m i n i n g  th e ! r d a t a  have

c o n s t r u c t e d  p o t e n t i a l  e n e r gy  f u n c t i o n s  in  a rt i e r  t o  t r y  to  d e t e r m i n e

the  f o r c e  c o n s t a n t s  f a r  t h e  v i b r a t  i ons  i n  t h e s e  sy s t e m . Gene ra l  lv ,

t h e i r  a n a ly s e s  h a v e  been based  upon t h e  use of much s i m p l i l i ed

mode l s  of t h e  p r i m a r y  s t a t e  at  s o lv a t  i o n .  I n  p a r t i c u l a r , b o t h

groups  have  e x a m i n e d  a i i  n e a r  t r i a t o m i c  model  i n  wh i cli t he  ion

i s  s a n d w i c h e d  b e t w e e n  t w o  s o l v e n t  m o l e c u l e s .  Th i s  model  is  not

a de qu a t e  i n  t h a t  i t  does n ot  u s u a l l  cons i~ler enoug h of t he  so lven t

w h i c h  s u r r o u n d s  t h e  i o n .  S p e c i f i c a l l y , a 1 i n e a r  t r i a t o m i c  model

p r e d i c t s  t h a t  t h e ’ f o r c e  c o n s t a n t  w i l l  depend upon an e l e c t r o s t a t i c

can t  r i h u t  ion  w h i c h  ~i r i s e s  f r o m  t h e  i o n — d i p o l e  i n t e r a c t  i o n s .  I n

t h e  f o l  l o w i n g  p a r a g r a p hs we p r e s e n t  a r e f i n e d  s o l v a t  ion model  w h i c h

can accoun t  for  m are  comp l i c a t e d  s t a t es of s o l v a t  ion . We sh ow t h a t

whenever the g e o m e t r y  of s o l v a t  ion sa t  i s  I ie s  s i m p le c u b i c  sy m m e t r y

requ i r em ent  s , t h e r e  w i l l  he no e l e c t  ros t at  i c can t  r i bu t  ion t o  t h e

fo rc e ’  c o n s t a n t  f or  t h e ’ f a r  i n f r a r e d  v i b r a t  i o n a l  m aci r s .  The

c o n c l u s i o n  reached by Fd ge’ I I  et at . , t h a t  t h e  r e p u l s i o n  i n ter a c t  ions

.ir e i m p o r t a n t  i n  t h e ’ ~l e t e r m i n a t  ion  ot  t h e  m a g n i t u d e  of t h e

~ i b r a t  iona  I f o r ce  c o n s t a n t s  su r v i v e s  i n  ou r  t r e a t m e n t  . Indeed

i t  i s  s t r e n g t hen e d . We a s s e r t  , i n  f a c t  , t h a t  t he’ f a r  i n f r a r e d ,

d i p o l e  a l l o w e d  t r a n s i t  i o n s  at ’ t h e ’ ion v i b r a t  i n g  w i t h i n  t he  solven t

cage p r o v i d e ’  a d i  r e’c t p robe  of t h e s e  repu l  si  on in terac t ions

The’ potent ial e n e r gy  t’un c t  ion  f ar  a sv s t e’m at ’ an ion  w i t h  a

shell at ’ s o l v e n t  m o l e c u l e ’s ( a s  d i p o l e s )  can be cons t  r u c t ed  f rom

fou r  b a s i c  p a r t s .  The ’ t’ i r’~t , and otw ious  p a r t  c o ns i s t s  of the

e l ec t r o s t a t i c  i n t e r a c t  i ons  w h i c h  o p e r a t e’ be tw e en  the i on and the

s o l v e n t  d i p o l e s  w h i c h  s u r r o u n d  i t .  The second p a r t  c on s i s t s  of

-
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the i n t e r m o l e c u l a r  r e p u l s i o n  i n t e r a c t  i o n s .  T h i r d , d i s p e r s i o n

i n t e r a c t  ions  m t  e’r t o  a l e sser  or g r e a t e r  de g ree depend ing  upon

the de g ree o f pa1 ar i :ah I li t V at’ t h e  ion and the solvent . Final ly

i t ’ t h e’ ion and i t s  I j r s t  s a l v a t i o n  s h e l l  ar t ’  immer se ’d  in  ~t po l a r

sal v en t  sy s t e m  , i t  t s it eces ~~~~ to comis ide  r t h e  i n t ’l uence of t he’

r e m a i n d e r  at ’ t h e  s o l v e n t  sy s t e m  on t h e  c e n t r a l  ion .

For  t h e  s o l v a t e d  i o n i c  sy s t e m  t h e r e  are  t w o  ~i i s t  i n c t  k i n d s

of force cons t a n t  wh i cli o p e r a t e .  The (a r i n  f r a r e d  , v i  b r a t  i ona II v

ac t  i ve  t r ans  i t  i o n s  depend U~~Ofl t h e  osc i 1 hit  ion  at’ t h e  cent  i’a 1 i on

w i t h i n  its cage’ ot  s o l v e n t  m o l e c u l e s .  For  t h i s  deg ree  of f r eedom

the i n t e r a c t  ion b e t w e e n  the’ s o l v e n t  m o l e c u l e ’s in  t h e  solvat ion shell

and the i n t e r a c t  ion  b e t w e e n  t h e’ so ly t ’i ’it  and o u t e r  solvent m o l e c u l e s

i s un i m p o r t a n t  . I ndeeel , as we show l a t e r , e l e c t  rost  at  i c interac t ions

in  g e n e r a l  a re  i m p o r t a n t  o n ly  as c ub i c  or h i g her  o rder  correc t ions

t o  t h e ’ b a s i c  sp h e r i c a l  h a r m o n i c  osc i  1 l at o t ’  p o t e n t  i a l  e ’ner gv

f u n c  t i on .

e~n t h e  at  h e’r h ai i~i , t h e ’ sv m met  1’ i c st r e t c h i n g  , R am an  act  i Vt ’

mode dep ends  upon a numbe r  of f a c t o r s .  I n  p a r t i c u l a r , i t  depend s

upon the el ectrostatic terms w h i c h  op e r a t e  w i t h i n  t h e  p r i m a r y

s o l v a t  ion sv s t e ’m , i . e . ,  t h e  ion  and i t s  f i r s t  s a l v a t i o n  s h e l l ,

as w e l l  as t h e  i n t e r a c t  ion  b e tw e e n  t he’ system and the outer solvent .

The secondary  interact ion between the p r i m a r y  so Ivated ion anti the

r e m a i n i n g  s o l v e n t  sy s t e m  in  part can he h a n d l e d  in  terms of

el ectrical image’ i n t e r a c t i o n s .  Specificall y , the’ solvated ion

resid es i n  a sp her ical cavit y . The charged ion and the solvent

d i p o l e s  all have’ images in the  s u r r o u n d i n g  can t i nuu m  d i e l e c t r i c

In adel i t ion , there ’ is a r epul  s ion farce’ w h i c h  acts to keep the

solven t not ecul C S W i t  h i  ii I he cay i t ~ . As a consequence’ , a I thoug h 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -~~~~~~~~
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t h e  b r e a t h i n g  mode ’ i s s imp le w i H~ respt ’c t to  s y m m e t r y  , t h e  m e c h a n i c a l

i n t e r a c t i o n s  w h i c h  d e t e r m i n e ’ the ’ s t r e n g t h  of t h e  o s c i l l a t i o n  are

muc h mare  comp l i c a t c d  t h an  i s  th e ’ case  w i t h  t h e ’ i n f r a r e d  a c t i v e ’

v i b r a t  ion of t h e  c e n t r a l  i o n . II

There  a r e ’ i udee ’J o t h e r  modes  of v i  b r a t  ion  w h i c h  a re  p o s s i b l e .

Man y  of t h e ’s e  modes , howe v e r , are  exp e ’c ted to he of’ very  we a k

i n t e n s  i t v  and low f r e q u e n c y .  N e v e r t h e l e’s s , t h ey  can  be i m p o r t a n t  i n

t h e ’ ac t  i v a t i o n  p roces s  fo r  an e l e c t r o n  t r a n s f e r  r eac t  ion . In

p a r t  i cu I a r  , t h e  s i mul  t a n e o u s  s t r e t c h i n g  a long  one ax i s  and

t h e  e’Oflt r a c t  ion  a l o n g  a n o t h e r , can he i m p o r t a n t .  i ’hi s t y p e  of

c l I z  pt  z c eh’ ~oi’ma t i on  ha s  been d i scussed he’ f o r e  in conn& ’c t ion w i t Ii t h e

h v d r o d v n a r n i c  , c o l l e c t i v e mode l  o f  i o n i c  sol v at  i o n  .~~~ I t  r e p r e s e n t s

e f f e c t  iv e l  a v o l u m e  conse ’rv in g  , su r f a c e  a s c i i  t a t  i o n .  I n  t h i s

paper  , howeve i’ , we do not  e x a m i n e  t h i  s p a r t  i cu l a m ’  ~ i b r a t  i ona I mod e ’

On t h e  one h a n d  , t h e ’ l’ e’ i S 110 d i  I’e’c t e’xpei ’ i me’n ta  I e v i d e n c e  wli i ch  can

be at  t i. i hu t  ed t o  such v i b r a t  i o n s  . On t he at  he r  hand  , i t flU! V Wt’ 11

he t h e’ case’ t h a t  such v i h r a t  j ona  1 modes r e p r e s e n t  c o l l e c t  ive

O S C F  I hi t  ions  at ’ t h e ’ secondai ’” s o l v a t  ion  s h e l l ,  i n  sp i t e  of a

l a c k of ’ d i  i’ e’ct e x p e r i m e n t a l  evid ence fo r  t h e  e x i s t e n c e  of these

v i b r a t i o n s , t hc’~ a re  n e v e r t h e l e s s  i m p o r t a n t  t o  t h e’ e’lectron transt’er

p r o c e s s .  I ’he w i l l  h e’ co ns ide red more  i n  ~I et a  i 1 i n  a sep a r a t e’

pape’r .

‘I’he b a s i c  f o r m  of t h e  i n t e r a c t  i on  be’tween  t h e’ ion and i t s

c o l l e c t i on of ’ sol ve’nt ~io 1 e c u l e s  i s  t h r o u g h  thi t ’  i o n — d i po le  i n ter -

ac t  ion . I l o w e’ve r , i n  or de ’r to  be a b l e  to  d e s c r i b e  the sm a l l

v i h r a t  i o n a l  e’x c u r s  i o n s  w h i c h  t h e  ion  can make  awa”  f rom i t s  e q u i l i b r i u m

p o s i t i o n  at t h e  c e n t r e  of t h e  s o l v a t  ion  cage , it is n e c e s s a r y  t O

cons ic ier  t h e  e x p a n s i o n  of  t h e ’  i~i t e r a c t  ion in  a p p r o p r i a t e  t e r m s .
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The ~ c~um he done i n  t e r m s  a t ’ t h e  Ca r i s o n - R u s h h i ’ooke f o r m u l a .~~~

l ’he’ re’aSOli t’o m. u s  i ng t he Car 1 son - R u s h b  i’ookt’ e’ x p a n s  ion  i s t he

101 l o w i n g . I n  a sy s t e m  in  w h i c h  t h e  ion  moves  w i t h  r e spec t  to

a f i x e d  set  of s o l v e n t  e ij p a l e ~’ , i t  1 ~ n e c e s s a ry  to be able to

spec i t ’ v t h e i n t e r a c t  ion  be ’t w e ’en  t h ì e ’ ion  and  each  of t h e  d i p o l e s

w i t h  reference t o  one p o i n t .  C l e ’a r l v , f o r  an i o n  w i t h  some f o r m

o f svm m e t r ic so I v a t  ion  , t h e ’ i e ~ it’ rence  p o i n t  f o r  t h e  ion  i s a t  the

c e n t r e  at ’ sv mm et  rv . l ’he’ u~ e at ’ t h e  C a r l  son - R u s h b r o o k e  e’xpans ion

t a r m u L a  ( see’ appe nd i x I f or  de ’t a i 1 sJ  e’n ab it ’ s us t a e x p r e s s  t h e

io n - d i p o l e ’ i n t e r a c t  L O l l  in  t e r m s  of  c o o r d i n a t e s  w h i c h  are a p p r o p r i a t e

to t h e’ a n a l v s  i o f  t h e ’ v i b t ’ a t  ions of ’ t h e ’ ion  i n  t h e ’  c a g e .  T h i s

ha n ot  b ee n ~ione  i n  o t h e r  t r e a t n i e n t  s .~~~ 
- 

~ Out’ use of t h i  s typ e

of  ex p ans  ion  a l l  ot~ ~ us t o  cons i d e ’r t h e  t vpe s  of caged ion  v ib r a t  ions

wh i c h i o c c u r  i n  condensed  s y s t e m s  , b u t  not  ne ce’s s am’ i i  v i n  t h e

gas  p h ase

I n  t h e  t’ol l o w i n g se’ct ion  we present t h e  v a r i o u s  forms of the

po tent i a l  e n e r gy  funct ion . The force’ constants w h i c h  arm derived

from these’ iun c t  i o n s  a r e’ s u m m a r i z e d . The el e ’ t a i  Is  of  ma n s’ of  t h e

c a l c u l a t  ions  a re  p r e s en t c ’d  l a t e r  in  t h i s  pape r  i n  a s e r i e s  of

append i c e s  . There ’ , a n u m b e r  a t ’ t echn  i ca I pa i mi t s a r e  cI~ vt ’ I opeel

These matt ers , p e r t a i n i n g  to c o m p u t a t i o n , a r e  important in the

anal vs i s of  t h e  ac t  i v a t  ion of the ’ m l  mc t ron t r ami s fer  i’eac t ion.

l’he app i  i c at  i o n  of t h e  f o r c e’ c o n s t a n t s  t o  t h e ’ analysis of the spectrum

of t he sal  v a t e d  a I L i i  i m e t a l  ca t  i on s  in  I)MSO 1 s cons  i elered in  t h e

t h i r d  section.
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i t is olw i o u”  t h a t  t I l e’ e’qtI i I ih r him posit i o n  i s  l o c a t e d

a t  i- = ~ , i . . , at ( 0  , ( I  
* ~~ ) . it i s equa i i  v c l e ar  t h a t  i n  b o t h  eqn ( 1 )

a n d I ~ ) t h e  i’m i r io ca n t  r i h i m  t I on t o  t h e  p o t e n t  i a t  of orcic ’ t- 0 ( r I

He nce , w h e n  t ht ’ h . m r r i o m m  i c osc 1 11 a t o r  I in it i sou g h t  I t  l i r o u g h t h e

U s O  0 1 a 1.1 ” l o t  “c ’ 1 1 0~~ e’Xpall S iOn I i Ti t h e ’ e’Oflp  1 et  0 p at  c’fl t i a I One ’ r g .

t u n c  t ion , t h e r ~’ w i 11 he no e I e’c t r o s t  a t  i c c an t  r i h u t  i o n .  l b  i s i s

n et  t rue’ i f  t h e ’ sO I v a t  i o n  i 5 1 i fl’a F. i - or  I i n e t  r so l  v a t  i on  , h o w e v e’r

two d i st inc t c a i t e d  i a n  v i b r a t  i on.m I i i o l e s  a r’ &’ p red i c t ed ; t h I s t —

can- . i ~L’ rm~I Cu r t  h e r  i n  an app end  i x . The non - i u v o l  v e m e n t  a I e I oct  ro -

s t a t i c t e’ rr i s i n  t h e ía rc e c o n s t a n t s  an~ I l o s  an lv  to t h e  i n f r a r e d

d i p o l e ’ a l l  aw ed t r m n ~ i t  i o n s  i n  a P 0 1  ut  c ha i -g e s V t ~~l ll

t h e r e ’  a i’m s o v e r . m  I a c ce p t  ab s 1 o exp l O S s  i o n s f o r  t h e ’ u s n a i l  v s h o r t

r ; m n c e d  , re’pt u l  s i on  i m i t e  r a c  t i o n  w h  i cli ap e r a t  e’s b e t  l~e’en a t o m i c  a nd

m o l e c u l a r  s p e c i e s .  \ ! t h o u g h t h e ’ r e p u l s i o n  t e r m  ( R ~~~~) i n t h e ’

i. en n ar d  — J o n e s  po t c ’n t  I a  I i s  p e r h a p s  b e s t  k n o w n  and  m o s t  W i d e i v  u sed 
*

•tn exponen t i a t  f o r m , u se d  ext ens i vel V by B a r n  • ca n a l s o  he ’

emp l o v e d  . T h er e  a r e ’ ob~- i on s  comput  at  i an a l  a~1van t  age’s t o  t h e ’

u s e  () t’ t h e  l.e n n a r d  - .J on e s  p o t e nt  j a  I t a r  m a n y  ap~ I i  c a t  i o n s .  H o w e v er

fo r t h e  cent ro - svmm et  r i c sv s t ems l~ e’ i n v e s t  i ~~~i t e he’ re’ * 
t h e  l e n n a rd  -

Jones  fu n c  t i o n  h a s  t h e  d i  s a d v an t  age’ of  n o t  at  l o w i n g  an a p p r o p r i a t e

l a p  I a ce  - t y p e  ‘x p a n i  s I on . i h t is  , t a r  t he r epu 1 s i o n  ~di i cli ope’m ’a t c’s

b e t w e e n spe c  i c’s , we m a k e’ u se  at  t h e  e x p o n e n t  L i i  r e p r e’se n t a t  i o n .

The d i  spe rs  I an i u t  cr ac  t ion  , as  i t  I s c an t  a i nod i n t h e  ~‘lo r se

pot  ent  i a I f un c  t i on  • i s a l s o g i ve mi  i n  an e \pone’nt i a 1 ía m’m

The B arn  repu  1 s ion  has  t h e  s i m p  Ic  ex p o n e n t  i a I f o r m  
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-

— I)  —

= It ~~~ ( m  F I / i ’  I ( 3 )

whl e ’rc’ l~ a r i d  a :u r o c o r i s t  an ts . M i e n  I i  s p er s  i o n  I a i s o  c on s i der e d

t h e ’ ito i n  I o m i  I s ~‘x i i:i iltieti i nit a t l ie  1~~ i~~~c’ I ’iunc t i o r m :

= I l l  I - o x o  I - I i -  - I ’ I -
,

Is h c ’ o 
* 

a ( l s t i : I  I I )  s } i t ~ ~l j  S so~ I a t  I on One ’ r o y  ;m ni d I S a c o n s t a n t
is I I ii t ho nit i t a I i i i v  e i ’s c ’ d i s ;i ni c e’

( h e ’ l a p !  ace’ exp:iii ~ ian Of I lie ’ e X l ) O u i e f l t  I a I t t i n c t  i o n  (3 )  i s
I von  by  (~~~e O  a p i ~~’ui i  I \ 3 )

- - I i  It t ’~~~p I i  ‘ ) 
- 

I Ir 
~~crn 

(R) ( ( 2  Q + I )  i ( r / a ) k 1 ( R / p )
, 111

+ ( r / o )  i ( r / ) k ( R / - )  - ( R i p )  i ( r / p )  k 
+ I ( R / p ) ) .  ( 5)

h u e ’  l u n c  t omi ~ I x ) i n t l  k ( x)  a i t ’  t e s p e c  1 I i c ’ I v t ime mod i l i e d

sp he i ca I It t ’s so I f i i u m c  t i s f l ~~ o f t h e ’ f i r s t  ; inel  second  k i nd s  I i i

O \ l ~~: I i l  S i on  I . v;u I m~ I an I v a I ouii ~ as m - . :\ mor e ’  gen e r a  I c ’xp r e s s  i o n
ca n c a  s i I V :111th ahs ~’ I o i i s  I v Iso i~ r I t t e’rl ( S c ’t’ a p p e n d  I x 3)

i:oi :i I o i ~ c o o r i  i r i : i t e e l  , t o t i ; m i i e e l r : i  I S v st  eiiu t in’ c O f l t i ’ j h u t  ion
I ro i t i  ‘~~ ii  ( 5 )  I i i  i O t I ~ II ( S ) I a t in ’ s vs t ‘iiu p a t e n t  I a I o rn ’rgv t’m i n c  t i On

I s g I v on  Isv

= it
t

.; b .J n
~~~

O 0 ( l . ) i 0 ( r R )  + i
~~/ 35/ R~~Iy 3 (i~) - Y3~~( r ) 1 l i ( r ~ R ) j

(t ~)

is I I hi
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~ It 1 1  e x p  ~ ~ R ) t ‘
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( t  i l k . lfl J ) ( 5 )

It I - - 0 1  t t i o l l  t h t . i  t l’e~- . I i I s O  a t  t h e  I U U e  I i ~‘n.i I t a r m  ~s t ht ’

I O~’ii I ‘ ‘ I  t ’l t  t t i . t o  1 .1 .. 1 1. t i l l ’’ ( . in t l  i n  l i t ’ ~hi I ~~~‘ Iiiui ~ t I Ofl 
* 
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1i11 1 r i ls ti  I I t i l l  1 t h i ’  I t ’ I - - . 1  l l t ’Il l.Iu1 u ‘-.h i  l i l t :  •, t ~~ t~i it I 0 i d e ’ r ct ’nt  r I l i m i t  i atm

It ’ (hIt ’ Li i  I a t  - .0 I i i ’ ” 0 1 . 1  I i i . i t et i ahi ti l i t r ~,w i t h i  i-~~ — 1 . l’hus 
* 

as
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t I l e ’ F e ’ I i t I I S i O t l  t e ’ r t t i s an d 11 - 0111 t h e  d i s p e r s i o n  i n t e r a c t  ion  (as  i t  i s

o x  p re’ ~e’cl i n  t h e ’ M o r s e  fun c  t ion )

I n t h e ’ l i m i t  i n i s h i I c h i  d i s p e r s i o n  i n t e ’ i’act  i o n s  p l a y  l i t t l e  or

rio m o l e , and ~ h e ’ z c ’ t l i t ’r e ’ a r e ’ o n l  v r e p u l  S i a n  c o n t r i b u t i o n s , the

ox i’ re - s s  i o ns  t o m  I lit ’ t o 1_ ct ’ P OI l  St  u ti t s i n  t h e ’  ha  Fl110l1 I c osc i l l  a t o r

I 1 1 1 1 1 1  .1 i’ e’ t h e ’ I e i  I I OW I ng t i le ’ I a i i m  coord I n a t e ’el , t o t  r a h e e l r a l  s y s t e m ,

= (4  RI S • ) t I — 

~ o / R e~ 
) ( 9 a)

~ 1 ~ P t~ O i’d I t i a  ts
~I , ac t a hle ’el i~ I I sV 5 t Ciii ,

( 2 R / p ‘ ) (I - 2 p /  R ) ; ( 9 h )

.1 ud t i l t ’ 0 i ~ h i t  cati r~t i n a t  ed 
* 

c t ib  i c s v S t em ,

= ( S i ;  / S~ - - ) 1 — 2 p /  I . (9c )

I i i  ca n t  r a s  I 
* 

.i si st  em pot  e’nt a 1 wh i c lm i s a s 1 1111110 comb i n a t  ion

of an e’ I t’c t i’os tat I c tOt - Il l a n d  a Mo i’sc’ fu n c  t I on ( 1  . e • , d i  spe m’s ion

i tic I h elen1 ) v m e  I~l 5 1 l i e ’ Ce ’ i I ow i i le ~ e x p r e s s  i o n s  lot’ t lit ’ t’a i-c e’ c o n s t a n t s

k 1 S h e  :/ 3  ( l Oa )

= 4 11 + ” ( l O b )

= I t I ) +  /~ 
( l O c )

-
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Moel wyn- II u ghes 1
~ poin ts out that fo r sma ll devia ti ons ab ou t

an equ i 1 i h r  i urn pos i t  ion the l enna  rd -J o n e s  po t en t  m a I and t lie Morse

po tential are equivalent. Thus , +- can he re’placed by b/R e t and

eqn ( 1 )  can he e x p r e s s e d  as

k 4 = 9 t D / R ;  (h a )

= 1 4 4 i ) / W  ( h i b )  ;~

The fo rce  constants are  seen t o  v a r y  as ~~~ as the e q u i l i b r i u m

so! va t  ion ra ( i i his c h a n g e ’ s . The ’r e  i s a 1 so a r a d i i d ependence in

the  d i s s o c i a t i o n  c o n s t a n t  I) . A l t o g e t her , as we s h a l l  show in

t h e  nex t  sect  ion  , t ime  f o r c e  c o n s t a n t s  depend upon R~ 
as

F i n a l l y ,  i t  i s  n e c e s s a ry  t o  c o n s i d e r  the  f a c t  t h a t  the  so lva ted  ri

ion occup ie’s space , e t l e c t i v e l v  in  a c a v i t y , i n s i d e  the  h u l k  of

a cont  i nuum t i l e  leo t i - i c  • However , because  we have found t h a t  the

i m a g e  c o n t r i h u t  i o n s  t o  t h e  b r e a t h i n g  m ode fo rce  c o n s t a n t s  amount o n l y

to  a s m a l l  c h a n g e  i n  t h e  fr e qu e n c  l o s , we d e f e r  our el i scus sion  of

t h e s e  cont  r I b u t  lo r i s t o  an ap p r o p r  l a t e appen d i x  . I t  i s  c l e a r  t h a t

as f a r  as we are  conct ’rn ed  w i t im t lie harnion I c 050 i l l  at o r  l i m i t

f o r  t h e  in  f r a r e d  act  i ye , i o n i c  V b r a t  ions  w i t h  i n  t he p r i m a r y

s o l v a t i o n  cagt ’, t h e  i m a g e  e f f e c t s  ( a l s o  e l e c t r o s t a t i c)  w i l l  he

non - cont r I hu t  I ng . The ’ i m a g e  con t r i bu t  ion , as we w i l l  show , depends

i m p o r t a n t  1 v upon t h e  si  ze of  t h e  cay  j t y  w i t im i n  w h i c h  t he  ion res ides

I f  t h e  c ay  i t v  ci i r n e n s  i o n s  change , t h e n  t h e r e  can  be an i m p o r t a n t

image  c o n t r i b t u t  i o n .  (We do not  c o n s i d e r  t h i s  e f f e c t  in  t h i s  p a p e r .  1
The sy s t e m  p o t e n t  i a l  ene rgy  f un c t  ion  w h i c h  i s  a comb i nat  ion

of the ’ t’ I t - c t  ros t a t  i t - , repu 1 s i ye 
* 

and d i  5~ C r s j a n  t e r m s  can he

L . - - 
-
~~~~ 

- -
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d i  tie I e ’ti t t a t  e’ch i~ it Ii r e’spec t to  R * 
t he  sol va t  ion r a d i u s  , to obtain

t i l e ’  t o t - c e  c o n s t a n t s  f or  t ia’ b r e a t h i n g  mode s .  i n add i t ion t o t he

t e i- ms wh i c l i  h ave  been mo n t  i onee l 
* 

t h e  b r e a t h i n g  m o d e s depend upon

t h e ’ sel l V e ’ f l t  d i p o l t ’ - d i p o l e ’  i n t e r a c t  i ons  as w e l l  as upon an i n t e r —

tilt ) I ec it l a m’ r e ’p ti I s i  on of ’ t hit ’ it o i’fl t y p e . i a  r a t a t  r ah e d r a l  sy s t e m ,

%~‘e’ can  wr i t o

= 4~-—- 41t e’ X p I - ( R R , ) / p ]  + hit ’ e x p [— ( 2 / 2 7~R — R ’ ) / p ’]
C’

+ ( I S / - i ) /~72~~i i~
’ / R  ) ( 1 2 )

I i i  is ii i cli t h e ’ co t i s t a n t  s It ‘ a ntI  p ‘ a c c ou n t  ( 0 I  t he pos sib ii i  ty that

t he’ i n t t’ r llie) I ec i t !  a r i r i t e ’  r a c t  ion  ma x -  cl i  f f e r  f rot u the ion — solven t

i n t e ’ r a c t  k i i .  W e ’ a s sun ie  t h a t  t I m e  two  typ e s  at  i n t e r a c t  ion are

r o u g h l v  s i m  t a r .  The’re lore , t h e  f o r c e  co n s t a n t  for  the breathing

mac it’  I S oht  a i t ied d i  rec t lv  ( n o t e  * 
t Im i s t er uum does not  inc  I tieI C any

a ccou t i t of th e’ e’ l e c t r i c a i  i m a g e  i n t e r a c t i o n s )

k - 
= - 24~a + 45 ,/’7~ IL + 201t /p ’ . (13)

hi R ’ R i
C’

I i i  t Ime n e x t  s ec t  i o n  we’ cons  i d e i -  t i me ’  app ! i t - a t  ion of t h e s e

r e s u l t s  to  t h e  e x a n h i n a t  i o n  of  t h e  v i h r a t  j o t i a l  s p e c t r a  of t he

a I ka I i met a 1 c a t  i o n s  i n  I ) M S( )

L - - - - _ _ _ _ _ _  _ _
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H i s c u s s i o n  ot ’ the So lvat ion Spectra

-rhe data of M axey and Popov 5 on t h e  far infrared spectra of

the alkali metal cat  ions  in I)MSO are i-eproduc eei in Table I. Thes e

e x p e m - i m e n t a l  d a t a  f o r m  the  b a s i s  of out’ d i s c u s s i o n

A p r e l i m i n a r y  a n a l y s i s  of these data i s  needed in  order  to

extract the force constants. We assume that the harmonic oscillator

l i i u i i t app l ies: vi :.,

= ( 1 4)

i s  the r e l a t  ionshtp b etween t h e  f r equency  ( i n  wave numbers)  , the

mass  ~i and the force’ constant k; C is t h e  v e l o c i t y  of l i g h t .

At t h i s  p o i n t  i t  i s  n e c e s s ar y  to  s p e c i fy  t ime fo rm of t h e  mass

q u a n t i t y  w h i c h  i s  to  he use d in  eqn ( 1 4 ) .  in  genera l , the

e x p r e s s i o n  fo r  t h e  reduc ed m ass  of t h e  ion  (mass  m~ ) w h i c h

o s c i l l a t e s  w i t h  r e spec t  to  c n e i g h b o u r i n g  s o lv e n t  m o lecu le s

(each m s), ~

= cm m .  / ( c m + i i i . )  (15)

I n  t h e  l i m i t  of l a r g e ’  c , t ime  i-educed m a s s  i s  the  same as the  ionic

m a s s .  I ’ h i s  1 i m i t  a l s o  a p p l i e s  t el t h e  case  of  an infinitely massiv e

s o l v e n t  sy s t e m .  I n  o t h e r  words , the ion v i b i - a t e s  w i t h i n  a cage of

r i g i d l y  f i x e d  so lve t i t m o l e c u l e s .

W i t h  t h e  re duced mass  as spec I f l e e t  b eqn (15 ) , i t  i s  p o s s i b l e

to ob t a  in  v a l u e s  for  t h e  fo rce  c on s t a n t s  fo r  t he  ions under t h e

a s s u m p t i o n  of v a r i o u s  deg ree s  a t ’ c o o r d i n a t i o t m . The force  c o n s t a n t s
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ar e  11 s t O e l  L I I  (~i h i le -
‘ . FF0111 t i l t ’ t a b  I t ’ i t  a p p ear s  th a t th e ’ l it hium

c a t  ion  h as a t r e t t u e n e’v whic h i~ at odds with time rest for any

— t Vj ) t ’  a t  coo Vet I n a t  i on  . l ’ he’ e’at I Oi ls  0 t~ sod I 11) 11 and pot ass  i urn seem

t o  pa i i an d t lie’ c a t  i oil s a I t’iit i Id I UIIi anti ce’s i iiuui 1 1 kew I se seem to

Co rm a pa i t -  . We’ sh ow -‘l iar t I , l iowe ’ve ’ i , t h a t  t he’ f i ’ e qu en c y  of t lie’

l i t  h i  urn s v s t  em i s who l i v  c o t i s  1st  t ’Im t w i t  Ii t lie fi’eqtmenc it’s of ’

sod i urn a n ti  po t a  ss  h im . The t r e ’ej uet ic l o s  at  t t ie’ ru b  Id I urn an d 005 l Uill

s y s t e m s  are  d i  s t i u mc t t t-otui t i m e ’ Fe’ st  . Iii ani cast ’ * 
i t  i s c l e a r

t’rant ti m e’ t ah ’ t o  t h a t  i t  i s not  m ’eas onab  I t ’  t a as smim e ’ t h a t  t h e  for ~ t’

co n s t a n t s  a r e  t in i f o r m  cir t lie ’ ion i c  s~- s t 01i1 5 of  t he ’  gi -oup  . Such

ati a ssumpt i o n  w a s  made’ by Ma xc an d I’opov~

Ii i  0 i’tie r ~ o itia ist’ t in’ cotnpa  r i son lie t wee’im t lie cia t a and t he

t o r m u l a t ’  tar t h e ’ fel t-ce’ coimsta nt s p r e s e i m t e c i  i n  t h e ’  l a s t  s e c t i o n , i t

I ~ t mt ’ce ssa r v  to  sln ’c l i v  t h e ’ va  I t l e ’5 a t  t lit ’ so t  v a t  i o n  raci i i  . We

as su nme , as hav e ’ A b r a h a m  and I I s: I , t ha t  t lie sa l  ~‘ at  je lti i-ad in s

ca m i  be’ expressed as the siiu i i o f ’ tile ’ I O U  P , (~o I Js c i iu i i  I c it i- a ct i l l S

an d the ra el lu s  01. the so I ~‘eti t . A h i - a l m a i n  a tm el  I ~ j ~ i c u t  a t  e’ei t ime

~e il ~’e’ti t i~a duii ~ t’i-oili t lie I i e ~u i c l  p a r t  i a i l I iel l . l r v a l u n m e s with the U se’

a t t he’ S t e ’ a r n -  I \ ‘ r i I m g  f o r M u l a .  t h e ’ v a h u t ’s a t  t h e ’ racl i i a re’

I i st e ’d  in  ‘l’a b l ’  3 .

F i r s t  , t~e com p ar e ’ t h e ’ ex l ) & ’ r l m e n t a  I i’ e’s t i l  t s w i t  ii t h e ’  t lm e’oret i c a l

e’X pre ’ s s I Oti s f a t -  t lie ’ force ’ cotm st a n t  s oht  a I t m e ’tl un tie ’ t- t he’ a s s u m p t i o n

hat d i  spe’r s I ~~ p i . m  vs  a m l  umo r role ’ . F h u s  * I he l’o rc  e’ coil s t ant  s

of  ee~u m (91 app l v

Wh en t h e ’  -. imp Ic ’ e’Xp olmt ’fl I I a I r epu  I s i an I s t i st ~ t , the ’ t w o  p am ’ a -

met e’t’s hi auiti p h u m s  t he’ spec IC I en! . I’he wa rk o f  h h t i g g  I f l s  and Ma v ei -  1 4

Oil t h e ’  a t  ka 11  ha I i  h e’ c u’ v s t a 1 c i i m ci I c a t  Os  t hm a t p f o r  those sv s t  t ’ms

I s c’s se’ti t i a I I v  a P Ot t S I an t  t . I t  ~e’e mn s re’a so tiab J o  t o  make ’ a S 1 11111 am-

—~~ ~~~~~~~~~~~~~~~~~~~~~ ~~ — ~—- — 
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a ssumpt joti here’ t o t  t h e ’  sot  rated ionic systems . There is no reason

however , to e x p e c t  t h a t  i t should be the same c o n s t a n t .

The parameter hi can be e l i m i n a t e e i  lu m f a v o t m i ’ of o t h er  q u a n t i t i e s

whi cu are  more e a s i l y  eiet  c t - mi  tied , v i :  • , t h e  i o n i c  c h a r g e , t h e

sot vent dipol e unom ’nt , an t i  the t’qui l i hi - i urn St’pa r a t  i cl ii be’ t wet’n the

ion and the so lvt ’nt ma lt ’cu l  es , F o l l o w i n g  Born ‘ s t rca t m enm t of the

c u - v stall inc a 1 ka Ii hali des * 
we w r I to *

- Ii eXp[ - (R-R )/f J (lu)

w h e r e ’  .l5~t in  c i s the coor el m a t  i on  number • The s imp to eel u i i i  ii i’ i ulii

co n m d I t b u m  ~iV/ dR 0 = ~) v i d  ti s

hi = 2e~ip / I Z~~. (1 )

Wt ’ ( m et t h a t  an o p t i m a l v a l t m e  cii’ ~ i s  1.9  X 10 ? cmii . Wi th

t h e  use of t lii s va lue o I ’ ~‘ t oget in’ t- w i t  hi t he va l ime s  of t he

s o lv a t  ion i - zud i i , we tit ’tem ’mincel t h e value s of t im e’ feirce constants

wti I cii a ye’ 11 s ted iii Tahi Ic 4 .

The’ r e s u l t s  showtm i n  Tab I t’ 4 int l  I e’at e ’ a c I c ar  g r o i m p  i n 5  of t’ t t e c ’t S

I fle iOdd , tIme theoret I cal re ’su l  t s I uid i cat e  that I i  t im i urn h it’! otm g s

w i  t im sod i urn atmd pa ta ss I urn i n  it s bchav iour. I’he (a i-ce cons t an t  s

an d time a s s o c i a t e d  f requen cies at - c t - o a s o n a h ) v  ace -u r a t e l  p r e d i c t e d

for time sen t’s of t a n s  1 i thi i um , sod i um , a net p o t a s s i u m  under the

assump t ion a t ’ t’oi ir’ e’oord u uia t ion . It i s  c l e a r  t rou ii t h ’  r e s u l t s

t h a t  s I x - coord I n a t  ia ti f o r  t hese t h r e ’e’ to ll s i s  I m m co ns  i s t e u m t  w i tim time ’

experimental tI8 t a . I t  1 s wort Im lm o t  i n g  t’ram I he’ t ali t c the f~c t 

- - ~~~~.—- -~~~-.- - --- ~~~- - ~ - - - -- -— - 
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li st t I~ t I l t  I l ie  t i ’ - c ’ 0 I I hi t ’ t i l t  m i i i t t ’ nia ‘~ s a s s l l i l i p  t t o i l  f O r  t in’ sol v en t  ,

(lit ’ he’ s .i 5 rt ’ 0111 (‘ l i t  1* i (ii t ’ xp e  t i l im e ’ l I t  i s t o  t in i Cii t I I I Ii i titut , E im a t  i s

l i t h i u m , l~h i c i 1  h t . m ’ ~ .i ‘-r i , i l I m d s - S  . m n m c l  v e’V v  s m a l l  p o l a t ’ i : ab i l i t v ,

s t t e’~’ I i g i l ’ t o s it ‘~‘e ’i ta ut , i t nl re~h ticeI ifl~i~~S e’ f t c ’Ct 5.  At  t he’ ei t lm er

e’\ t re ’itu e’ , pot . t s s  i t im , t~ i i i  cii li _ i s .t m a s s  about ha I t ’ t he tu as s o f  tile ’

sa l  t t ’tl t , beg i t m ~ t a s hats ~i tie’ C t tm it e ’ d e p e n d o i m c e ’ tI ~~Oil t h e ’ cha  ice  of

I h ue ’ s l I ’ I ’ I ’ e ’ ’ ’ i  i . i t  c.’ Ft ’s I t i s t’tl ‘1, 1- , ’, . l Ime ’ ~e’ S t i l  t s te l l’ sod i tiM m e t  it ’ate’

h a t  I i i i  -~ t a i m  i l’c I I e’ t it ati~I I e’d i~ i t  hi t h i t ’ as sutupt  i on t h a t  t h e  cage ’

i s  r i g i d .  I h i e ’ \ ,m l tue at .‘Po cm i’at’ t ime’ v ib i ’ .it ian~~i t’r e q t m e u m c v

e Oill J ’ .I i c ’ s f . m  ott i’ i l’ I i t~ i t  hi t hit ’ ~ ~ pe’ r i me ’n t a I V _ i  lilt ’

F i mi - ti i t ig t o ti l e ’ it ’ll 5 a I i~tm )~ Id tu rn atm~i cc ’s i tint , i t  5t’t’1115 t h m a t

l a t i n’ c aot’ cl m a t  i a i m i m tmc  o t i s  i -- ‘t  ou t  m m t im tii t’ e’x pe’ V I nut ’t i t a I cia t a .

Flit’ . is  ‘- l m m p t  i o n a t  -, i x c ‘or d i u i a t  t O i l  h r  i t i e~ s t lI e ’ t lm e ’ei t’ e’t i ca I rt’su I t s

mc i t t ’ t n t  a au  a r e t ’m e h i  I i~ I t  hi t l ie e’ \ ~‘t ’ F i ltle ’ii t a I ye st i l  t 5 . Ileiwt ’ve’r

t lie ’ tiliun i t . i k a l ’  I c ’ t i ~ I t l u. m t I h i t ’ I imea Fe ’ t i c ’ a t  iv pt’e’d i e t e n t  t e l  V C O

~ o t l s t  .Iti t 5 d t ’p r ’. i se ’ f t - a u m~~h ’ i t l  1 11111 t o  e e ’5 m u m  i s . l t  add s wi t im  t i m e ’

e’\h ’ t’ t i ~’R ’Im t . i i t . t c t th a t t h e  t O I P t ’ c’ t ’i l st ~ iti t s t l i c t t ’ .i~’d ’ i n  t h m i s

s i t  t O c  I i t ’tt . l i t ’ _ t t i  I t  I t e w it hi I l ie ’ u i eg  1 o c t  of  t i l e ’ pei I a r t : ab t I it v

0 1  1 h~’ sc’ t .u i g t ’ I I t ’ll I e ‘~V ‘- ‘ I  e’iils -

\~
_ wt ’ h a t  e i mud t ~ a I  ad i i i  t i i ~ I a s t  “e ’e I i a lm , t h e ’ Mo i ’st’ po te’nt I a I

c a l l  he ’ t i ” e’ si t a 1’ t t ii~ ai m a c c o t m u  I a t  t hi t’ ti sin’ i s  I OIl  h i t  e t ’a~ t i till s i lit 0

t i l e’ ~Ili.I I ’  i . I t ’ i  ‘-~l ’LI i 1 .11111) 1 i t  h i l t ’ ‘ “ P  t I I . i t t O l l s i t  m ~ i’as si h i lt ’

I a a r g t ie ’ t i l t ’ t t a  u “ t a i - iu ta  I i t ’ll m -a ni I lie ’ t e’numa rd J titl e’ s t~ t imt ’ Ma r se’

P° ( (‘i l l  t a I . F l i t ’ q u . t n t  i I ‘~ P m u t he Ma l-  ~~ ‘ p O t en t I ,u 1 m ~ t h e  d i  5 Se10 1 a —

t it ’ll t’lit ’ ug V to i .i s I 115 I c ’ so I v  e’tl t i t ’ll e~ c ’t ij )  I c ’ . h is ’ me’ati s 0 t an a rgum m ie’nt

titi l I i ti ed i’v Moe ’ I w vi m Iltighut ’ s • 
10 m l  I pa s u h  I e’ to i ~ie im t i fv tiie ’

~I I ‘_ ac  t .m t I aim e t ic ’t- g~ i t t - I h i t ’ t i i i  t e’ i m s  Of (lit ’ I t’nci oum t’am - ~’c wh ie ’hi ape’m’a t c’s

In’ I t~c’t’ti h i t ’ m a n  au n t  I hit ’ — o t t  en I t i l t ’ I Oc t ilt ’ . F h t m  s t hm e tl i ss oc I at ion

L - - _____________ 
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ene’i-gv c a u m lie e xp r e s s e d  as

11 ~~~~~~~~ (18)

0

~hi t’t’e’ is .1 con i st ott H~ m cii can i  be’ i clt ’nt ~t’ Ie’ eI liv c e l nm pa u -  i n 5  cclii ( 1 8 )

w i t ii t lie l otidan hi l t c ’ r ac t t on 1 5

31 1 i a
- 

I I ( 1 9 )
I.oi idoui 

~w ~ i
~~

)

i n  t hi s expa-es s ton 1 an d 1 .  am - c ye spec t ly e  lv  t lie ion  i z a t  ion

p a t  en t  t a  is at t l ie ’ aL it e’iiile ’ s I ci o c t  t ’Oli L i i  t lie ’ sel l t’ e’nm t and t ime i on .

I hie i i o l a l i  :5 mh i m l i t  i t ’s o f  t ime ’ s a l v e t m t and t he’ i o n  a r e  e’xp r e ss e’di liv

t he ’ to FillS ~ . and a . I nm oct11 t 1 9)  1 t i s a p p a r e n t  t h at the ion 1 a —

t Ian pat  t’nt i ,ml iou’  the’ aLit C r u i la s t  e’ I t’C t t o u i  i n  t ime’  i O il 1 S a qu a f l t  i t V

w h i c h  g e n e r a l  l v  w i  1 1  be timuc h i l a r g e r  than t i l e’ t o t u i :at  ion potent ial
V

t a r t h t’ ou t  e rnio s t t’ t oo  t roui i i i  time ’ so I v e n t  , i ’Im e t - o l ’o re  , WO C Zt fl

s t m~
i I t  f v  t’eJ nl (191 li v w a’t t l ug

- 1 a a -
V -~ — 

-
* ‘, 5  I H

~‘1~ • C —
l ellleio li —

The ei j ssac i at I O u  ent’rg v 110W 15 t’xpresse ’et as

1 a a
i 5 5 1 1(_ l1

Wh eui t h i  s e xp i e s  s ion  (a r I) I s subs t I t t m t  eni I lit c~ t h e  e x p r ess  i on s  fei 1’

t h e  t’ot’ce constant s , we’ f i nd

I a a
k - (~~~

)

-_  
- -
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at t e l

I a a
K = 108 —-~~

—--
~
-—-

~
- . (2 3 )

Ii
I’

In SaIn t’ l i i s t a f l e’e’s i t  i s  c i i f t i t ’ L i t t  to  elt’ t e m - m i n ie t h e  i o n i : a t i o n

pot  cu t  i a i  of  a p a t - t i c u t  ar sel l r emi t 1110 1 ecu I c .  I n  I oi’mat i on about

tlit’ i o n i  :at he m pot ent bat  of i)MS~ is s c a r c e .  \ ‘v e r t l m e l e s s  ,

these’ e x p r e s s i o n s  f ar  t h e ’  fe irce  c o n s t a n t  s t i l l  can  lie used  i n  a

s I i  g u t  I v  moe l i 11 t’ti s e’uis e ’ . t i m  j i a r t  i cu t  t a r  , wt’ a r e i ntt’r es t eel to see

i t  I t  I S  I l O S S i i ~~I e ’ t o  li I’e’dlic t the ’ v~i I t i t ~’ elf t i l e ’ fo i ’cc’ constant t o r

another spec h e ’s ( i n  a hom o 1 ag e iLls  se’ i - i t ’ s )  g i y ou t h e ’  e ’xper i men tal

v a t i l e ’  O f ’ an io t i  I n  t I le ’ se’ i’ I c’s . 10 ciP ~ t l i t  5 , h~e’ s i mii i v fo rm the

i’a t I a o f t lie’ f o r c e’ t c l Il s t an t  s

= ( R i / R f l 8 ( a : I a i )  . ( 2 4 )

Th u s ratio ho lei s as b u g  as b a t h  sp e ’c i e s  h a v e’ the’ Sam e’ c o o r d i n a t  i o n .

The ’ compar  i son h e’t w e e ’n f o r c e ’ co n s t  ant s (or fo t i  r - an d  s i x  - coore l i n at  eel

511cc l o s  I s time’ loll ow in g -
‘

- ~ t k ( 4 ) / h ((, ) 1 ( i (( 1 ) /~\ ( 4 ) ) .  ( 251

In  ore i d i- t o  t e s t  equi  ( 2 4 1  we t u ake’ liSt ’ el f t h e’ i o n i c  r t’fr a c t  i o n s

(re iat eel to time’ P ei1~ 1l- i :ah i i l i t  ic s  liv a common c o nst a n t  t a c t o m ’ )

g ly o n ii~’ Smvt li • 
hi t h t c’ v a re’ re’pa’oduc e’cl i i i  ‘r ai m I c  S. l’he r e s u l t s  ar t ’

shown in  Iah ’Ie ti . i t  c an  h i t ’ see’ui f r o m  t i m e ’ Table’ ‘ t h a t  fo r  Sod m m

and pot a ss  1 1mm , as dote’ flu ned t l O u l l  1 i t i m i urn , the’ Vt’ i s no agr ee ’mt ’n t

m~ I t im t ’xp t ’r im e n t  • Tim e’ I iic h i s  i ot i a t  any  a c c o t t n t  at  cii Spel ’S iOlt



t i l t  01 • i s  1 1 e ’t i  I l ie ’ I . ipp t o p  i i ~i I t ’ i t ’ I t i c ’ ‘-c ’ s t S t  elli S . c l i i  t lie at  l ieu -

h e  .m~ t e t ’me -u l t he’ t we’e’t i I l ie ’ c a  1 c l i i a t  Oei an~I e ’xpe ’ r I m e n t  a I t a b  ue s

s ’ t  1 ~e I 01  c O  c i ’ll “ I  ali t “ t e l  I P c ’ ~ m i im as  c a  1 cii 1 at del from t lie’ ru b i d i  urn

a p ~
- c atm st  a n t I  ~ i e’ rv  gao5! . Fin ’ i n c  re ’a se ~il tile ’ i-a l ue  of t lie

0 1 c t  c O T t  “ I  ali t I c ’ t  , I 1 1 t a  I i ic ’s 0 t h i t ’ 000 i’d i 11.1 t i o n  i s c or r e ’c t l v

it ’cI i c t  (~cI

I s ) l l  ( 2-2 1 1 e’a sOti .ih I V 5 ie ’ t’ t1 E~1t c’ I V j~ Vt ’cI i c t  s t i l e ’ t o i ’ c e’ cons  t an t

t a r  t u b ’  1 c i i  t i m  I m o m  pa t a ss  1 11111 t i i i  t nip 1 i c’~ the ’  coor ct  I uia t ion rerna ins

t I l e’ “ . m e ’ Fho i - a t  t o  at t he ’ t a m - c e ’ ce l l i s t  al i t s ( 9h ’ ) t o  ( 9 a )  i s 1 • S

‘t 5  %~ O i t  “ c L i ~~”e’cl e’a t I  i o u ’ , t I l t s  r ; m t t o  a t  so g i v e ’s a r e a s o na b i  accurate’

pt’ e’d i ct it ’ll e’ t t i l t ’ rub I d t i m  fa rc e ’ c o n s t a n t  t’rel m that at’ p o t a s s  i unm .

I t i  t Im i s c a - S c’ , ime ’wc ’ re ’ I , 
, t i l e ’ . i5  i’ c’e’il t e’ii t i s not tin i te’ as good as tha t

tOtili ~I %~it im (‘ t i l l  2 I ) • t 1fl I i~c’ a t lie’ r h and , i I’ we cisc cci ii (25) te l

~i t  t t’lllli t t o  p i’ e’cl i c t  t i l t ’ c i l s l i l 5 t ’ iii force ’ e’Oil S I an t  i n  g o i n g  t m ’om

pot ~~~~ i ( mull t e’ n i h  i di ti nt , t he ’ p t’ c’d i c t e’el t o  t ’ ce’ c o n s  t a n t  i 5 30 ,000 el y n ’ s / c r n

h e ~ — -
tel ei l a l - g e .  :\s ~ v un t I m n o t e s , t im e i o n i c  r et  a -ac t  t o n s  at -c not

ye ’ i-v a ccu m - a  t e’ qtiai i t I t i t ’s  . ihut i s , t iie’re ma y  be ’ saIn t’ 1111cc’ r t  a h i t  v

a5scic i . i t t ’ci w i  t h i  t Ime ’ i i ’  use’ t im t his c a s e .  I n  an ~’ c v e nt  , t h e

coot - ti i n m a t  I an a t ’ t i le’ to lls a t ’ r u t ’ id i 11111 and ces  t ( imt m m - e rn a im i s a c 1 outh-

i 55(10 .

1~e’ st tlillll.i a- I c’ t lie ’ t m  t iii I r a  Fe’ei v lb r a t  i a um a 1 a n a l  vs  i s as fo b l o w s  -

l i t  l i i  tila m and SO d lu r n  behave’ as c I ass i cal poi l it  c h a r g e ’s mdi i cli v I hi -a t  t’
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m a s s . An a f f e c t l i e ’ m a s s  a t  a h t~~it ~38- gm c i m e —  a g r e e m e n t

as  ~ iii 1 115 t h a t  l i i i ’  V ;i I t i e ’ ci t t I l t ’ t O V c e ’ c o n s t a n t  i s a c c u r 3t e  . I n  a ny

P a s o , t h e ’ e’ \ Pc’ V 1 f l O i l  t a I ~ i t  in 1 1 O n i S n o t  Lit ’ I in it j V t’ e u i o u g h  fox ’ us
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Ap p e n d i x  I: F l e c t r o s t a t i c s  of i o n i c  s o lv a t i o n

The derivation of t h e  Ca r l son ’- R u s h h r o o k e  e x p a n s i o n  has  been

d i s c u s s e d  i n d e t a i l  by t h e s e  a u t ho r s . 8 B u e h l e r  and H i r s c h f el d e r ’9

icere the first to point out , however , the fact that the orig inal

e x p a n s i o n  is not a general formula. Further discussion and

gene r a l i : a t i on of  t h e  or i g i n al expansion , th er e f o r e , has been

- - 19 20 21
51\ ’Cfl by Bueh ler and H i r s c h f e l d e r , b y R u e d e n h e r g ,  , by Sack ,

and liv Ka y , Todd , and S i l v e r s t o n e . 2 For our purposes , the  original

ex p a n s i o n  s u f f i c e s .  We are therefore limited to a reg ion of

app l i c a b i l i t y  such  t h a t  t h e  sum of t h e  d i s t a n c e  m a g n i t u d e  of the

d i p o l e  ( v i : . ,  i t / c )  and the  d i s t a n c e  of the  ion f rom i t s  e q u i l i b r i u m

po s i t i o n i s  l e s s t h a n t h e  distance between any solvent molecule and ‘1

t h e  centre of symmetry. This limit is made mathematical ly clear

bel ow.

The general formula is g iven by

= 

2 m  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

r 1 r 2
( 1.1)

and R > r 1  + r 2 .  l’he B - c o e f f i c i e n t  i s  g iven by

m 3~~’B mm 
— 

( - 1 )  (4 ir ) f (~~+ Q ’ +m- ’- m ’ ) ! ( 2 + k ’ - m - m ’) !
U’ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~
(1.2)

~~~~~~~~~~~~~
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m’th m ’ at toih i t t’ \ c L i V s I e l I l s  c i t  a n iou aw: iv  t r c ii tm t I c  c ’ t ’ I l t  V e ’ c i t  ‘5vi m i i um ol ri

t i m  t I l e ’ s c ” I v i l e ’tl “ v s t t ’u mm .

I o t  a s v s t  a l i t  is i I hi I e’ I u ahi e ’cI m a  I so h a  I I c i i i  , ise ’ c 1 im I I i l i e ’ t lie ’ ‘. 1  op

ile ’ c e’ s “ .1 i ’V I t ’  tie ’ I e ’ m i i i  l i l t ’  t li e ’ t i m ui t a I I l ie ’ e’ I t’ t
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‘ I I ’ ) ’
h i ( iii ‘ iii ) ( I  . 3 )

ichie ’ I t ’

( 3  ~m it ~ in ‘ ) ( 3  i i  i i i ’ 
I / ‘

li (mi m m u m ) (I ~ mui ‘
~~~ ( I  Iii ’ 

~ 
(
~ nui~ (

~ ii i~ ! ~I .4)

1’h t e ’ h i c c ’ i,’ I ’ t i e’ t e’ l i t  s a I c ’ I i st  0t h iii t , i I ’ I a

I: t , m . ( l i e ’ I a I u a h i e ~ i ra 1 s i s t  e’m i t  t s e o i i v e ’ m l  i c ’ii I Ia ~i I a c e ’ t l ie ’ “e’ i Ve’ l l I
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I l t e  m i e  I ‘- c ’ c t ’ I l c l  t~ t’ tl a u t o m i t  i l i ii I m . ‘ i i  t ‘- I l i e ’ ‘- i t i ’ i  o f  I . ‘ I t i I . S 1

Iiii i” , I l ie  I e  i - - l I t ’ - 0 . . t i m i t l c ’ i  .h ~ u o u t  I u m b u t t  m . . ’m i .

l i l t ’ l I e ’ \  I a m d e ’ u t ’l i  I i i h i m  I c ’ l i  m ‘‘ I h i t  m ci a m  ~le ’ m i m i  F — I bit ’ I t ’ ‘.11 I I

m ‘. ~ m v e ’ i i  m U  I ha  t o  i t a m  I l i e ’ ~ . 1~~e ’ , e ’ t~ i i  ( I 1 . b i t t ’ c a  l i m e ’’ . c i t  I~ ( u n  , mn 1

Ile ’e’t I O c I  i m i I i , i  I c a  I c t i  I a I  i t in 3 m e ’ I m ‘ . I e c i  iii l • mt ’ I a  S .
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a im lie ’ I- e’ gatd (’dI i i i  t e m - u u i s at  t h e ’ v c ’rt ice’ s a t ’ t w o  i n t e m -  — p e ’ n e t  r a t  i ng ,

I dlt ’li t I c  a I t e’ t r ah o e l  u - a - The ’ r at  a t  i o n  a b o u t  a ny  C -~ ax i s t a k e ’s one’

t o t  i’ ,ih i e ’ch reTh I li t 0 t lit’ at he’ t - fh o  sum a t ’ the ’ cant i - i  hut i aim s I u’orn

t he ’ t tso t o t ral it’ cl l’3 e’afle ’O I - Thus  , t h e ’ I i t - s t  Ol’dlt’ r c a n t  u. i bu t  i an

iii t he’ c t m b  I t - s i - s t  em i s of o l’tie ’ r ( ‘l (  r 4 )

‘F l i t ’ i-ein a I nm I u s  ge ’u m t’ ra 1 t vpe ’ at ’ sa l  V a t  ian to cans I det’ I s t h a t

o f  t I m e’ I I n o a m -  “t I’ i a t eimli I c i ’ t vp e ca lls  iche ’re ’ tI lie’ fa r e ’ by Fc lge I I , et a I . ,

an i c l by ~Ia \ t ’\ and  Po liom ’ •~ 
\ I t  l m omig hi t lie’ an t  h o  r ~ i mi d i cat e t h a t  t he’

U Se ’ 01’ t I m I s m a ch e ’ i i s t o  aim e’X t e ’u m t s t m t ~e~es t I m e ’ a n t  v o f  t l ie’ t vp es

di t’ icirc e ’ s is hi I c’ h l  m it ’e’d t a lie co um s I t l t ’ r e ’cI • \Ia xe ’v am id Popom’ g I Vt’ I I nt ’a r

“ c i t i a  I I cs im cai i “ I th e ’ r a t s  t o  c’ re ’tl t ’ m m cc ’ a i m t hit ’ h a s  i s a t ’ t lie ’ i r  NM R so 1 ~‘a t  I om i

st t m e l v ‘~ ‘l ’hei  r a m i a l v s i s  s tm ~~~e’s t s  t h a t  iii I 1MSO l i ~ i s  s t r o u m g l v

,IsS cic i a t  0th t i l l  Ii t w o  m o l  o c u i l  c’s of  t he ’ sa l  m o n t  . ‘ l ’hm e’ i i  a m i a l  m s  i s  a I so

Stit ~c~c’5 t s t h a t  for t h e ’ I am i s d1 t’ SOd I urn t hi ’eiii gli ct’s i t im , thm e’ coor cl i nm a t I aim

s t o ss we’ I I  the ’ l i m i t ’..1 -

I ’ hmt ’ re ’ a Fe’ ~h i  III o u t I t t es as  soc i a t  Oci i~ i t  h i t l ie ’ LISt ’ O I’ a I I nt’zu r

so t v a t  I ciii m uotl c ’ 1 it h i I o hm h a v e’ t o  do w I t  Ii t h m e ’ p rohi I e’in at ’ t ho ag l- t’em e’u m t

ht’t wet ’1l I hooi ’v 3fl t i  e’ xnt’r itU c’flt - i i i  pa Ft i t - ti i ar , the’ Ii neam ’ SO I V a t  I Oil

ma~Ie I v I e I 1 t c.. t ’ mia m i  v aim i s I i n g  cciii t t i l i m it i omm S o f  di l’dle u- tI (I- ) t a

he ’ c v”  t e’m j i e s t t’ i i  t I a I one’ t -g v  f unc  t I till . t1 11e ’ a I t h ose ’ t’ant  v i  l i m i t  i o n s

I s 3i~ e’x p a m l t ’ii t I a I i ’ e’pu I ‘-. i din t o t -Il l • a n i t i  t hit’ ot  he~1 i s o I e’c t t a s  t a t  I c

Spe ’c’ i I i  c.i I I v  , t hit ’ ~ I e’d t rc i st a t  i P e’t in t  v i  l i m i t  i ciii c an  lit’ wi’ i t t  en as

= ~~~~~~~ (x + i. ) /R~ , (I . 0 ’)

am m I t  m mi g t he’ t ’ I ~ti I Ii ci rdt’ i- e’ cin I l - i  bu t t  I ciii . The’ repu 1 s ion ~‘au it  m i  l i m i t i tin

ha- . .i s m i t  Lii ’ ftu ie ’ t m oiia I tlopo n tle’ mm c e’ on the’ t’eiti i’d I n ate’ var i a lit ’s.
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The f o rm o f t he in te rac t io n be t ween a con t inuous char ge

distribution ant i a p o i n t d i pole  locate t i  at the centre of a conducting r

sp here of radiu s a is developed with the use of the Fourier

‘4
c onv olut ion theorem as chi scu s set i by Silverstone . The gene ral

form of t he in t er a c t ion can he expre s se d as

V ( r 1 2 )  = ~L Jci tk k~
2
P:oft ck )p ei i pole (k )ex Ti (ik .rl2 ), (1.10)

where r i 2 is the vector separation between an element of charge

i n  t h e  c o n t i n u o u s  e i i s t r i h u t i o n  anti t h e  p o i n t  dipole. The Fourier

t r a n s f o r m s  of t i me  c h a r g e  d e n s i t i e s  are  si g n i f i e d  by the  p - q u a n t i t i e s .

The g e n e r a l  e x p r e ss  ion for t he t ran s form i s

p ( k )  Jei m r ~ ( r ) e x p ( i k r ) .  ( 1 .11)

In  t h e  f o l l o w i n g  c i i s c u s s i o n  we assume t h ia t  the con t inuous

c h a r g e  d i s t r i b t u t i o n  i s  macid led as a S l a te r - t y p e  d i s t r i bu t i o n , as

ha s been d i s c u ~ st ’e% in  conn ec t ion  w i t h  t he  f re e  energy  of i o n i c

s a l v a t i o n  e l s e w h e r e ’  ( c f .  r e f .  2 5 ’ ) . Thus , t h e t r a n s f o r m  of the

charge densit y can he ’ expressed as #S

= p~~~/ ( p
2 
~ k2 ’)

2 (1.12)

~-a rr e sp on e hi n g to a co a rel in a te’si s :mce c h i s t r i h i u t i o u m  o f ’

- e x p ( - p r )  ( 1 . 1 3 )

where
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15 2 / h i  ( 1 . 1 4 )

‘S, m m m c l  h i t s t he o h ’ lOt ’ t i ie ~ I~eshm r raci i mis Ia u’ the cii st r I limit ion  . — —

l ime ’ t ra n s (ci u mum f’o u t I m e’ t il pa 131 ’ cii st v i  l i mi t  i o rm t’afl hie expres se’ei

.1 -S

l i s t s ~~ 
(k) -l n i  ( i t / a )  j i  ( L i ’)  ~ 

\‘
~~~~ ( a)\’~ ~(k) (1 .15)

Whl e’l’t’ i i  (Li ) i s  t h e ’ c i ih m t ’ r i c a l  B esse l  t’un c t  ion of t h e  f i r s t  k i n d  o1
11

O i d i e ’ I I

%~hc ’um I h i t ’ ab ove t r an~. (ci rmn e’xpu ’c’s s i o n s  a l’e’ suih i s t I t u t e ’ti i n t o  t h e

e’ \ p i’ e’ ‘-. s m ci ii te i 1’ 1 l ie ’ l i l t C’ i ’3t ~ t I ti ll , is t’ I i  flel

V( i ’ u : )  = 
2 1 111i ¼ 

Y ~‘~~~ ( a )  J ..i ‘k ~ 1 (k a) 

~ I 
(k)exp(ik m’ i: ).

uui k 2 (p2 +k2 )2 m

(1 .lti)

he ’ mm cm c- tin ~ ide ’ r t lie ’ e’ x p a u i  ~. I an a t’ tim i s (t in t ’ t i on w I t I respe’c t  to

wt i  a u - h i l t  r a m - v  t’e’nm t u -os u 1 and S ( ( a m -  t I m e or i u~ ti of  the centre of

s s - m uun n t’t u- i - and the ’  t o e - a t  I an a t ’ t lie ~.o I v ent ) . Thus  , i I R i s the v e c t o r

f r o m  (~ I c ’ S and  r i s  t i m e ’  V e’c’ ta t ’  f rom 1 tei time’ laca t i o n  of ’ the ’

P011 1 Fe’ at  ti l e ’ c h m , i i ’ s e ’ dens I t i ’ , we can  ms’ r i  te ’ r~ = — r .  The’

ox p aume ’m i I i a I ( t i f l c ’ t I an i n  ( 1  _ Us) uiei w e’3fl he’ w r  I t ten  as a p roduc t o t~

e’xpom le mi t t a t  s . Tim e’ Ram -  It ’ i ~ hm t’x p an s  I om i can  lie used for ea c hm ci i’ t h m e s e’

1’x jiei nlen t i~i l l’m i mm c t i ons  :11

t’xp( i k .x) -l ii V I ‘
m l X ’ )  rn~~~~-1 ~ (kx ) . (1. l )

C , ill
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lime ;i tmgul a m’ m i l l e’~~ i’a t i t in s can  lie d a i ’ F u  ccl eiU t  ea  s l i v  . \ s  a i- t ’ sm u i t

V = 
~~~

‘ ~~ 1 

1~~~~iJ- ) (1 ~ t 10 i 0) ( 1 :mnm 2 i m i ) ’

- * - 
* 

— n” i i ( k a ) i  , ( k i ’ ) j  , ( kR )
I .

~~~~ ~~~~~~~ (m’)i , (R )~ dk  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ( 1 . I S )
~ ill ‘ Iii • lii- - t p ~~ k ‘ ) ‘

l i m e’ k S~~~3 d e ’ u’ ad i , i  I t i l t e’g ra I h a s  ,l pei I t ’ at K = 0 . The c an t  r i l i m i t  m ciii

c i t lii i ‘- p a r t  a t  l I t ’ i n m t t ’gr . i I t o  t i m e ’ wh o le ’ e’xp m - t’s s i c i n Is i d e ’nt i c - al

I a I l it ’ ~‘.u i’ I ~ciii Rmi - S ili i m , ssaKe .
S 

d’x1s m’ t’~~s c o m m  a” wt ’ h a v e  Use’cl i t  fa r

t i m  pci L mi - “V  ‘- 1  e ’I’l ’ _ F l i t ’ u e ~f l ,4  l i i i 115 I t ’ Films ~i i~i ~~t’ ir on  t lie ’ po le ’  at

K 
~~ I i i . I”  a i t ’ ~ t i l t  • de’ncs t im..~ l iv  V ‘ a i i  t a r m s  d i  I t’e’ remi t f r om t i m e’

e a  i - I  s o im - Rmi ~ b mi i r a o k c ’ t’\li3uls j ciii , ic e’ O~~fl WI _ I I c ’

- * — * — — ~~ .~ ) I —

- 

~~~~~~ t m 1 i c i rn m ( 1 ’um nm :( [ ~~~~_l

( S o : 11 ( I  lulfll (~ t “ : ~~~~ ( 3j’ 1 t  
~~~~~~~~~~~ K ~ ( R j S)

• 
~
a
~
i) i (ap i m , ~yp ik . ~~R p i • ~m ’p i i~ t a p ) m 

~~~ 
( l - p ) k ~ (R p i

- ( R I ’ )  I I 3~~~) m rp ) K 
,

~~~ 

( 1 ~ j i )  1)  
.

i’ lit ’ ,mmm smu t .4 1’ sit ’li e’ImJc ’umdt ’ a t t im m s c’\j’ Vt’s’- i d 5 i% 1 — tIc ’ s~ini c ~ts the ’

o’, m u l  St ill — )~t i s hi1 s i’cioke’ t’xp al m s I ti ll . hIc i ~~~~’ t’ t , time ’ Fe’ t an i mpam - t a n t

I lll.. - t I c i ii h i t ’! ic t ’ e ’ll (hi m I e’ l m u i  , l i l c i  I he’ C t i -  I s~ i im Rt i sh i i i i~~~ke’ I’arrnu 1 a

i i i  t h , u t f l i t ’ e’ l o t  Ii a t’dc ’ m’ P on t  l’i  l i mit i ~ ui I ‘- 11011 - v an  i “ li i n g  i i i  i t s

i - tlt ’pe ’uic i t ’llc ’ e ’ I h m u - .  • ~i “ I s O  sliois i l l  .mp~i& ’nd m \ I • t hm e ’re ’ i s an e’ lo~~t i-a

“ 1  a t  m~~- p on t m  i i s u u t I t~fl I a I I t ’ foi’p e ’ dc lii c( ali t

-— — — ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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\ fp c ’ u l t l i ’ s 2 :  h i  c’t’t i’a st a t  Ic ’ l uSm~Ic~e’ t’ I fec , ’ I

h~ i t ii ~i . \t . ‘ic K 111 1 c’s ’ , ll e ’p a r t mt ’u m t a t ’ Phi v s  ic~ , li ak I an d  b I n i i- e’rs  I I v

I i i  c i i  ‘-PLI S s t um~ i c i i i  I c~ -‘ti I i ’at I an , S C) (a  r 1st’ h m a v t ’  t’ou m c ’ent  I-a t Odh

a im I v aim time ’ i- I h sra  I I 011 3 1 c l e ’ u’ Fec ’s a t ’ t’re’t’t l o m  is ii Ic _ i l OX I ~ t t’om ’ I lit’

‘. v” t  0111 c i i  t lie ’ I ei I l  J i l c i  I I  5 ~~l’ im ar ”  sa l  i - a t  I dill she’l l  . ‘l ’hi s s u b sv s t  em

i can ” I t i e ’ Fe ’ci t a lie ’ I ei t’a I t’d i m is I t ie ’ a c’av i t  m- w i t  ii i n  t lit ’ l imi t K of

I lie a I iou t . I n  t l i i  “ “ e’P t i 0 f l  sc t ~ e’x am j i l t ’ ( l i t ’ t~0fl se’q uc’nc Os ci I

adci l u g  e’ Ie ’o t I ’ ei ’. I a t  m~ - i m a g e  e f t ’ec’ t “ t o  t he h~as Ic e~3i’ it s - I n t e i a e ’t i Oil

I e’Fm ~

I u t e’ d m I u m  
21i h a s  e’ t ill s c i t ’ t ’ e’ci t h i t ’ i I n a g e’ app i-ox i m a t  I on t o  t I m e’

it ’ I e’e’ Iv m c  m’eao  t m a n  I’ m e  hi . l i t  s .m~ip m - o x  i m a t  i on  m et  lad s ar e’ p a r t  i e’u I am ’ I V

t i - S e’ t ’t i  I ( a m ~ t l i t ’ co u m s u c i e~ rat i ciii of t’au ~Ip I I cat  e’d ca l  1 oc t  i e~n 5 of s a l  v e n t

and  i an~ w i  t hm iii .1 s e s i v a l  l o l l  ca m ’ t I v .  A l  t h c i m u g h Fi ’ i ee imai m e’ciflS leit ’Ft’d

‘ i t ’ i m a g e  app i’o x I m a t  I on t o  t h e ’ mon opal e 1, 1 o le1  i n  d c  I a I I  , he on I v

t i ll ..’ I a”  t l ie’ u S e~~ U I t  -‘ t ’ ci u’ I l m t ’ d i  ~ ci I ~l 1’ I i e’ I ..i . Fo u t hmt ’ s a K e  c i~ t~ timj s I e t e’ —

l ie’ — “ iu m ci i i  i . . i u  “ c i i” ’- I OI l  • icc’ atm Il til e’ t l i e’ c’ I c’c t i-os t a t  ic ’s at  ti m e ’

t im pa I ~u u i’a.le ’ t i esum I’ i a I ci and  t li e’ apis I I c a t  i on o f  t i m e ’ image ’ app rci x i m at ion

t o  i t .

( ‘t i l lS  I t i t ’ I ’ a ‘~ u h o  I t ’ t’hi , l F t .~~’ . . j  1 c’c’,l I c’..I I t  ‘- O Il  t i l t ’ .1 \ I il l S 1 ti e ’

~i ~p h c ’m ’ m c ì l  e’,li i t s ’  of  t- , ld i i i ~ a. The’ j i t i t  ou t t a l  ..hmic ’ t ci t i m  i s  c~h i , t  I ’g e ’

I l l  ~ I t It ’ l It ’ o , I V  i t  i I ~ 5 I V t ’il hsv

~ 
•~~~~ = - -

f ~~~~~~~~~~~~~~~~~~ 
P . ( c ’0S~~

) 
• a~~r ”s

w i m e ’ u’ e’ I’ ( x 1 i s t i l e’ I c’g t ’im ei u~e j ses I s -u m o m I a I ci i ci r c l e r  mm . ch I t  “ m ti e’ I h m t ’

sp hm t’ u’ i t a  I ~-av  i t i -  • t l i t ’ p e s t  ~ f l t  i a I i s

- -~ 
—-
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~ c Li t  I r ,t l ) = 

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

l’~ (cosO) . ( 2 . 2 )

h’e now i m a g i n e  ~i s i ng h ’ i m n a i ~e c h a rg e  q~~111 p l a c e ’ci at = a .

Fli t’ p a te n t  i a 1 p i- ciduue ’’d liv t h i  s cl am -ge at m.’- a I s g i von liv

C I .  r
I’ t ill 

-• -.

~
‘ im = ‘TT ~ (p a s t ) .  

( _  ... u’ -l iii

lit’ mc e i u l e j I i k e ’ t o  mak e’ thi t’ id e ’im t i l i e - at  i o n

d i .cm - 1
______ - 

~‘~
-
~‘7-r~

- -r1- 
-t — I +

I Ill

= ‘ 

~~ ( / ( ~ •~~ 
q ( a / s)  

~~~~~~~~~~~~~~ (2 .4)

II i s i d e n t  m I’ i c at  I on w i l l  be m a l I d  for  all sut~li c i ent Is- I argo m-a lucs
at ’ 

- i’hti s , I’ . a ii . . l  c i .  P ~4I1 he’ i d ent  i t ’ I ed ~i s

‘• im a / s  (2 .5)

anti

c i .  = - 

( 2 . i)

:~ i t t ’ rima ti m - c l v • Fr I edman -
~~~~ h~i s no t e..i that

______ 
c - I  

~
- I 

~ 
_• ‘

)~~• ‘ ‘ (t+T’~
’ - 

~+ I  K = (1 ~~,
- + 

~ ~~ 
( + j ~~~ 

-

111115 • t h ’  itit ’nt t t’ic ;it i o n s  ( 2 . 5 )  3hlcl (2 , s) amount t o th e  assun ip t  ion



-33 .

th at ou ts ’ t h e’ k = 0  t e r m  in  (2. ) neeci s to  he c o n s i d e r e d . I t  i s

ee i ct i v a l e t m t tel s am - that t’or  su t ’ f i c i e ’n t l v  l a r g e  v a l u e s  of t , t h e

K = (1 I t ’ l lIi I s t lie ’ eI (i tfl i nan t Pon t r i hut  jail . I t  shou I ci he not ccl , however

th i ~u t  j l s e i  fei r s c i f f i c . ’ i t ’ t i t l m ’ t a I ’ge ’ V 3 l m i t ’s c i t  t h e  d i e l e c t r i c  co n s t a n t
t 0

the’ k = 0 ’ zulsc i s u f f i c e ’s re’gar c il e ss of t u e  s i :e ’  of C .

I f  we c o m m s i ck’ r a tm is - t lit’ k 0 e’aul t m’ i but ion  t o  ( 2  • ) , eqn (2 . 3)

p a im be’ w I - i t t  cii as

In 
- 

~~~(,i ’s) ~l ~ (m . / a 2 s)~~P C (c o s O )  (2.8)
(a /s)

i, h i i p i i  , as Fm ’tedim m a ti h la s  ~i t i j flt CcI out  , 2~ i s  e q u i v a l e n t  to  t he  Lap lace

e’X l S JIls it i t i of

di 1 11/ ~ i I f l

f a t ’ m’— t ’  -m m

lii e i rctc ,’t to coil s i~Ie t  a dl I l i a t e  l o c a t ed  in  t h e  c a x - i t s -  and i t s

triag e ’ , we’ n e x t  co ti s I ~i~’ r t h e’ sup e’rpos  I t ion to two so lu t  ions

c u t ’, ,‘ I. ” ( h i t ’ 1sot t’fl t i , u I pm ’ ei dI c tP t ’dI l iv e l m  = +q l oc a t e’ci a t  :=s , and

t isO , i s  t i m e  p a t e nt  l a t  p r o d u c e d  liv q~ = -q l o c a t e d  at := s -~

Time’ p a t  cul t m a t  tms  m d c  t lie’ p am’ I t v produced liv cl i  i s g i  i’en by eqn ( 2  . I )

Flit ’ pel t e nt  i a 1 p le i dIuc Ccl iii- ci I

~ 2 i i m  = Y {~~ +~
_
~ p + t  (~ +1) 

c~~~~~ rr C J  p , ( c a s e m ’ ) . (2.9)

The’ t o t a l  pot  em i t i a 1 i n s  ide the ’ cay  i t ‘ i s

~ t o t a 1  ( m i  = + ~~~ i n  ( 2 . 1 0 )  

--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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~s Ii I C ’ hi “ t i l e’ t~i’~ c i i
’ 

I, 2 - 1 1 ,t im c h (2 . I . \ t c C ,  , Ice’ Is I I t  e’

- 

~
) 

~

. 

= s ’ I (~~/~~
) - ( 1)  ( .

~ 
/ )  + . . .  } , (2. 11)
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W i t h i n  t h e  solvat ion c a v i t y , the term s which contribute to t h e

hi rcath ing mode force constant are t h e  f o l l o w i n g : (1) t he  i o n - d i p o l e

i n t e ra c t i o n , ( 2 )  t h e  d i p o l e - d i p o l e  i n t e r a c t i o n , (3) t he  s h o r t-

r a n g e d  i n t e r a c t i o n s  ( r e p u l s i o n s )  w h i c h  ope rate between t he  species

in a p a i u ’- ..cis e sense , and (4) t h e  i n t e r a c t i o n  between the solvent

m o l e c u l e s  and tIme cavit y s u r f a c e . Outside the cavity, in the bulk

of the d i e l e c t r i c , the various image q u a n t i t i e s  are located .

W e consider first the electrostatic i n t e r a c t i o n s  which  o p e r a t e  be tween

sp e c i es  w i t h i n  the cavit y .

Tile i o n - d i p o l e  i n t e r a c t i o n  has been discussed earlier. For t h e

t e t r a h e d r a l  s o l v a t i o n  i t  i s  s i m p l y

‘i d ( c )  = - iue/ R 2 . (2 .22)

We next calculate the di pole-dipole interaction which operates

between each p a i r  of solvent molecular d i p o l e s  w i t h i n  the c a v i t y .

To c a r r y  out this calculation , we assume t h a t  the  di poles can

he regarded as idea l point di poles. Thu s , the general form of the

i n t e r a c t i o n  is g i v e n  by

~dd 
= ~j i •~i 2 / R 3 

- ~(~~1 .R) (~~2 .R)/ R 5 ( 2 . 2 3 )

an d the vector R i s  g i v e n  by

R = - R 2 . (2.24)

The vectors Ri zinc! R 2 are referred to a common ori g in at t he cen t re

of symmetr y f o r  the sy s t e m .
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w a l l  
— TT~x p f ( R-A ) fa1

wh e’re :\ i 5 t h e  cay i t  v I’3cl i s i s  anti  a I s t h e  hal I w i cit  I of time ha i ’ i- i c r

The’ t h i c k n e s s  (~t t h e ’ h s a r u ’ i e’r , an d  t h e  e x t e n t  of  its influence into

t lie cay  i t v , I s clot  e run i flee 1 liv the magn I t side of t h e  constant a. For

a v a l u e  of  \ o ~~ tIt’ eirdt’ m- of sc’v cr a l  cV (a  m a g n i t u d e  which correspond s

i’aug bilv t o  th i e’ s o l v a t  io n is’ el i  d e p t h ) , time e ft’ect of t Ime potential

t e r m  (2. 2 (i) is ve’rv smnal I. Its ct’fe’~’t on time b reat hing macic force

c o n s t a n t  i s  e ’vai m l e ’~~5.

The ’ con t  r i hut ion a I t h e s e  cay  i tv  p o t e n t  i a l  t e r m s  to  th e

sol vat ion she I I h a  u’ m n on I c  hi i’ea tim I ng matt e fo rce  cons t an t  i s ea s l i v

found  Iv c l i  i.ec t d i i ’ I&~ ron t i a t  i on . Thu s

= -24 ~~ + - IS ~~~~~~ ~~~ + 2 0 B / P 2 ~~~~~~~~ cxji [(R o -A )/a J - l ( 2 . 2 ~~)
a 2 (exp E (R 0 1’h /a )+ l )

whe re’ h~ zin c 1 ~‘ , as  sac  I at  eel w i  tim the r epu I s I on i at e rac t  ion , a r e’  etC I i flee !

i n  t h e  t ex t : c f .  eqn (3).

1~e now turn to a consideration of the imag e  contribution s to

t h e  potential e n e rgy  t’unct ion aii cl to t h e  torce constant. These

terms show a camp Uczttecl structure , 3fld( their silt inmate effect on

t he f o r c e  cons t an t i s  s t n a l l .  Thus , we wil l  show that they general1~-

nee’cI n o t  he’ cons  i eiercd further , espec i all y whmen oile IS i nteresteei

on I v i n the v i b r a t  i anal s t r t i c  t t i  i- c’ of  t h e ’ sm - s te ll

Th ere ’ a re ’  a nu n i be r  of c o n t r i b m i t  i o n s  to  t h e  liei t & ’u m t i a l  t’ne’rg m’

f u n c t i o n  fo r  t h e  sm -stem w h i c h m  arise ’ from the interaction of tim e’ ion

a n t I  t he’ sal vent d i p O l e ’S w i t I i m i i ; ie ~t’c I i i  t h e’ hi m I K of tim e so! sit ion

Two of the i n  t e’ rae’ t i on s m’ i c I t 1  no a al i t u ’i b m i t  I aim t a tIm e h a  l’lflOli I c ’ fo ra e
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l i i  pa i t  I c t l l  .1 1’ , t h e ’ I c i i i  I e ~~~t
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is It I m 1 5 I I1h ,I t~e’ t l e ’ pc ’ m lt i s  t ill  I V tip an t hit ’ sa l  v a t  t t i l l  she ’ I I rae1 i mis \

\ 1 sci I )mc ’ ill t a i’ac I i a m m  bit ’ ? w t’e’ll I hmt’ i t in i n s  i de’ t h i t ’ a zLV i t  V z i n c 1  t h i t ’

m l n a g e ’s ti I t he’ d I pal c’~ ~
. j ~~s el ’ isa e’ ti f lt  u - i hstt i an t a the’ (ci t-ce’ ceinst ant

I’iie so It ’ Il lI s , z im m cl ci t hi t ’ rs  , w i I I he’ i I h i t s  t i-at e’ei j u l  t h i e ’ t’a I I Ols i umg

pa i . i ~~ i z i p hi s  -

F ar  t lit’ c I zis~
; m e’a I , uit i ii spa t I a I Iv im iti t t’m p a r z i  I i s d i  sl ’e’ rse ’

. . i t e’ I t ’c’ t r i a , I l i e ’ i an i a “ t ’ I f e’iit ’ 1 g m -  I t~ I S’t’il liv t i l e ’ l i a r m m e’X Ii i’ e’S S I till

( I  I ‘~ ~~ 
‘

:1 Imi I l i t ’ i l I I z l t ~e’ , I 1 i j i I ’ t i\  I Ill~u t  I O i l  c i f  t l ii s t’ xp m t ’~ ~ m an • we t m  nti~~

I 1 0

i ( ‘ ~~) 
- •1 \ - (2. 29)

ía r ~~~~~ • I~ ’ I e \ ~ 7 Il l i  10 • I li t ’ I I I I . i t ’ c’ .il i l i l’ cix i lil ;I I i t i ll ti~ I’t’e’ i s t ’ i’ eiil l t i l e ’

lm c i i n  “a I I ’ a l i t ’ i’ c~v l iv  a h i a i m l  2 . . Fa i ’  watt ’ i • the ’ imag e’ appi’ eiX I m a t  i ciii

ti I I I t ’ r —  I ’ u e im ml ( l i e  h a  u n  s e ’ I I’ e’m m c ’ u’~ m’ h is  an I v I • 3~ . Thins , t a m ’  pci I a i

sO I s e m i ? “5~ sI till S , I I t ’ i milan . . ’ z l I i t i l - a X  I m ’ l z i t  i aim I s rca sei m m a h i  1 e’ . 1 m m zin s

e , I Se ’ • i t  I d I t ’ ;I  r t r a in  t h e ’ I’a i’m a t ’ ‘c l i m ( 2  . 28 ) ,Iticl ( 2 . 29) t hat t lie i- c’

c ’ , I l l  l i e ’ f l u  a t imm I I I h i ll I I t i l l  .11 ’  i S I i l u ~ li-aml i I h O St ’ I e’ I’lll S t ti t h i t ’ t o  I ’ i’ e’

e c imm ’~t l i l t

1 m m  t h e ’ I wage ’ .Ilili rti \ l im iz i t Ian , t he’ Se ’ I I c’ne ’l -gv o f  thme ’ cii p0 I c  u s

re’ I a t  I y e  I s- ea s V I a ti e’ I e’ flu l il t ’ - i ’ t zm k 11m g misc’ c i t t he ’ I Oc’a t ion a t t he

t i m  pc i i t ’ I m l l z I t ~e’ , wa a aim ic I’ I I  e’ t he ’ v~ e’t t iE  st’p zi EzI  t I aim hit’twe ’en a ny  e l I  pci 1 C

1 m id i t  “ m m n _ i ~ a .1”
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R i :  ( I  A 7 / i ~~ ) R  ( 2 . 3 0 )

w h e r e  R 1 s tIm e ’ s’ec t ci i- ul r : iw m s f r o m  t lme’ c’en t u’ e’ of s nime’t ry to t lie

e li pa it’ i n  t lie’ e’3V it v . The’ i m a g e  e l I  pa It’ , zine l its source  , lit’ along

tim e’ ve ct o i ’  R ( z i u m c l  i t s  e x t e n t  j a I l s )  , h i n t  th e ’se  ci ipole’ s are eli rect ec!

in  time’ opp os i t e’ se’n st’ . F roin t h e ’  gene’ u’a I ía rmn a t ’ the di pole - cii pole

I n  t c’ i’a c.’ t i o f l  , Ic e’ f i n d

- - 
a - I  I I ’ .\ (‘ ~l )cte I ( I  ) ( s )  — 
1 T1 (A 2 - R 2) ~

A s we c i i  s cus sec i  aliove , and as F ri eciman a l  so note s , 
26 co - loca t ed

Ic’ I t im t lie’ d l  p o l e’ i m a g e ’ i s an e’ ffect i ye d m a  rge’ w i t  hi a magn I tu cl e g iven

by

— a - I  t ~C . - 

~ T

Th e’ i m ite rac t LOu hie’twe’t’n time ’ 5011 1’c.’ e’ e l i  pa Ic anti  t hi i s part of t h e  i m a g e

can  hie wr i tte’n as

- c - I  ~~~ I 
~ 

7~~)
cie(i ) (s) 71 2A~ (I R 2/A ’)

Wiien ( 2 . 3 3 )  is cam nhi i uie ’ei w i th i (2.31) , we’ can i~i i t e ’

— I c — I  t i : I+ x ~de l ( s )  — 

~~ (1-x 2 ) 1

i i i  wii i cli x i s dt ’ Ii ime ci Is’

-~~~~~~~~~~~~~~~~



-
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x = R /A . (2.35)

(‘ii i s quant i t v  is a lwam - s less t h a n  oi- at w o r s t  e ’qi ia l  to un i  t v

liv me’ans at ’  a d l  i e c t  e lI f 1e ’i’~ nt m a t  loll (with respect to R)

of (2 . 3-I ) we I i  t ic1 t h a t  tim i s t e’ m mim cant ii  hmm tt c’s

= - ~ ~ - I _ —~-~---—-t20x
’ + l I x ’~~l J (2.36)

to t lie’ f o r c e ’ cons t ant . I nte ’re’st l u g 1 s’ enoug h , t im i s term cant r i hutes

w ax I m a l l  v ( v i  . , :e ’ro ) t o  t lie ía i’d&’ e’onS t an t  whe’n R = 0 . 2 8 A

Geume i-a Us- , imo wes e ’ r ’ , a sal v a t  I on maci in s  as  sm a l l  a s 0 . 2 8A i s tin like l v

The lil t e’ rac t ion hit ’ t we’e’n tI m e ’ loi s an ti ti m e ’ cli pa I t ’ images i 5

e’ . i S i  l v  t’ot tt ici . It i s g i v e ’n Iv

— 4 ’ - I ~L & 3

i c l ( i )  
— - 

~~
‘T

.-\s re’markeet t’zirl i C l ’  , t i m i S te i’iii  ci ties no t m ake  a e’on tri bm i t ion  to time

forc e’ couss t a n t  (I t 1 s I nde’pemmeie’ui t of’ R)

N e ’ X t , I ce ’ don s  i d e  u- t he’ lot e’ rz ic  t ion lie t we ’en the ion ant! the’

e’ I fe’c t I vt ’ a l m a I g e ’s assoc  i ated w i tIm tIme ’ cii pole images . ‘FIm i s tein u

I s g I ve’n s I nip I v  Iv

4 ‘ 
_ t -  e l i

‘m i ( i )  
— t ’’T VT~ 

‘ -

‘I’hie’ I l i t  e’ rat’ t I aim h e ’t w e e m m  a c l i  p o l e  an eh t he el i  1)01 a r i niage wh i cli

at’ I se’s t ram a u m a t  hit ’ r e li pa It’ i i)  tile’ cat’ it V I S 1:1 lvi v camp ii cat ccl -



- ‘~~~~~~~

The deriv at ion i s sket ched a s follows . The dis t ance be tween any

di pole and t he ima g e of any ot her di pole is given by

R 1 2  = [3 ( A ~ +R~ ) +2A 2 R 2 } l~
’2 //NR. (2.39 )

For a system of tetrahedral solvation , the scalar produc t of the

dipole with the other-di pole- image is

1J1 P 2  = !.~(A/R)
3 .

~~~~- . (2.40)

Th e sca lar pr oduc t of t he ima ge di pole moment with the radius vector

between the dipole and the other image is

p 1 •R 1 2  = ~~~ p R(A 2/R 2 ÷i/3)(A/R) 3 . (2.41)

Simil arly, for t he c avi ty di p ole we find

P2 R = uR {~.(A/R)2 +l) . (2.4 2)

The general dip o l e - d i pol e in t erac t ion is now evalua t ed t o g ive

~ d d ’ ( i )  = - 2/N ~~~~ ~~2 A 3 3 A +
~~

4A R +3R ( 2 . 43)

F i n a l l y ,  i n a s imil a r manner , we find t ha t t he in t erac t ion be tween

a dipole inside the cavity and the effective charge co-located with

t h e d i polar ima g e a ris ing from a separa t e di p ol e i n t he cavi ty is

g iven by
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~ I ;
‘ ‘~, ‘ ‘,, ? + 3 )

‘dt’ (t) 
~~ (~~+2x +3 x~~)~~ 

-

F lit ’ c l mm a um t I t  ‘- x I tie’ I i mm e ’d h is- ccjn  ( 2 . 3 5)

l t ~om .ii 1 t hm t ’se ’ a a n t  i - I  b i t t  I t i l l s 1 c m  t i l t ’ pat  e’nt  i a 1 c’ne’ r gv  (s to at jail ,

ic e’ I’ I u i d  (lit ’ i uil~~~~e’ cant u t l imit i a im t ci I b i t ’ ía r a t ’ c o n s  t an t  i 5 g i y ou  liv

k .  = -1 .
~~~~ ~- 4  —

~~~~~
- -- (2O~~ + I l x ~~- l ) ~~~

-
‘

~~
‘
~~~t \~~ I ( l  ~ :~~:

1
+ 
~~ 

2 f”  ~ 1 ‘‘ f~~ ~ 
( 2 , - I S )

i~lmt ’ I e ’

~~~~[4 0 x ~~( l + 3 \ ~~)

‘ (~ 
+ ~ 1 + I t ~ 

( 3 + 1 1  \~+ 3\ ~
)_I_( i+9 \ ~

) (342\ . _ l
) I -1x ~~(I + 5~~~~’~’] )

( 3 4  ~ + 3 ~

( 2 . -16)

, imm ~i

- ~~~~~~ 2x ~ + - ‘
~~~~~~

.

(3+ 2 x b + 3 ~~ )

+ I ~~
\
~

; t 3 kL \
~~_ 33x~~+ 9 m ~jLq • (2 .4 )

(3+2x~~+3 ’~~) 
I

The’ t h i I Iii I it V \ i I s l~ ~ ‘ \ ic hme I ’ c’ R ~ i ~ t h i t ’ e’u l i l  I I I h r i  11111 Sti I v a t  I on i ’aci i l l s

lime ’ t I I f lu ’ rc ’m ice’ lie ’?  is t’e’mi t lie a ai’ I t  V a eiim t i~ i h m m t  I t ins  to t he’ (a rce’

~ 

- . . - . . . . . -
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e’Ot i s t ~iu m t  ant i  t h e ’ t a t  a 1 t ’om’ u n a t ’ t he ’ force ’ c’ofl st ant as a func t ion

af  t h e ’ s a l t - at i o n  t ’ a u i i m i s  of  a t e t r a h i e ’ e lr a l  s o lv a t  ion sy stem is

i 11 mm~ t i-at Ce1 lii F I gu re’ 1 . The e l i  f t ’e ren ce  I s not si gn i fi cant

i ’ hm t’ t r i age’ caum t i’ i b i i i t le ins to tIm e force cousstant for tIme breathing

PIC ’ c i t ’ zu Fe ’ S luizi I I , it ) dl jir (ih i zlh ) 1 v c ’zmn lie’ I gnor’ e’d i n  m o s t  c a s e s .

_ 
--.. .-- ~~~~~~~~
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Appendix 3: The laplace expans ion of the exponential repulsion

As we indicate d earlier in this paper , in order t o he ab le

p r o p e rly  to con si d er the vibrational modes associated with the I .

m o t i o n  of an i on w i t hin i t s solv at ion shell , i t is nece ss ary

to make use of  an appropriate form of the potential energy func tion .

For the electrostatic terms tim e (‘ar lson -Ru shhrooke 8 expansion was

used . The sc al am ’ e xponential repulsion which operates between

time ion and an of time solvent molecules can he expanded in a

s i m i l a r  a p p r o p r i a t e  m a n n e r .  It  i s  the  purpose of t h i s  append ix

to  o u t l i n e  tim e c o n s t r u c t i o n  of t h i s  expansion .

The s c a l a r  e x p o n e n t i a l , Born r e p u l s i o n  has  the  form

\ ‘ ( r 1 2)  = B e x p [ - ( r 12 - a ) / p l .  (3 .1)

The e x p a n s i o n  of t h i s  f u n c t i o n  in  t e rms  of the  coo rd ina t e s  r > and

r< (where r > is the g r eater of r 1 ant! r 2) is carried ou t in a

‘0 ‘1 22
manner simil a r  to that of Ru edenh erg , and o ther s , ‘ for the

Laplace expansion of the free -space (‘reen func tion (viz ., 1/r 12 ).

We m a k e  use of t h e  F o u r i e r  t r a n s f o r m  of eqn (3.1) which is

g i ven  Iv

v(k) = 8ur B exp(a/p) I (3.2)
p (l / 1~m

2 +k2 )2

( ;i  yen

= I~’ F (r)exp[ik r ] , (3, 3)

it is well known that one can write
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F (r-R) = 
l J d 3k f(k) exp[ -ik (r-R) ) (3.4)

(2w )~

Thus , for  e x a m p l e , i f  f ( k )  = 4 1 T/k
2 and the exponen t ial func t ion in

eqn (3.4) is written as a produc t of two ex ponen t ial func t ions ,

t hen t he Raylei g h ex p ansion can b e used in p lace of each exponen tial.

l’hen , in the re sul ti n g expression , the various in tegra t ions are

c a r r i e d  ou t , one recover s the famil iar Laplace expansion of

We now mak e use of v(k) in p lace of f(k) in eqn (3.4) to

w r i t e

* ~
. j (kr)j (kR)

V ( r - R )  = 16 !~. exp (a/ p) ~ Y~ (r)Y~ (R)J dkk2 ‘
~~ 

( 3 . 5 )
E ,m m m (1/p 2 +k 2)2

There is no pole at k=O . Therefore , we need only evalua te the

residue of the radial integral at k= i/p . The general form of

the expansion of (3.1) now is written as

V(r-R) =
~
4 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

+ (r /p)j
~~~1

(r </P)k~~(r>/P) 
- ~~~~~~~~~~~~~~~~~~~~~~~~ (3.6)

where r> is the larger of r and R.

The expansion of the M orse po ten t ial is merely an app lica t ion of

eqn (3.6). The Morse potential function is given by 

~— 
~~

-
~

-= .  -.--- —~ -~~-~,.~~-‘--‘-—---.- -—
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= I ) (  1 - e x p [  - (r - r )/aI 12

= I~t 1 - 2 exp  [ - ( r  - i- ) / a  1 + t’\ f ~ [-2 ( r - r ,) ~~~~~ ( 3 . 7)

The F o u r i e r  t ran s fo  u-lit o f ’ time f i r s t  t e’ i’m , 11 , v i e’ I ci S t lie lii rac tie 1 t a

f e t n a t  io n .  Co n s c q u e ’nt  l v , t h e  i n v e r s e  t r a n s f o r m  v i e l ~ls  the’ constan t

I~ in return. ‘l ime r oma i n  i r ig t e n s  in e’tln (3 . 1  lie’lmavt’ in a manner

I d en t  i cal t o  t h e  l~o i-n - t vp e’ m’epu 1 s i on  . Th in s  , tIm e’ expansi on of time’ so

t e r m s  i s :t acoun p l I shed  d i  i-ea t  l v  icI tI m the’ Use’ of eqn (3 .6’) - lc h e’n

t he coot i i h u t  I ons fm - am t he t w o  e’xp o n e ’n t  i a I to vms a r e  g r oupe d , t ime

fern of t h e ’ t’ x m m a n s  i an g I y en  i i i  odi n i. 
— ) r e s u l t s  
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I I I i  lIe ’ ti t l e ’ r Ile I I d i l l  l i t ’? lst ’ e’ h1 tIme ’ cou it I i mu a u s  c ha 1-ge’ d i st n’i h u t  i On  an t i

t h e ’ pet u~~ ~h i  p0 h e ’ w h  I a im  was t i t  5 c ’ i l S  se’eI I 11 •\ lipe ’ ri t i  1 x I

h i t ’ l : e i t I  u ’ i t ’ r t rarm s Ia i’uii c it the ’ e xp orme ’n t i l l  I t’e’pti 1 5 1 Oh S ~ i V eIl

Iv e’t l n  ( 3 2 )  . ~\u ’ ,I re ’ I n t  e ’ ru ’s S t’d i n  t lIe’ ha t ’mo r m i c’ S t’ruil is i t  ii t-espec t

Sc ’ t I le’ i’ va u’ , uh  I t ’ i i i  t h e ’ g o n e ’ i - al e’xji re’ss I ci i i  v ( r ’ — R )  : a I - , equ i ( 3 . 4 )

anel  ~ 5 . S ‘) _ I ’ h m t ’  , w e w u I t o

I’ ( u • R ) = - - ~L_ Jt l  
i k V (k)t ’xji (1k R) l e ’xp  ( 

- i k  i ) . (4 . 12)
(2r i) ~ 

-

I i i I
’ t’e r on  t a t  i i i c ~ t I u s e’ xp i- t ’~~ s i a i m t w i a e ’ w i t l i  m .es pee’ t to  r v I c i  t is

\ ‘ V V  ( r ’  - R )  = ~~~ Jd ‘k k k  ( V  ( k ) e ’xp ( i k R )  l o x p (  - 1k ” - ) .  ( 4 . 13)
( 2 n )  ‘ -

l I e ’ i n  S e ’ c~ u ’a 1 r m ( . 2  . I 3)  h i ; i s  S li e’ 5111110 t o  i- I l l  as  t Ime ’ I n tog ii i i exp i’e’S S i o n

i i i  o~~ui (- 1 . - H .  ~iiI ist’qii e’nt e’v a l l l a t  b u m  a t ’ e’qh l  ( - 2 . 1 3 )  p l ’O c c ’ eei S w i t h

b1e ~ 0 \ 1 t 1 1 im ‘ maim di I (lit ’ t’ X h t O l % e’t i t  I l l  I t e’ 1-ill . ‘t hu s

= 
~~

1 ,

= 3 ’ n -’ l~t’~ 1t ( ; i / 0 ) — - -~~- j 1y~ ( R ) Y ~~~ i _ k )

o ( I / o ” + k - ’ ) \ ,~~~l 
5 1

“ I  ( k R )  . ( 4 _ I - h )

I ’ hm c ’ I~ (i’ ) die ’ I’ I h i e ’t l h i ’ .  e’e l r i  ( - 2  . Si  h Ots h as 5 lIe’ ~P~’C i t’i c’ I’a run

-
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* ~ 
“ I (k r 0)j (kR)I I n 0 )  = 3 2 n T h  e x p ( a / o )  ~ i 1Y ( R ) J  elk k~J~ —

~~~~~~~
- ( 4 . 1 5 )I. 

1 ,11  0 (I/~
2 +k 2 )2

‘I _ l i t ’ i nmte ’gi ’a 1 i s e’va I ima tec i tar r’ o < R , tc’h i ch ic i I I a Iwavs be’ t rut’

( t h e  l i m i t  i s  t a k e n  as ~~~ ‘0). ‘ l ’ l m e ’re ’ is rio p o l e ’ at k= () unless

ts’ l i I C h l  w i l l  l i n t  h a p p e n .  A s a r e s u l t , we ’ f i n d

.1 (k u - 0 ) j  ( k R )  
—I lk k~ ~~~~~~~~~~~~~~~~~~~~~~~~~ = i ” 1 

~~ ( ( 3 ~~I, + \ ) i ( n / 1~) k  ( R / o )
I I/o

’
+k )2 F 1

+ (n / ~’)i 1 1  ( I ~/ t ’ ) k \ ( R / ¼ e )  - ( R / t
~

) i I ( r / P ) k
A l  ( R / p ) ) .  (4 .1t )

t h e ’  O c i t l i I I h i -  i uutu VII lmi o of r 0 is 0. ~ls a u ’esm i l t , t h e ’  i n l t e g r a  1 (4 . I i)

‘ .11C m i s l i t ’s f o r  a l  I V alue ’s of’ I. ~ 0 . Con s e q u e n t  I v  , t h e r e  i s  a n y

dm110 t e m u  1 o ( l ’~~ 1

I~~(i- ~ ) 8 ( R / p ) o x p ( 1 l / 1 ~) 
~~ 

\‘
\1 (R){(3+\)k

1 (R/¼~) - (R/oik 1~~1
(R/0)}

( 4 . 1 ~~)

l t om s’e”.’e’t’ , t he 1 I i s t  t om - rn i n  (4. I I )  i s  I 
~ 

r’~~i ‘I ’ I ma t i s  , t h e  I i  u. s

t e r m  i n  ( 4 .  I I )  Cei i’ l - e ’sp O i mel s t o  !. = 1 .  t~ut , s i n c e  =1 1 , on l v  one’ tel - Il l

i n  (-I . I ~) c o n s  r i l ut e s  - ‘ l ’ h m u s , t he’ f i r s t  V t ’ u _ I l l  l i m  (-1 . I i )  , eva l u l l  t e~i

Ia i- t 1 1 5 s i s t  0111 , I 5

t ~ ( r )  = r ” ( R / t i ~ ’ ) e ’ x p [  - t R- ~u 1/ ~’] (1 -2 o /R ) . (4 .18 )

lVh en t lm I s  u l i l l l n t  i t i  i S o v a !  m i a t e ’~i ; tt  the ’ si - st e in ce lu i I i  h r  i urn pa I nt
01 t~= a = R  , we t’ i m id

4” ~1

t 
~ ( r )  u - -  ( R  / t i c ”  1 ( 1  - 2 o/R i .  

(~~h .  I 0 )  
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The second term in eqn (4.11), eva luated for this repuls ion ,

has the  form

t~~( r )  = .L_ (B / p 2 ) e x p ( a / p )  ~ I f l + l ( A 2 0 0 1 0 0) ( X 2 u - s d O O )
3/ ~~

xy~ ( R ) Y  ( r )  ~ ( R / p ) k x + i  ( R / p )  - ( 3 + A ) k A ( R / p )  }. ( 4 . 2 0 )

C l e a r ly , t h e  sum c o l la p s e s  to one te rm , the term for  A = 2 .  For

any s y s t e m  w i t h  s i m p le cub ic  symmet ry , the  summat ion  of the

r e p u l s i o n  t e r m s , in the  same sense as the  s u m m a t i o n  of the di pole

t e r m s  in the  e l e c t r o s t a t i c  case , y i e l d s  a zero c on t r i b u t i o n .

Hence , only  the  z e r o t h  order term s u r v i v e s ;  t h a t  term is g iven by

eqn (4 .19).

The app l i c a t i o n  of t h i s  a n a l y s i s  to the Morse pot en t i a l  is

s t r i a g h t f o r w a r d . We proceed from eqn (4 .19 ) .

The Morse p o t e n ti a l  can he seen to y ie ld  two terms to the

force constant. The force constant contribution associated with

the a tt rac t ion t erm we lab el k~~, the t erm associa ted with the

repus lion c ont ribut ion we label k .  Thus ,

= - 
2Da 2

(l 2/aR) (4.21)

and

k = 
4
~~~~(l-l /aR) . (4.22)

The sum of t h es e  two t e r m s  g i v e s
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k = 2fla 2/3 ( 4 . 2 3 )

We t u r n  now h a c k  to  a c o n s i d e r a t i o n  of the  i n t e r a c t i o n  be tween

t I me  sa lt  i o n i c  c h a r g e  d i s t r i b u t i o n  anti t h e  c o l l e c t i o n  of p o i n t

s o l v e n t  d i p o l e s  w h i c h  was d i s c u s s e d  in the  f i r s t  a p p e n d i x .  At

t h i s  p o i n t  we need to  assess  t h e  c o n t r i b u t i o n  t h i s  type  of elec t ro -

s t a t i c  i n t e r a c t i o n  m a k e s  to  t h e  fo rce  c o n s t a n t .

I n  eqn ( l . l b )  we e x p a n d  t h e  e x p o n e n t i a l , e x p ( i k ’ r 12 ) ,  in t e r m s

of r and R :  F 1 2  = R - r .  The re fo re , c o n s i s t e n t  w i t h  eqn ( 4 . 4 ) ,  we

w r i t e

1&i pp 4 

~ 
im lm k 2  

e x p ( i k ’ R )

= 
64 i p p~ 

•~~~~~ {4~~~~i : J 2
l i o o l x o ~~~1 j m k IA u i

A
Y~ ni~~~

* J m  (ka)j - ( k R)

x I
~~k (R ) ’I ( k )  ( 4 , 2 4 )
-~ k 2 (p 2 +k 2 )°

= ~ f 1 ( k ) Y 11 (k ) .

The radial (lml armt it y I
1

(r o ) i s

1 1 ( r 0 )  = 
2 7 mr 3 i i i p ~ 

~ ~~
k {4

~~~~~~~~
i 

( l I 0 O ~~A O )  ( l j m k I A u ) i ~

* ~ * ~ .i ( k a ) j  . ( k R ) I L
( k r o)

‘Y (a)Y k (R) I dk k2 .3 . ( 4 . 2 5 )lu n  J (p 2 + k 2 ) 2  
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Itt’ now eva 11111 t e t lie f i r s t  to t - un  i n  eq r m (4  . Ii) . h ere , as wi tim

t i me  r ep uz  I s I on t e m u n  ex aun  i n ed ah i ov e  , we note that I~ ( r ~) v a n i s he s

as r 0  • C) f o r  I. ~ 0 . N o t e , howeve r , t h a t  t h e  i n t e g r a l  in  eqn ( 4 . 2 5 )

de mo s  not  elep er it l  upon 1 N e v e r t h e ’  l e ss , t h e  f i rst t erm in eqn (4  . 11)

r e q u i r e s  t h a t  1= 1= 0 .  Ite ’ f l u i d  t h a t  t h e  f i r s t  t e r m  in  ( 4 . 1 1 )

i ci el s

(r) = 2~~r 2~~ 
~~~~~ I - l  ~~~~~ 

- 

~ l 0 ’ l0~~~ 
+ 

~~~l - l  ~~
‘
~~~~~ l i  ~~~~~

‘I 3i 1 ( a p ) k  ( R p) + i_ n p) i (ap ) k (R p I - ( R p )  i 1 (ap)k2 (Rim) ).

( 4 . 2( i)

;:~ r . a tot i’a hod m’ :i I s i- s t  em , t I i s h ie ’c a ities

t~~ ( r )  = 2 ~~~~~~ ( 3 1 1 ( a p ) k m ( R p )  + (ap)i2 (ap)k1 (Rp )

- (Rp) i i I a p ) k ~’ (R7i ) 1 . (4.271

‘I ’bmei - ’ i s  a r i o t h m e ’r pass i b i l e  cant  ri but ion to the force c on s t a n t

lot- tIme case  w h e n  1 = 0  , Q = A = 2 . I l aw e ’v e r  , i t i s me I a  t ive l v eas i lv

shown  t h a t  t li e’ fe i’m i ~ s i m i l a n  to t I m e  ( ‘a m l  s o n —  Ru s h b r o ok o  ex p r e ’s s io n

lot- = 2 . ‘ t h u s  , t’tm i s I nip I e cub ’ i a svst ems , t he s e  ~el tl i t i o na  1 t e r m s

‘ . ‘ l i i i  I sh liv svmm ct  my

The b i e ’hmav I amir a f t lie f a r c e ’  aa u i s t  a n t  c an t  r i l int  i an  (4 . 2 )  as

II  Itrnc t i arm of sal vat i o im  radi i us i s shown i n  TIl l’ I c’ 10 . The t’i i-st

tIm u.e’e u’a 1 tie’s , w h l t ’li coi- m ’e sp on ui rough  1’.- to the ’ sti l vat ion maci ii for

I I t Im i urn , sot! i mini and patass i mliii • can he’ seen to lie decreasin g_

an the ’ at  l i eu ’ h a n d  , the last two  ‘.‘;i h u e s , wh i e’lm c o r r esp o n d  a p pr ox  ima t e’l v

to the’ sal i- l i t  i o n  u’ ad i I for t’m t h l e l  111111 and ce’s i urn , i Iie’Tt’35e . The

- -  
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aoh m t i - i h u t  bOi l t o  t i m e ’ t’cmm’ e’ e’ c a u m s t  an t  h , m s  a u m e g a t  i ye v:t hue as a r’esul t

a I t lit’ at  S u -a ct i a rm be t w e ’en t I m e  so t ’t charge a h e 1  t lie pa i mi t e l i p o l e s  .

‘l ’hm e’ u ’epu l  s i o u m  e’ o t m t n i h u i t  i o n  w i l l  c a n t  inu e  t o  lie II p o s i t i v e ’  v a lu e t i

e’Of lt  i- ih ’u t i on  t o  t he f o r c e ’ t- t i u m s t a n t  . rh I -~ V t ’ m u  gen e r a  I I v W i  11

dot ’ n ’oa se’ w i t h  lIl t’ i-el i” I u i c~ ‘~tm 1 vat bOl l i’IleI i its . A s a n e’su l l  t • t he ’ I i  i - s t

h n t ’e’ (a u’ce’ ao ui  s t  an t  ía i’ I I t i m  i urn , sod i nun , ant i  po t  a s s  i uu ui w i I I lie’

e’xpt’a t e’cl t o  dea m- e’a se • as oh so nvt’ch  . l l ow e’V~ r , l i o a a u u s o  t I c ’ t’ I ca t i-a -

s t I l t  I a cOn t r I hu i  t i on h i t ’ I’ e’asos t’m -orn i’uhm bel l urn t o  ce’s i urn , t h e ’  eive’r :m 11

t’a r cc  c a u i s t a umt  (‘o r S b l e s t ’ t w o  s p e c i es  s h m o u l  ci a t  woi ’ s t  d e c  i’OliSC

s I eme r than i s t h e ’ cli so iou 1 i t I i it lIl t o  jiota ~~5 I mu ll , l i f l t l  l i t  lie ’s t , the’~’

s h o m u  I d  i n c r e ’ase ’ , ;is 5 hi t ’ e’xpei. i m n t ’ i m t  111 ci ll t lu i ui c i  i e’ at e

Tim i s so t’t a b i l l  u- g e’ t’ O i m t  m’ i  h u t  i din t a t lie (~a r ae  co n st  aim t clOt ’ s

sUpport t lie rt’smu I t s at au u’ aim a I i ’ s I s . The s ti l t  I tt’ S s a I t he chi l i  r~~e

d 1s t  n i  h i n t  I t i l  i s  e’ ci i iu i e’c’t  e’ eI t o  time ’ p a l  a n  i : l u h i  i I i t  v a t - t ime ’ a t olim or i din -

l !e ’u m c t ’ , t he ’ i.e 
~ m i It i c 0  I’ t u e 1  for tIm i s e I t’c t n  s t I l t i e~ cant i’i l i mi t  i an

i 5 nt i S s t i t ’ p u  i s i rmt ~

1 i li lt 1 1 V • t o  courlp let 0 t im i S ci~ s au i s  s I on t if  t’a 1~ce’ ca lm s t an t  p r o h i  h o r n s

we’ q u o t e ’ t I l t ’ I u t  e’g n Il I farm o I t Ime’ firs t a u’ ele r ‘I’ l l  “1 t im so n i t ’s to i-rn

‘l ’hm is t e r m  gt ’ui e ’u’ a I l v  i s  umt ’ee ie ’el a rm y time ’ a 1i l l m ’ t i c l i l l I r  d i  s t rih i u it IeTh

a t ’ so I ve ’ui t c i i  p Ole ’S d e’V i at 05 ti ’ tiill t lie e’qu i I i i i  m l  m ul ti sv u lmi im o t t’v ant i

a rrlum i e~e’me’ui t of ’ same’ I’d’ i t ’ ne’u m e - e’ S t  l I f t ’

‘l i lt ’ I i  i ’ t a mdc ’ r c a n t  u’ m h u t  i aim t a t h e’ T av  1 e’ r sot ’ 105 e’Xp llil S iou

I -, is I’ i t t  e’ti ~t

C
~~ 

( i ’ ) = ~~~~~~~~ -2 

~~~~~~~ ~~~~~~~~~~~ 

- ~~~
)

I 

~~1un ~~~
1
~ I ‘T~~~°~ 

{
~~1 ( 1 1 ( 1 0 1 2 . 0 1

\ (I k r ’mu i I ~IHt 1 ( r 0 ) , ( 4 .
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