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~~ The purpose of this paper is to examine the effect of the
distortion of the primary solvati on shell upon the vibrat ions of
an ion within this shell. In addition , the effect of an external
charge (or image charge~ on the vibrations is invest i gated .
We find that distortions (including the presence of an external
charge ) can cause a sp litting of t h e  solution phase far infrared
hand into two or three new bands. The frequencies of the hand
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maxima depend upon the nature of the solvation shell distortion .
It appears that the far infrared vibrational spectrum may prove
to he a tool to probe the structure and the intermolecular
forces of adsorbed , solvated ions.
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Abstract

The PLl~ P~~~ 
o~ this paper is to examine the effect of the

distortion ol’ the primar y solvation shel l upon the vibrations of

an ion w i t h i n  this shell. In addition , the effect of an externa l

charg e (or image charge) on the ionic vibrations is also investi gated .

An objectiv e of this work is to see whether it is possible to use

pr ed  icted changes in the far infrared vibrational s1)ectrum to probe

t h e  alterations in the solvation structure which take p lace when

an ion is incorporated into the metal/solution interface. In the

solution ph ase t h e v i bra ti on s of the ion w it h i n the solva ti on she l l

y ield a sing le hand , as was discussed in the previous paper. It

is shown here that th is single hand can sp l it in to two or t h ree

new hands due to the presence of distortion of the solvation shell

and the effect of an external charge . The case of the lithium

ca tio n d i sso lved  i n d i m e th y lsu iphox ide with four-coordination is

examined . It is found that an external charge or an image charge in

the metal has a pronounced effect upon the extent of the sp li tt ing of

the f ar i n f r a r e d  ba nd.  An i mage cha rge  in the me tal , for  examp le ,

y ields ~ s p l i tt i ng  of ab ou t 16 cm~~ when the lithium ion is 2 A

from the metal surface. I)istortion of the solvation shell , fo r

modera t e devia ti on s f rom u n i f o r m  sp he r i ca l  symme t r y ,  has a rela tively

small effec t upon the system. Nevertheless , these d i s tor ti ons

may have an important effect in the activation process of the

el ec t ron t r a n s f e r  reac t ion and other  transpor t processes .  I t appears

that far infrared vibrational spectroscopy of the interface may

be able to probe the structure of adsorbed , solva ted ions.

- - — -~~ .—,———---—- . • - -.—~~~~
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m t  roduct ion

ftc p~i rp o s e  o f  t h i s  paper is to examine what happens to the

far infrared vibrational spectrum of a s o l v a te d  ion when the

solv ation structure undergoe s various kinds of distortion. The

incorporation of a solvated ion into the metal/solution interface ,

for examp le , is expec ted to be accomp an i ed by so m e d e f o rma t ion of the

r rimarv ionic solvation shel1. In add it ion , the p resence  of an

external charge or an image charge outside the solvation structure

can have an effect. It is therefere of interest to investi ga te

the se distorted systems to see if the far infrared spectrum mi ght

provide a tool for the investi gation of interfacial structure and

f or c e s .

The fa r i n f r a red v ib ra ti onal  spec t ru m of the symme t r i c a l l y

solvated alkali metal cations in dim ”thylsul ph o x i d e  (DMSO) (and in

other polar solvent) can he understood in terms of a simple model.

The model , wh ich was investigated in detail in the previous paper ,
1

cons i st s of th e ca t io n t rapped ins ide a p r i m a r y , or inner , solvation

cage. The vibrations of the ion are those of a mass in a sph e r i c a l

h a r m o ni c osc i l l a tor w e l l . I n the h a r m o n i c  o s c i l l a tor l imi t , it was

shown tha t the c l a ss i c a l  e l e c t ros tat ic , ion-di pole  in te r ac t ions  do

no t contribute to the magnitude of the force constant as long as

th e so lva ti on s t ruc ture  re ta ins s imp le cubic symme try . Consequently,

the far infrared vibrational spectra provide a probe of the structure

of the repulsion forces which operate in these systems .

We show that the distortion of the solvation structure can

produce two or three new vibrational bands from the single band of the

solu t ion  phase species. In addition , an e x t e r n a l  c h a r g e  or
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a n i m . i g c  c h a r g e  exerts a St  F O J I f  influence on t h e  s y s t e m .

I h e  I i t  h i t i m  c a t  i o n  i n  D l S ) i s e x a m i n e d  . The p ri ma ry so lva t ion

cage is assumed to he four-coordinated . m n the solution phase

it is a s siii ti ~ d to be tetrahedral ) At the metal/solution interface

an image cha i-~ e ~ 
i I)duces most of the spl itt i ng i f the solvat ion

structure change s en! b a few hundredths of an angstr$m unit.

I w o  t y p e s  of unif orm distortion are examined : (1) uniform distortion

a C .  sy m m e t r y  a x i s , and (2) un i form distortion about a C2

a x i s .  I n  the first case , a single solvent molecule is allowed to

move in or out of the solv:it i on  structure along the C3 symme
try

, L \ i 5  w h i c h  pass es throug h the molecule. The external charge is

loc at ed on the same H axis. Ihis type of distortion leads to a

~~l i t t i n g  into two new hands. The second type of uniform distortion

a l i m s  two solvent molecules to move in or out of the solvation

st ruc tu r e to the same extent along their tetrahedral radii. The

C , s y m m etr y axis bisects the tetrahedral ang le e n c l o s e d  by t he r ad ii

of the moving species. It is also the axis upon which the external

charge is placed. In this case the vibrational spectrum of the ori g ina l

solution phase species splits into three hands with or without the

presence of an extern al charge. Two of the hands , how ever , typ ic a l l y

4 a r e  very close together in frequency. Hence , i t  i s  no t  l i k e l y

that they can he resolved in the solut ion pha se or in t e r f a c i a l

s y s t e m .

The pre sen ce of a n ima ge cha rge in a m e tal due to an ion
1 located 2 A from the metal surface is shown to yield a sp li tt ing

of t he v i bra ti onal  ha nd of t h e ord er of 16 cm~~~. Th is result

app lies to a system in which the solvat ion shell remains unchanged

from its solution phase , uniform structure. As is shown , changes
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in the sol va ti un shell structure , i . e . ,  d ist ortions , can i n c r e a s e

or decrease the extent of the sp li tting. Compressional distortions

tend to decreas e the extent of the split ting. In  these  cases

the ionic v ibrational modes appear little changed from the solution

pha— ~e vibrations. I)istortions of expansion tend to increase the

extent of the vibrational band sp li tt ing . Thus , enhanced  v ib rati onal

splitting may be looked upon as evidence for a tendency toward

i o n i c  d e s o l v a t i o n  in t h e  i n t e r f a c i a l  s t a t e .

I n  t h e  f o l l o w i n g  s e c t i o n s  t h e s e  c o n c l u s i o n s  are  documen ted

by means  of a d e t a i l e d  a n a l y s i s  of t h e  d i s t o r t e d  i o n i c  s y s t e m .

Vibrations Inside the Distorted Solvation Shell

I t was p o i n ted ou t in the p r e v i o u s  paper  tha t the poten t ia l

ener g y func ti on fo r the solva ted ion ic sys t em mus t be expressed in

a suitable form .’ Thus , severa l  expans ions were  used in order to

ex pr es s the sm a l l  ampl i tude v ibra t ional  excurs ions of the ion abou t

its equilibrium position in appropriate coordinates. The equilibrium

pos iti on of the ion in a u n i f o r m , symme trically solvated shell is

at the cen t re of symme t r y .  I n th i s case , i t i s na tura l  to use

sp herical polar coordinates to analyse the single (s-type) vibra-

tional degree of fieedom in the harmonic limit.

On the o ther  hand , when there  is d is tor t ion , it is simp l e r

to use a cartesian coordinate system . The system of coordinates

is still appropriate to the analysis of the small amplitude vibrational

excursions of the ion away from the equilibrium position . However ,

the centre about which the harmonic oscillator expansion is

constructed need not necessarily be the centre of symmetry (if
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Oil ’ ex i st s ) , nor n eed  it even he t he equ i 1 i hr ium pos it ion.

h R  5 1 flt ~~ it St p i o c ttl u rt to fo 1 1 IO~ when deal i ng w i t h a d i  5t  o u t e d

svs t em i s t o  t 0 1 1 5  ide r t he d i st o rt ion effect s w i th r e f e r e n c e  to  t h e

~vuttn et r i c  , so lut ion itl ~ ise sy stem. Therefore , it is possib le

o w r i te a gent- ra 1 (ca rt e s I an) form of  t lie harmonic osc ill ato r

pot emi t i a !  en e  m g ~ ii nct ion as

V = ~ ( k x ~ 
+ h r 2 k : 2 ) + k ( x v )  + k~~~(x : )  + k \ ,2 ( y z )

+ x x + Y ~ + 2 z ( 1 )
S S S

The qu a ntities k are the Iten sorial) force constants. X~~, Y~~’ and

:~ are the shift forces which are related to the magnitude and direc-

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

r e f e r e n c e  t o  t h e  c o o r d i n a t e  o r i g i n  of  t he  e x p a n s i o n  s y s t e m  of

coordinates. [ T h r o u g h o u t  this paper , t h e  c o o r d i n a t e  sy s t e m  fo r  t he

expansion in ter m s of  t h e  Tay l o r  s e r i e s  is t a k e n  t o  he t he  c e n t r e

of svm rr ’try of the solvated , un i fo rm sys t e m . ]  Th us ,

x0 = -x]k~~~, ~~~~ -V ./ k~~~, Z 0  = - 
5/k 2~~. (2 )

The equations of motion for the ion in the three cartesian

directions are of course easy to determine . They are

m 3~ = -k x - k y - k - Xx x xy x-. S

= -k
~
,
~
x - k~,\.v - k~~2 z - V . (3)

= -k  x - k v - k -
zy . z: S

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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k =~~~ , ( 4 )
‘ V  \ . \

et c. For  th~ i i i  st  o f  d e t  i n!, in I rig t im e ih r a t 1 11101  r e l l u e f l c  i ( 5

I t i S pos s lb I c  t o i gno re t lie .\ , , tad qua mi I i t  i es i n eqit (3.

Thu - - , the v i i )  r i  t i on a  I h r  oF ’ len i - i  Ut u s  o One  o I f i rid i r i g  t h u t  u

e I ge n v i  l i t ’S ft r t he t It ut  e tie g U ut s o f I r e e d  out  . ‘l iii- eq u i 1 i hr i urn

p o sit ion a t  t h e  ion in t ito ti is tort ud svs t tm I s g i vt-it h y eqn (2)

\ l t h o t i g l t  t h e v i h r a t i o n i I  eq u a t  j I l t s  of inot ion (3) ti re ex tr iti l y

s i ~ I l e  i n f t  r~~ t h i ’  m a j o r  effort in so! v i n g  t h e  pro lt 1cm i s  t h e

determination at the function al form of the force constants and t h e

shi ll torces . I n  the next sect ion we e x a m i n e  a s i mp le sy s t e m  f o r

w hich an .tna l~~tic a l  solution can  he o e t a i n e d  e a s i l y .  The s y s t e m  is

t hat of a te t rahe~lral lv so lv ated ion w h i c h  is un f o r m l v  d i s t o r t e d

by n ov  t r i g ti  sa l  y e n  t d ipo 1 alon a C ~ syrnmet i-y ax I s . F o l l ow i n g  t h i s

a n a l y s i s  we w i l l  e x a m i n e  a system i n  w h i c h  two s o l v e n t  m o l e c u l e s

a r e  a l l o w e d  t o  m o v e  u n i f o r m l y  i n  anti  ou t  w i t h  r e s p e c t  t o  a C 2 a x i s .

The tier iv at i o n s  of  the force constants and  the s h i  f t  f o r c e s

a Fe cons i d e r e d  i n  a s e r i e s  of  a p p e n d  i c e s .

U n i f o r m D i s t o r t i o n  A l o n g  a (: 3 S y r n m e~~~~~_ A x i s

The mode l  - s t e m  anti  t h e  sy s t e m  of c o o r d i n a t e s  u sed  a rc

i l l u s t r a t e d  in  Fi g .  1. The s o l v e n t  m o l e c u l e s  are  l a b e l l e d  ( 1)

to  ( -2 ) w i t h  m o l e c u l e  ( 4 )  l y i n g  o n t h e  C.. a x i s  w h i c h  p a s s e s  t h r o u g h

t h e  c o o r d i n a t e  o r i g i n  an d the paints (-1 , -1 , 1) and ( 1 , I , -1) . An

external charge (or metallic image charge ) is located at the

poin t (c ,c ,’c) where c=R 1//~, anti R .  i s  t h e  d i s t a n c e  b e t w e e n  t h e

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~~~~~ ri~~~_ _~~
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c h i  rge tad t l i t  coo  r u  i n t l  e o r  i g i l l .

F o r  t e r  r t h d  i t  I ~.o I vat ion , t h e  suiri o f  t lie e 1 ect rost at i c con -

r I ho r I ofl s I 0 h e  ( 0 1  t n t  i t  i ene r~~~ lon e t i on I roni  t l ie  d 11)0 1 ~ ( 1 )  t o

t 3 ) i S S t e  ; I I ~pt ’ n i i i  i 2) ‘ 
-

t ,
- 

~ v + ~ ~ v )

re  : 1 S~~~~? t u - : 1 ; i  gu  i t  ude  a I t h e  so l v  c u t  tI ipo I c  f li O l T i t ’ f l  t , and where the

I oc ~~
‘ ion U I t i t t ’ ~iO h e c t i c  ( 1 ) , for e xarn I> I c  , i s g i yen hv ( a  , a , a )

- .+ i~ h a = (~ - . \ si - i g  1 e d i  sp l i ced ~t ( 0 1  C on t lie C . .  a x i s  i s  located
t _ - -

i t  ( - 1 , -h  , h F w i: l i it = ~ where is the ti i s t a n c e  a l o n g  H t h e

j o l t  h a s  been di sp I iced . The  ion ~l i pole inter act ion contribution

t ra m t h i s  term is

- ~ ~~~~- ( x v  t~~ - v : ) .

fl it - i t :  o 1 these two terms is wr~ tten is

~~~~~~ ( I )  = - ~~ [ ( R / R 1 I - I I  ( x y  - x 2  - \ Z ) .  ( 5 )

~ h e n  R = R - , V - - = (1 , is req  u i i-cd
~i e t i i s t  I i )

The e x t e r n a l  cha r g e  l o c a t e d  at  (c , c , -c ) y i e l d s  a c o n t r i b u t io n

o f  lie f o r m  ( se: ap p e n d  i x I

- v :)

i s  t h e  charge on the external specie s . This term is added to

eq~ ( 5 )  1 g i V e  t h e  t o t a l  e l e c t r o s t a t i c  c o n t r i b u t i o n  to  th e  p o t e n t i a l :

~j~~~~~~~~j 1 iR~u l $ TWIiimu~àI 1J ~~~~~~1E 1W~~:~~~~~~ .

2 1 -



~d i s t  (ci ) 
- 

~~ H B I R d ) - 1 ]  - ~~~ / R~ } 
I v  -- x:  - :1.

e

~ex  t , w e  e o n s  i - t o t ’ t he cont rI  hut i cii from the i o n- solv e nt

ne p a l s i on - - e r ae  t : - i t ~~ . The  p o t  e mi t. i a  1 i s i- r i t u-n i n t l i t ’  f o r m

V = V .~ • 

~d i ~~r r )  I~~)

.~ i t  ii I s ee  a(~~L-nLl l x ~

= ~
{3 p Iit ) p(R 1 ) x + >

2 + : 2
) ( 8 )

= ~~~(x 2 + ~~1 + ~~2 )
t a d  —

p ( R )  = 
-~~~ 2 

- 2 e / R ) c x p [ -  (R - R ) / p } .  ( 9 )

~Fi e C o f l s t  t f l t S  B and e a t -c f o u n d  i n  the g e n e r a l  f o r m  of  t h e  e xp o n e n ti a l

1 - 1  1 s i o n

V r (R )  = B e x p f - ( R  - R )/ :]  ; (10)

- .~~~~~~~~~~ .. - - 1 3  - ‘ -9H i s  of  t h e  o r d e r  C I  ~~.i  ~ 10 e r g  and c i s  1 . 9  \ 10 c m .

The d i stortion contribution is given b y

~d is t (r ; = 
~~~~~~~~~~~~ * - / R ) e x p [ - ( R  - Re)/OI 

- (1 + P / R 0)/R~]

lxv - x :  - v:) (ii)

I~
__ :i___ ___

~
_ , 
~~~~~~~~~~~~~~~~~~ 

-0 - - 
I - - 

~~~~~~~~~~~~~~~~ - - - - - -~
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The comn p let e po t i mit i a 1 em erge FuOC t i oIl i 5 expressed as

V = ~k (x
? + v~ + ~~~~ 1

c~~~~~ 
- - x :  - ~~z) (12)

w h e r e  I i s  g i  y en  by
c

= + r/R )exp [ -(R-R )/p] - 

~~ ( I  +

- 
~ ~~~[ ( R  / R  )~ 

- 11  + Ze 2 / R ? . (13)e ( I

The equations of motion (3) ~‘ii-1t1 the following secular

equat ion  fo r  the frequencies:

x 3 - 3f .x + 2 f 3  = 1) (14)C c

w ith

x = m w 2 - k . ( 15)

The s o l u t i o n s  to  ( 1 4 )  are well known ;2

x = 21 , - f  , - f
C c c

from which we write

w = [w~ + 2f /m J~~
2 , [w~ 

- ( t w i c e ) .

~~ ~~~~~~~~~~~~~ t.~~~h ~~~~~ii - - ‘ - ‘ i  1~~~~~~~~~~~~
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I :i gs  . 2 tnt! 3 i 1 lust rat 0 t i l t -  tlepeiidencc of the two  f r eq u e n c i e s

i i i  the d i spl a tertient of  t h e  f o u r t h  s o l v t - n t  d i p o l e  a l o n g  t h e  (:~ a x i s .

I t  can he sot ’n  that w h e n  t h e  s o l v t - n t  d i p c l e  i s  d i s p l a c e d  a s u f f i c i e n t

d i s t a n c e  i n w a r d , t h e  v i b r a t  i o n s  o f  t h e  i o n  a l o n g  t h e  H axis are

of ;i hig h e r  1 i e t j u e n c v  than t h e  v i b r a t i o n s  n o r m a l  t o  t h e  same a x i s .

For  t h e  i o n  in  t he a b s en c e  of an e xt  er n a l  c h a r g e  , t h i s  h e h a v i  our

c h a n L ’ e s  a t  the p o i n t  w h e r e  R d = R
e~ 

As B
1 incre ases , the vibrations

a l o n g  t h e  C _  a x i s  d e c r e a s e  i n  f r e q u e n c y  compared  to the  v i b r a t i o n s

n o r m a l  to  t h e  e x i s .  ‘Ihe  s ane  b e h a v i o u r  i s  seen when  t h e  ex t e r n a l

or  i ma g e  c h a r g e  i s  p r e s en t  (p r o v i d e d  of c o u r s e  that the external

cha r ge i s  o p p o s i t e  t h e  ionic c h a rg e ) .  When t h e r e  i s  an a t t r a c t i o n

b e t w e en  t h e  j o l t  ant I  t h e  e x t e r n a l  c h a r g e , t h e  c h a n g e - o v e r  p o i n t

i n  t h e  b e h a v i o u r  o c c u r s  f o r  B < Bd e

lcl) en the s o l v a t i o n  sh e l l  i s  d i s t o r t e d , t h e  i o n i c  e q u i l i b r i u m

‘I P o s i t i o n  s h i f t s  f r o m  t h e  c e n t r e  of s y m m e t r y  of t h e  s o l u t i o n  p h ase

sy s te m  t o  i ne t -. p o s i t i o n .  Note , in these calculations the distance

h c t w e e n  the e x t e r n a l  c h a r g e  and t h e  c e n t r e  f o r  the Taylor series

e x p a n s i o n  ( t o  o b t a i n  t h e  h a r m o n i c  o s c i l l a t o r  t e r m s )  has been kept

- 

- 

a cons  t i n t  q u z t n t  i tv. IThc d i s t a n c e  b e t w e e n  c har g e s  i s  a b o u t  5 A

w h i c h  c o r r e sp o n d s  t o  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  b e t w e e n  a c h a rg e

m d  i t s  im age i n  a m e t a l  w h e r e  t h e  c h a r g e  i s  a b o u t  2 A f r o m  t h e

m e t a l  s u r f a c e . ]  The a c t u a l  distance between the ion at its

i n s t a n t a n e o u s  l o c a t i on  and i t s  i m a g e  or t h e  ex t e r n a l  c h a r g e  is

g iven inherentl y i n  t h i s  w o r k .  The s h i f t  fo r ces , t h e  h a r m o n i c

terms , and id t l  it ion;i I terms in the Laplace expansion of l/r when

all tal-en into account give the actual interaction for the actual

separ;t t t on . I n  c o n s t r u c t i n g  t h e  h a t -m o n i c  o s c i l l a t o r  s y s t e m  p o t e n t i a l
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i f

e nc  rev I titl e t i o n , i t i s  p u s s  i t i l  o t o  i-I t i n i n a t  t- t l ie i i n e a r  t e r in -~ h

m c i i i  ~ i t t  a s i nip I e d I 1 ~~O U t  1 i : i t  l u l l  . ‘I ’t iti - - , t he i- e a r i -~e cons t a n t

I e l i l l S i l l  I lie t t t i r i l i  le t t~ e x i l e _ s i  on f o r  tlit ’ p otent I a !  energy fun ct ion

w lii cii  t u i g e  t lit- u i-~’ i t  ii t he t c r i f l~~ e x p  i- es seti he i t -  a c c o u n t  f o r  t l ie

t n t  e i - i c t  t I l l  b e t  we en  cli a i- g e s  f i u  t l i t -  i r act ua I 1 oc ;i  t I 011 5 . Fot t lie

-
‘ 

l i t  rua tt t c O S u  I l i t  I t  i p i t i l t 1 t ’t U , h o w e  v e t -  , t l i ese  t er m s  v att  i sh upon

d i t  I e t e t i  t i at i on l u - a l  i og  t o t he t o  rce t e tin s . l i t - nec  , t h e a r e

~~ r io t i l l  5~~l ived , ~~ r , i  i t ’ I lie s’ needed here.

T u e  sl i  i ft t i t i c  t - s , c I . equ ( 1) , fo  r t h i  s sy ste m are g 1 veil by

- I -
. 

= 1 (18)
- ‘ -~ *- 5

w i t  lì ( s e e  ; i p p u f l t i  I \ 4 )

= 

~~~~~ I - 
~~~,/ R 1

) 1 ] + (R I1 ) (I - e x p i  - ( R ~~
1
~~~

) / t h ]  - c ’ / I~~}
- 

t’ (19)

‘t he new et it i  i I i hi ’ h u r t  p U s  i t r oiis a l-e

s o = - f / k , Y 0 = -f /k , :~~ = f /k.

‘I ti t~ t i a g i l  I tutlt - of t lie ul i s p  I i t c e m e r i t  1 5  g i v e n  s i m p l y  by

B ~~~~I t . ( /k  ( 2 1)

and  t l ie  d i r e t - t i on of t he d I sp I i t e i n e n t  ( a l o n g  (
3 ) i s g I y e n  by t h e

s i gn c t  1 . . I f  I . - - 0 , t h e  u l i s 1t l a c e m e n t  is a w a y  f r o m  t h e  e x t e r n a l

t h i  i~~~t’ . A s I I  g . 4 s h o w s  , w h e n  t h e  d i p o l e  i s ~I I sp i  aced I nw a l~tl

~~~~~~ t Ow ii rd t h i ’ coo i d  i flat t ’ it  n ’ I g i i i  , I lie I on t e n d s  ;1 1 SI )  t o  move  i n w i t  It it

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - - :~

-
~~~~

-
~~ - - 

-
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t I n i fo nn 1) i s t o r t i t i n A h o u t a (  S vmr n ie  
~~~‘-~~±2~

A second sd t i b  I e  ii~ st or t i on m o d e l  involves t h e  un I f o r m

ti i s  o r t  i o n  a b o u t  I Iri s t end o f  a l o ng  ) a C , sy m r n e  t r v  ax i s . The resu I t

o f  this t ype of  t l i s t t t r t i o n  i s  t h e  s p l i t t i n g  of  t h e  o r i g i n a l  s i n g l e

~o 1 ut ion phase hand unto t h r e e  s e p a r a t e  b a n d s  . The a n a l  y t  i cal

fo  r r t t s  f o r  t h e  f r e q i t e n c  I c’s in t h i  s case  a r e  s [nIl) 1 e in appearance

a n d  c a n  h e tie i i  ~‘ed i n  a s t  ra i g h t  f o r w a r d  m a n n e  i- f r o m  t h e  s y s t e m

d i s c u s s e d  in t h e  l a s t  s e c t io n .

t ’he g e o m e t r y  o f  t h e  sy s t e m  i s  i l l u s t r a t e d  in  F i g .  5. ‘(‘he

y a x i s  i s  chosen as the C , axis of reference; obviously, any C,

a x i s  w i l l  ~‘ i e l t I  t h e  sainie r e s ul t s .  An e x t e r n a l  c h a r g e  i s  l o c a t e d  at

( I )  , B ‘ 
0 )
The p o s i t  i o n s  o f  t h e  s o l v e n t  d i p o l e s  a re  seen to  be t h e

fo 110 1% i n g :

(0 ,a , V~ a) , (0 , a , - ~‘~ a)  , (-  /~a , 
- a , 0 )  , (/ ~~ i , -a  ,0)

with a = 
~~~~~ T h e s e  l o c a t i o n s  can he generated from those of

Fi~t . I by means of a rotation about the ~‘ -ax is of 45° . Thus ,

x ~—(x ’ — z ’)  , y -
~~ 

y ’ , and - ‘ + ~~‘ )  ( 2 2 )
vT~-

in the new f r a m e  ( h e n c e f o r t h  we d r o p  t h e  J)~~~n~ ’ on t h e  new c o o r d i n a t es ) .

l’he same t r a n s f or m at  t ons  c an  be app l 1 eu ’t d i r e c t  l~ t o  t h e  pot c-nt i al

enc r g v  f i i n c t  ion foi- the s y s  tern of Fi g . I . I n  o r~le r to  ge t  an

app  rop r l a t e  r e p r e s e n t  a t  I on for t Ii i s new s~-s ten i , howi’vt’ r , sonn ie care

i s  needed t o  c o n s i d e r  t h e  c o r r e c t  g r o u p i n g  of t e i t i t s . l I n u s , f o r

exam !) Ic  , W i  t Ii m u - It’ r en c t ’  to 1 :1 g . I , t l i e  t o n  — d i  p0!  e i n  t e ra c t  i Oil s

f o r - t h e  d i p o l e s  b a t e d  a t  ( a , a , a )  and  ( — a , a , — : u )  c a n  he w i - i t t  en
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I s

~ I ae/B 
- I ( ‘~ ~ •

-
~~ 
( ~i t - / B I I  - -‘ v -‘ v :).

he  s n un  t I I l i t ’ s~ - I t l iii ’ I s o F  u r  t d i i ’  I v

‘I = 3 ~~ ( \ 1 ( 2 3 )

~ i i n i t l , t i b i , f or  t l t u ’ h l l ) i ) l t - ~ 
lu i c,l t eul i t  ( i , - m , - m )  ;i ii ul ( a , a , i ) one gets

V = + 3 ( \ I . (21 1

I B B~ , I l w -n i  I’ U , i s n u q i l  I r ed  t n t h e  — vnn i tnie t n t  c a — u

i~’w i-vt - n , lie ri’ lu 0 ,i I low B B , a n t i  f i r  i ’ t lit’ r app I v I l it - t r a us fo nin a t oil s

122 ) t o  t h e  ‘-tim of ( . ‘3) arid 1 2 - 2 1 .  Ihi e r i - s t i l t  i s

~ ~
-
~: 

(B ~
‘ B

1 I ~ ( - ‘  
- - :“ ) ( 2 5 )

i i i  I l ie C , sv s  t ern i of I i . 5. ~~ te , t l i e  t r an ~ fo  r ’nna I t O i l s  ( 22 1 a r e

v i i  r m t  1 0 1 1 1 1  p r i n c  ~~~ 
I :15 i s  e ar l s f u t  t a i l a t  i o i i - ~ wIt i c l i  h a v e  t h e  t - f 1 t  t of

di agoila I I I irg t he p o t  en t i a I one r- v t u n e  t i on .

F hi e eon  t r - i l ’ im t i ‘~~ i t o  t l i t ’ p t  1 en I i a I I r t ’i t i  t he t’ s I e i n n  I c ht ~m r u

( c t  : — - I ) I i I I t ei~ as

= ( u ’ ’ / 2 B 1(s - 2 v -‘ ‘ ) .

I- i n i l Iv , ltv mit -ai ls of  a i g t i i n i e n t  s s i nt i b a t  t o  t h o s e  ;u l re a~l v  i t - i ’ ll

I he  r e  p u b  S 1 1 1 1 1  u m ’ n i t  r i I t t i t  I O il I 5 w e  I I t en as

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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= ~ {_ (l + l)/ R d ) t ’ X p I  - ( R 1 -R ) / 1 ]  - 

~~ ( l  + P / R ) )  (x 2 - z 2 ) .

( 2 7 )

Ici th p ( R )  d e t  m e d  l iv e tj n  I ~)J , t h e  ,2 t e r m  i s  w r i t t e n  as

V = ~k n 2 ( 2 8 )

t % i t h l

k = 2 i i (B )  + 2 p (B 1 ) ( 2 9 )

Tb i s , t h e  e qu a t  i o n s  o f  m o t  in n  a r e  fount l  to  he

= 1
x ’ - {k + ~~i [1 - (R / R 1 )~~J + e 2/R~ + 2f )X

= ~~~~~~~~ = - - 2e 2 / B~~i o  (30)

m E ~ = - 1 :2 = - N - 3~-~ [l  - (R
~~

/ R i )
4 

J + e2/R~ 
- 2 f J  z

i, I t t - r e  f i s d e f i n e d  It y
r -

= ( I  + p / B 1
) ex p  I - ~~~ - R e ~~~ 

- (1 + P/R e)). (31)

Rec :iiis t- of t he d i f f e r e nc e s  i n  t h e  e x p r e s s  i ont s f o r  t h e  f o r c e  c o n s t a n t s ,

th n i - v i h rat i ona I frequenc I es ci earl V can be de fined

= 1L17~j , ~~ ~L/T~7iii . (32)

~~~~~~~~~~~~~~~~~~~~~~~~
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in t h e  a b s e n c e  of  an ex t e rnal c h a r g e , and w h e n  R d R e~ the

f r e q u e n c i e s  ( 5 2 ) are all e q u a l  one  to  a n o t h e r .  N o t e , that in the

confi guration of Fi g. 5 t h e  solvent molecules between the ion

a r i d  t h e  e x t e r n a l  c h a rg e  ( o r  i m a g e )  a r e  a l l o w e d  t o  move . As t h e

t w o  s o l v e n t  m o l e c u l e s  l e a v e  t he  s o l v a t i o n  cage  in the di rec t ion of

t he ex ternal  c h a r g e , the vibrations in t h e  x and y d i re c t i o n s  c h a n g e .

There is a point at which these two frequencies are the same , but

for w h i c h  B ~ B ; w h e n
ii e

3 ~-~- [1 
- (R /Rd)

1
’ ]  = - 2f  (R ) (33)e r d

the s~~stem of t h r e e  b a n d s  collapses into two.

It is a s i n n p le  m a t t e r  t o  r e v e r s e  t he  s i t u a ti o n  j u s t  c o n s i d e r e d .

That is , it i s  ea sily possible to mainta in the solvent molecules

wh ich lie between the ion and the external charge in fixed posi t ion s

and to examine the effect of the vibrational frequencies as the
ii

sol ution-side molecules move further into the cage or out of it.

Retaining the ext ernal charge on the positive y-axis at (0,R1, 0),

hu t allowing the solvent molecules at the positions (-/2a ,-a ,0)

and (/~a ,-a ,0) to move radiall y along their tetrahedral radii , we

ge t the followin g forc e constants:

F’ k - 3~~~[l 
- (R /R )~ ] 

+ e 2 / R ~ - 2f = F
x B’ e d 1 r

C

(34)

F~ k + 3i~~.[l - (R / R d ) ’ 1 + e2 / R~ + 2
~ r 

= F
~~
.

The roles of F~ and F~ are merely reversed from the previous case.
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T h i s  se co n t i  a r r - a n - i g e r n e n t  i s  n io re  i n  line w ith the model discussed in

t h e  l a s t  s e c t i o n .

It r e m a i n s  t o  cons i de r the dis p lacemen t of the ion in this

c o n f i g u r a t i o n .  1:o r  t h e  s i t u a t i o n  sh o w n  i n  Fi g .  5 , the displacemen t

f o r c e  i s  f o u n d  t o  he

Y = ~~~(B/ p) Iexp~~- ( R  -R J / r - J - 
1) + ± ~~ [ ( B  / R ) 3 ~~ 1)/ d e /3R 8 e d

C

- e 2 / R ~~. (35)

There are no c o mp o n e n t s  N and ~~~~~, as s y m m e t r y  c o n s i d e r at i ons

dictate. For the confi guration in which the solvent di poles

which lie betw een the ion and the external charge are fixed ,

it is easy to see that

= - 

~ ( B / P ) { e x p [ - ( R  -R )/pJ - - 
~ ~~ [ (R  /R ) 3  -1]s 

~~
- e e

e

- e2/R~~. (36)

As in the last section , here as well , y~ = - Y~ /k indica tes a

sh i f t of the ion i c equil ibrium posi ti on c loser  to the ex ternal

ch ar ge fo r a compressional  d i s tor t ion , and the oppos it e for an

expansion.

Discuss i on

The vibra tional structure of a solvated electroactive species

is important in particular in the activation of an electron transfer
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Ft - i C I I On . 1 li~ t h i s  t i l l  ceninent of t lie e li- i t  roac  t i t e  spec i c - s  to  a

p 0 — i t  i o u  c i t i — t - r  t o  t i n  f a r t h e r - : i t ~ :iv fi orn a n ot h e r a c t  i v e  c e n t r e

w i l l  h i t  o an  t - ( I c - c t on t h e  rate of  t - t - : i c t  i o n . Cl e a r l  ~‘ , d e f o r m a t i o n s

of  he so l  a t  ‘1011 s t  n i m c t u r e  w i t  i cii e n a b l e  c h a r g t -  t r a n s f e r  spec i c - s

- 0 app n u a c  h c l o s t ’ r ’ t l i a m i  w o n  I d  be t lie case for ri g iii , symmet  r i c a l

s o l v a ’ i on  w i l l  a s s i s t  t he t r a n sf e r  ‘v a l l o w i n g  t h e  sy s t e m  greater

c r e e l  i ’  p o t e n t  i m l .  Ht u - n u - f i- e , it is n i e i t - s s a r \ ’  t o  h a v e  k n o w l e d ge

o f h~ v i b r:i  t j o n a  1 s t  r i l e  t l i F t -  o t t he  si so l  va t e d  s vst  ems

F l i t  mni os I I i he I V i ’ \ ) t t ’  r I n n u e n t  ; u l  sv s  t e r n  i n  w h i c h  t o  o b s e r v e

t i e  i - f l e e t s  of  s o l v i t  i o n  s h e l l  ~1i - f o r m a t i o n s  on t h e  v i b r a t i o n a l

s 1t ec t  r u t ~t ap p e a r s  t o  be t b -  n’i e t a l / s o l u t  ion  i n t e r f a c e .  For t h i s

r c a  -- ‘ n  , t hi- ~ 
n i -eeed j u g  d i s ct i s  s i o n  antI t h e  e x a m p l e s  h a v e  been g iven

w i t h  r e ter t -nce to t h i s  system. Nt’verth ele ss , it is e q u a l l y  c l e a r

h a t  d i  s t  ci t ion e f l i i  t s m a y  hi’ innpo rt ant i n  h o m o g e n e o u s  sy s t e m s

For  e x a m p l e , t h e  t r a n s f i - r o f  an  e lect i-on b e t w e e n  e l e c t r o a c t i v e

spec  i t S  i n  t he s o l u t  i o f l  p h a s e  m a y  t i t - p e n d  i n  p a r t  upon  t r a n s i e n t ,

d e f o n r i i ’ J s t a t e s  of s o l i ’ a t i o n .  Such  s t a t e s , h o w e v e r , a re  no t  l i k e ly

t o  lie ob se n v i ’ d ti n t’ t o t lit ’ I r t e  n v  s l t o  it  1 i f e t  i flies . Thus  , it w o u l d

si -i- rn h a t  t h e  pr  in  r t  i n f o  r i : t a  t I on a b o u t  sol  v a t  i o n  de f o r m a t  ion m u s t

come I r m  st Liii I i’s of  t lie i nt en  f a c  i :i l stat e

I n  t Ii i s st - c t  i o n  - i - v e r a !  m a t  t e m ’s a r e  iii s c u — s e c l  . Soni c o f  t h e

di scussion is I n n  e l a b o r a t i o n  o f  t h e  re’-u l ts presented in the last

tw o --e c t  i o n s .  Some of t h e  discussion concerns conclusions which

c iii be drawn f n o ~ : the preceeding r e s u l t s .  I n  p a r t  i c r i l a r , t h e

ni:u t t i n t ’ of the sol vat i on de format i on obse rvt ’ti here sum gge s t 5 further

m o d e l  1 m g  w h i c h  c : u n  t :ikt’ into a c c o u n t  t h e  t i v n a r n i  cs of  t h e  sol \ a t  ion

shell m~ well :m- ~ t h e  dy n a m i c s  o f  t i i i  i o n  w i t h i n  t h e  s h el l .
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A s  the te al t s of tlit’ :mnial \‘si’S clearl y s h o w , t h e  v i b r a t  i onal

~~~~~~~~~ 
t i - t i ~:i 0 t an i on  t. i t  hi ii a di ’ f o r m n i e d  so!  v a t  I on she  1 1 c a n  o n ly

r e v t - m  I t h e  La i c e s  w l m  i ch opt ’ n u t  t -  hi -  t w i -en  t h e  t o n  an d  t h e  surrounding

s o l v e n t  t I l F o l e s  . t h e  i r m a  l v s e s  p r e s e n t e d  h e r e  t - e r c  b a s e d  upon t h e

is  w t j u  t i o n  o so 1 ve i l  t cc i i  11 g u r a t  i oil s . I t cc r t a i n  l v  c a n n o t  be

st m cd that one f o r n t i  o f  d i s t o r t i o n  i s  n e c e s s a r i ly  f a v o u r e d  o v e r

a n o t h e r .  H t e  a n s w e r  to  t h a t  questi on requi res f u r t h e r  t he  c o n s i der a -

t i o n  o f t h e  i n t e i a c t  i o n  b e t w e e n  t h e  s o l v e n t  t l i p o l e s , t h e i r  i nn i ages ,

t h e  n e s t  o 1 t h e  so h i t  i o n , anti  t h e i r  i m a g e s  i n  t h e  m e t a l .  Such an

a n a l t  s i s  has r i o t  v e t  b e e n  c a r r i e d  ou t . h o w e v e r , on t h e  b a s i s  of t h e

b e h : m v  i t i n e  of  t h e  i Ofl i n  t h t ’ st  r u c t u r e ~ d i s p l ay e d  h e r e  , some

t e n a t  i t  e cone ir i s i o n s  can  be made  e v e n  i n  t h e  a b s e n c e  of a d e f i n i t i v e

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

i~e n o t e  that u n l e s s  the  s o l v a t e , I ion  a p p r o a c h e s  v e r y  c l o se  to

t h e  c : e t : i l s u r f a c e , t h e r e  i s  no s t r o n g  t e n d e n cy  J~r e s e n t  to d e s o l v a t e .

The i o n  i s  s h i f t e d  i n s i d e  i t s  s o l v a t i o n  cage  in the  direction of the

a t  t r a c t  i s - c i f l i a g t ’ . H o w e v e r , a s s u m i n g  a c o n f i g : i i - a t i o n  of c l o se

p a c k i n g  of solvent molecules on t he  m e t a l  s u r f a c e , t h e r e  p r o b a b l y

is l i t t l e  Ii K Ii hood  an ion will he f o u n d  in  c o n t a c t  w i t h  t h e  h a r e

mi ’t :m l surface.

The t- xpan sion of tht’ s o l v a t  ion structure broug ht about by

the departu re (or the tendency to dep art) of a so l s - e nt  m o l e c u l e

on t h e  solut ion side of the int e rfacial system tends to take the

ion w i t h  it. ‘fhat i s , a loose solvation structure normal to the

metal surface favours an increased distance between the ion and the

su rface. If the solvent molecule a c t u a l l y  l e a v es , however , the

ion generall y will remain in the v i c i n i t y  of the remainder of the

structure. The remaining forces of attract i on  between t h e  ion , its
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i m a g e , the other solvent di p o l e s a i e  l i k e l \ -  t o  h o l d  t h e  ion  in t h e

i n t e r f a c e  as  a n o t h e r  s o l v e n t  m o l e c u l e  m oves  in  f r o n t  t he  s o l u t i o n

t o  t i i l d  up  t h e  s o l v a t  i o n  s t r u c t u r e  once  a g a i n .  on the other hand ,

. m co rn~’r e s s e d  s o l v a t  ion  s t r u c t u r e  f a v o u r s  a m o r e  c o m p a c t  s y s t e m  w i t h

t h e  ion  d i s p l a c e d  c l o s e r  t o  t h e  m e t a l  s u r f a c e .  I t  is  not  p o s s i b l e ,

o f  c o u r s e , t o  d e t e r m i n e  w h i c h  t y p e  o f  s t r u c t u r e  (loose o r compac t)

i s  l i k e l y on t h e  b a s i s  of  t h e  ana l y s e s  p r e s e n t e d  in  t h i s  p a p e r .

h o w e v e r , in  v i e w  o f  t h e  poss i b l e  so l v e n t d i po le- im.g e dipole

i n t e r a c t i o n s  w h i c h  a r e  p o s s i b l e , i t  i s  no t  u n r e a s o n a b l e  to  e x p e c t

t~t a t  a compac t , d i s t o r t e d  s t r u c t u r e  may  be f o u n d  in the  i n t e r f a c e .

U n f o r t u n a t e l y , t h e  a n a l y s i s  o f  t h e  two  t y p e s  of d i s t o r ti o n

( a l o n g  t h e  C 3 a x i s  and a b o u t  t h e  C~ ax i s) ind ica te that for

c- ~ a p a c t  s t r u c t u r e s  t h e  sp l i t t i n g  of t h e  v i b r a t i o n a l  band of t h e

s o l u t i o n  p h a s e  s y s t e m  is  no t  as g r e a t  as i t  w o u l d  be i f there

w e r e  no d i s t o r t i o n  or i f  t h e  s o l v a t i o n  s y s t e m  were to expand .

For l i t h i u m , f o r  e x a m p l e , t h e  m o b i l e  s o l v e n t  g r o u p  would  have to

he c o m p r e s s e d  0 . 1  ~ in  t h e  d i r e c t i o n  of t h e  m etal surface for the

sp l i t t i n g  to  v a n i s h .  I t  i s  d i f f i c u l t  to  say at t h i s  t ime whe ther

such  a d i s p l a c e m e n t  i s  r e a s o n a b l e .  As w a s  i n d i c a t e d  in the in t ro-

duction , if the solvation structure remains unaltered from its

solut ion phase configuration , the spl itting is of the order of

16 cm* A splitting of this order is probably experimentally

observable.

• In  any case , w h e t h e r  or  n o t  t h e  dis tort ion is presen t and

obs er vabl e i n  t h e  f a r  i n f r a r e t i  s p e c t r u m , t h e  d i s t o r t i o n  of the

solvation struc t I n -~’ (if it exists) w ill enter into any consideration

of the process of ;ictiv a t io n of an electron transfer reaction .

The dyn amics of ionic vi bration inside the solvation cage , as worked

_ _ _ _ _ _  
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o u t  h e r - i- , a p p  lv to I F t c  e l e c t  r o t i  t r ; t n s f i ’  t ’ r i - a c t  i o n  s y s te m , and to

o t h e r  s o l u t i o n  p h a s t -  transport p r o c t ’s s e s .

h i t ’ i - \ a n n j  1 i’S discus s t -t i  i n  t h e  l a s t  t w o  s ec t  i o n s  a s s u m e d

t c i r  ab ed  l a !  so !  vu  t i on  . i i  I s n o t  d i  if i cu I t t o dt- r j vi -  s i m i l a r

( ‘ X i i r i ’ s s i O t i s w h i t  i t  a p p l y  t o  t h e  o c t a h e d r a l  s o l t ’ a t i o n  c a s e  a n d  t o

ot h e r  p o s s i b l e  s o l v a t  i u r t  s t r u c t u r e s .  I n d i - e d , i n  t h e  ap p e n d i c e s

t o  f o l  1 ow , t h i- v a r  i ( i l l s  c o n t  r - i  b u t  j n r t s  t o  t lie h a r m o n i c  o s c i l  l a t o i

1 in n  i t  p o t e n t i a l  e n e r g y  f u n c t  i o n  a r t ’  i ’ i p r ~~s st - d i n  s u f f i c i e n t

g t - r 1c r~t l  i t  ~ t o h e  ;ip p l i c a b l e  to  t i n y  d i  St  r - i l t u t  i on  of  s o l v e n t  m o l e c u l e s

in  t F t c  p r i m a r y  sol  v a t  ion  s h e l l

-\n i m p o r t a n t  c o n s e q u e n c e  o t  t h e s e  a n a l v — t ’ s i s  t h e  f o l l o w i n g .

[he h a r m o n i c  o s c i l l a t o r  l i m i t  i m p l i e s  f o r  t h e s e  sy s t e m s  t h a t  t h e

v a r i o u s  d i s t o r t i o n s  can  he v i e w e d  as e llipsoidal deformations.

I h u s , i n  b o t h  c a s e s , i . e . ,  d i s t o r t i o n  a l o n g  C 3 or abou t  C2, an

e x p a n s i o n  o f  t h e  s o l v a ti o n  s h e l l  e f f e c t i v e l y  d i s t u r t s  t h e

sp h e r i c a l  s y s t e m  i n t o  a p r o l a t e  shape , a c o m p r e s s i o n  i n t o  an

obl ate shape. ‘Ihe tl yaamics of t h e  s o l v a t i o n  s h e l l  d e f i n i t e l y

have not been taken into consideration here. In the sp irit of the

Born-O ppenhei mer separation , th e ion has been allowed to vibrate

w i t h i n  a s t a t i o n a r y  s o l v e n t  cage  in any  s t a t e  of d e f o r m a t i o n .

In r e a l  systems , c l e a r ly , t h e  s o l v a t i o n  structure alters as the

i o n  m o v e s  t h r o u g h t h e  s o l u t i o n  m e d i u m .  The ion p r o b a b l y  r e sponds

a d i a b a t i c a l l y  to c h a n g e s  in  t h e  solvation structure. The fact

that the form of the distortion is elli pso ida l  makes  it poss ible

to simplify the consideration of the combined system. The solvation

st ruc ture can he regarded as tha t of a vibra ti ng li qu id surface.
2
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I t  1 s poss  i b i t ’  o I o run  I ate hco ry  of  t lie de fo r t i : i  t i on  o f  t im i s

s t i r  f a c t - . I t  i s  also po ss ible to exa u r u ine t h e  i - f l e e t  of t h e  s u r f a c e

on t h e  V i b  r a t  i o n s  of thi’ i on  v o m i t  a m e d  w i t h i n  t h e  surface.

adeq t o t e  t r c a  t r : t i - n t  it ‘ e so 1 ta t i o n  s i r  f a c e  , and i t s  v i  b r a t  i o n s

requi r i ’s t h e  c o n s i ~l t ’ r  a t  i o n  o f  t h e  p r i m a r y  ant i  t h e  s e c o n d a ry  ‘ -

s o l vit ion slii - !ls . ~u c h  a treatment is now in progress. it suffices

a t  t h u s  point t o  conclui le ‘v noting that once the solv ation

st ruc~ ri re ant i i t s  d y n a m i c s  h a v e  been  s p e c i f i e d , i t  i s  p o s s i b l e  to

1 r e d i c t  t h e  na ’ iire of t h e  j o u l e  v i b r a t i o n s  i n s i d e  t h e  s o l v a ti o n

sh e !  1 w i t h  t h e  r ise o f  t h e  a n a l t - s i  s p r e s e n t e d  h e r e .

I b i s  w o r k  w as  s u p p o r t e d  by  t h e  I d ,  S. O f f i c e  of  Nava l  R e s e a r c h ,

A r l i n g t o n , V i r g i n i a , I J . S .A .

\ p t - - ’t ~h i x l :  V i b r a t i o n s  in  t h e  P r e s e n c e  of an E x t er n a l  C h a r g e

The s i m p l e s t  t y p e  o f  d i s t o r t i o n  to  c o n s i d e r  is t h a t  due to t h e

pre sence of a s i n g l e  e x t e r n a l  c h a r g e  p l a c e d  o u t s id e  t he  p r i m a r y

s o l v : i t i o n  c ag e .  This charge can arise , for examp le , as an image

c h a r g e  i n  a metal or it mi ght he a c o u n t e r  ion of some fo rm he ld

in  p l ace  in  a ri g id lattice.

ice c o n s i d e r  an e x p a n s i o n  a b o u t  t h e  c e nt r e  of s y m m e t r y  fo r

the isolated , symmetricall y solvated ion . Thus , the  Lap lace

expansion of the free space green function is

- -  -
- __.. .— --—~, - —  — --  __.~___._~ - - ~~~~~~~~~~~~~ — — —
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r r ‘ / R ’ (1 .1 1

, m n t d  K -
‘ r . Y ~~ ii i t ht- ~j ’lit’ m i c i m i t a  i mnit n t  i c fni nct ion w i  tli r time

- u n i t  t e ~~ t o r .  I h e  s e c on d  o r  i t  t e r m  .= 2 i  c o n t r i b u t e s  d i r e c t l y  to

it ’ h i  r~ t o n  1 c Os  c i I 1 ~m 0 i e m u  s I n u h i ’ v i h r a I r i m  I po om i t i a 1 e me rg v

t o n .  l i l t ’ I s t  o r i l e  r ( ‘ I  i t S  a r t ’ i s s o c  i a t  i d  w i t h  t h e  m c i  u a l

d u  ~ l ace~tey t o t t nt- ci t ,i w , i .  I m o m  t h e  c e n t  Ut - o f sv ru rn e t r y  a s s o c i a t e d

a i  ~h t h e  s v mr n e t r i c m I  I c  ~ n 
~~~~~~~ e.F i o n .  Th e s e  f i r s t  o r d e r  t i - ton s w i l l

be co ns i di’ r e d  i n n  m o j i e n d  1 \ -

The s e c o n d  o r t i e n  d c i  r o s t , i t  i c  c o n t r i l i u t  i on  c a n  he e x p r e s s e d

as  —

= ~:~~: ) (~~~2 ) + 3 [ (\\ ) (\\) + ~\: ) (x : )
— ( i l l  R 5 i~-t

+ lY: lv: ) • ~~( 3:~ - R )  ( 3 z ~ - r
2 ) J ( 1  . 2 )

ih e  coord i nu t es x , i , : ) b c a t  t- t h e  p o s  i t  i on  o f  t lie e x t  e r n a l  c h a r g e

w i t h ro  fe  r e n c i - t o t h e  coo rd i n a t e  o r i g i n  a t  t I n e  c e n t  w e  o f  s v m m e t  ry

o f  t h e  s o l v u t e d  i o n .  [he l o c t i t  i o n  of  t h e  ion  w i t h  respect to the

se - ic coo rd m i t  e or  i g i r t  i s  t~ i yen  by  ( 5  y , : 1 . U pon d i f f er e n t  i a t  ion

of thi -se i o n i c  c o o r d i n a t e s  (x . v , :) , the cont r - i h u t  ions to the force

l i e u !  t i r e  e a s i l y  f o u n d .

The simp lest case to consider p laces t h e  e x t e r n a l  c h a r g e

i lon c the princ i p a l  a x i s :  v i : .  , a t  R on : . Thus ,

- -. e 2 
2 1 

~
- -

~ 
-

~~ (el) 
= ~ 1~~2 E  - 

~~i x  + t-~~)J 
(l.~~) 
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As a r e s u l t  , it i s p o s s i b l e  t o  write

= K0 + 2z~:2~ ’/R 3 (along t h e  z - a x i s)  (l.4a)

anti

k = K 0 - :i::c 2/R 3 (normal to t h e  z - a x i s )  ( l . 4 b )

w h e r e  t h e  k are force constants , and k is the force c o n s t a n t  w i t h

r e f e r e nce t o  t h e  sy m m e t r i c  system in the absence  of t h e  e x t e r n al

ch a r g e .

Assume , for examp le , that the additional charge is an image

charge in the metal for a s o l v a t e d  i o n  in the interface. Then ,

k = k 0  - e 2 / 8 D~+ (1.5)
K = k 0  + e2 /l6D 3

where D is the distance between the ion and the metal surface. If

D is 2 A , t he o r i g i n a l  l i t h i u m  band  splits into two bands separated

by 16 cm
1 .

2: Ion- Di pole Contribut ions to the Harmonic Oscillator

Potent i a l

It was shown in a previous paper 1 that for symmetric , cubic

solvation there is no second ortler (t=2 , r2) contribution to the

potential energy function arising from classical electrostatic

terms. This ceases to be the case when the solvati on structure

departs from simple cubic symmetry . In this section , the general

formula for the second order contribution to the potential which

arises from tic interact ion between an arbitraril y placed dipole and

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ - - - 
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tOt i oc~ l e t !  f l e a  r U l i e  coor~I I n at e or’ i g i n  is p r e s e n t e d .

Fine C a n  I s o n i  - Rii ’ t b i b rooke 4 e x p r e s s  i oni  t o o ide r u ) (r 2) was g V t-ni

t a r !  i c r 1 
a S

~ 
= 

H 
t’~ I n  ‘/ R ’  ) (r) 

~ 
- , I 

~~ 
( a )  ~~ (R)

+ 
I 0 ~ ~~~ 32 ( R )  Y H H 

~~~~~~~~ ‘~~ ~ i (a 
) 1 

~ ( R I

+ 
~ 1~~ 3 - 2  - i 

(a~~ ~ 
(R) I 

~ 2 - 1  ~ E ~i~ \• 
1 - ~ ~~ 

H7 2 (RI

- 

10 ~~ I 1 3~ ( R )  • ~‘t ( a )  
~31 (K) 1 2 ~ Ii ~~) ~3 - 2

10 ( t ~~~’~ i (Ri 
+ 

~~ 
- 

(a)Y 30 I K)) + 

~ 2 0 n - )  
~ ~~~~ -1 

‘
~~~3i 

(R)

+ A 1 1 ~~~~~ ~~~ ( a )  
~~~~ ~ 

( R )  I J ( 2 . 1)

w h e r e  a I s tine d i  p o l  m r  m i n i  it v e c t  t im , j i  I s t i n e  n n n a g n i  t u d o  of the di p u le

is h i  c l i  i 5 1 (ii a t  ed a t  It = (X , I ,~~) . b’he t runs lo rnn a t i cnn of th I s

e q i l t m t  i o n n  t o  c i  r t  es i a n n  c O Or ~! m a t  es V it -ids

, - - ~~~ 

~~~~~ 

( a ‘ - c / 2 ) ~ 2 
- ‘ + c / 2 ) y “ + c: 2 + ~ ~ ~_ ( 1  ~ -

+ Th\: 2~~v :J  (2 .2 )

Is i t ii

a ’ = 
~~~~ ~ -~~n - V  1/ a R  ( 2 . 3)

- ~~~~~~~~~~~~~ ~~~ - —~~
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I + 
~~“2 ] / a R  ~ 

(2 . 1)

,1 (3 \
2 

- 2 12 - 2 Z 2 ) + Su Xl + Sa \ ZV z

= 5t i  \ 1  + a (3Y 2 
- 2X 2 

- 2Y 2 ) + Sa YZV 
z

c ((a X + ;t Y)  1,1:2 
- - Y 2 ) + a Z ( 2 Z 2 

- 3X2 - 3Y 2 )J/aR~

h = 1a 5:(1x
2 

- 12 
- :

2
) + Sa~~XYZ + a X ( 4 Z 2 

- - Y 2 )1/aR 3

= f S a  Xl :  + u Z(41 2 
- - :2) + a y (42 2 - -

and

a = a
~~

2 + a 2 + a~~
2 , R = + Y2 + 

(2 . 5 )

The con trib uti on to the force field is

~x (CR) = ~~~~ [ ( c / 2 - a ’) x  - ay  - bz ]

Fy (CR) = 3~~ (-ox + (a ’÷c/2)\~ - 

~zJ (2 .6)
Fz (CR) = [-lix  - c:J .
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\ j~j i ’u i d  ix 3 : Co nn  I r i h u t  i o n s  f n o r u  the lh-1ionen t i a I R ep u  I s ion

C i  V t -n i  t h e  F i i t i r  i e r  trans fornnn of a function , it is possible to

- -  - - Iexp ress the seconul order la v i o r  series e x p a n s i o n  term as

t 7 (r) = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

. (~ 
flti ) I h O )  ( A t  I I~ I)Y 1 M (ro ) 1~ (r) I (r0) (3.1)

where I’~ is t h e  e~~p i n s i o n  p o i n t  . T i i t -  Fourier transform has the

to rm

f i k) = Y \ ( k ) g~~( K )  (3 . 2 )

a n d

I L (r o) = J d K  k~ g~~(k ) i 1 (kr o) (3.3)

w h e ni - (x) is tl ne ~p i nu - ric al Bessel function of the first ki nd ,
3

a n d (~~r Z 2 m 1 m 2 j ~~ 3 nn 3 )  is t h e  C l e h s c h - G o r t l a n  c o e f f i c i e n t . 5

The fornni of the repulsion interacti o n used i n  the last paper

w a s  e xp o n e n t i a l  of  t h e  f o r n u 1

= B exp[—(R -a )/1 ] (3 .4 )

i’. l i t -  r- e

B = 2e~jp/R
3 (3.5)
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i ni ¼l ~ I s a cons t uni t of t lie o rdu - r of  I . I ) x 10 ~ i- n fl . K I 5 th u

e q n i  i 1 i b m  i t- i sol v a t  r tin ma ul i r is for U lie s \ t t t n t i ’ U ml c a l l  v sol vated sv  stem.

UI i sO c o r n  ~ i di’ m ann e x lai n s i on o I t lie r e p  ii  1 5 i on a b o r t  t t h u  ct-nit me

o f  si : : t r t u u ’ t  r -
‘ f o r  t I m e  l i i i  1k  p h i t i ~~i- s o l  vate d io n n , t h e n  r 0 = 1), and  i n

g ’ n e n.m I

~ 
1/ 2

t 2 1  i’ ) = n 2 ( H / 1 o’ )t -x( ( R / )  ~ 
- 

{~ -: (1100 ) ~O) 
2

- (3~ \ ) K ( R/ - ) ]  (3.0)

w i n e  mu - k (.x ) i s t he  nn i o d I l i e d  sp i n e t  i c a l  Bessel frt nct ion of the third

K i nnd . 1: 0 ~ - = 0 , A = 1) , and

~H) 
= ~~~ (B/

p ) e x p  (R /c- ) I ( R / n  I K i (1~/t~) - 3k 0 ( R / g )

= ~~r 2
(~~ / p ~~~) ( ~~ 2u ’/R )exp [-(i~ -I~~ )/p} (3 .7)

[he on I V o t h e r  con t  r I h u t  i on t o  ~ 2 com ics fronni C = 2 , A = 2 . T h u s

=

- Sk 7 ( R / u~ ) }  ~ ( 2 2 u l p j 0 0 ) Y 2 ( R ) V ( r )  (3 .8)

‘Ihe s r zn n m u n at  ion in eqn (S . S ) c an  he w r I t  t t ’n m i s
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( 2 2 m i - t I W ) fl ,
0

( R H , 1
( r )  = ~~~ - (Y 

- Y~~)(~~ v ’)

R 2 ) (3 :~ - i” )  + 4) (X~ ) (~~v )  4 ( \ )  Ix:) + ( V Z )  (~-:  I J I / R 2 r 2

I 3 .

l i t ~ n c e

2 ( 2 ) H 
= 

~ ( K/oR~~) () + / R  ) e x p  I - (K - K )  / p ]  ( ( \ 2 
- : ) x 2

+ (Y~~-
’ ) y 2 + ( 3 : - - R 2 ) ~~

2 + 2 [ i \ Y I x v  + (x:)x:

I
~

+ (Y:)~- :J } (3. 10)

~ ten t h i  s t e run i s comb i ne il i~ it h t 2 ( 0 )  , we f intl

t 2 ( r) = 

~I ( p + q ) x 2 + ( p + r ) ~ - 2 + ( p + s ) : 2 J  + ó x y  + i x :  + ~~‘z (3 . 1 1 )

is I t i n

P = ( B/ 3o 2 ) (1 -2p/R)exp ) - ( R - R )/ j (3 . 12 )

and

= f(X -Y2 )

r = f ( y 2 : 2 )

S = f (3 2 -R 2 )
( - 1 . 1 3)

n \ 1

c = f X

hI1IItIIIIIItSIt,,~, -‘—-,- -r. t~_ .  _ t~~r t ’,jq ,__ , -  
~~~~.-‘---.- —-— —
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w t t h

= (IV 0R 1 ( (I i  -/K (cxli i - (K ‘R )/g] . (3 .  1 4 )

~~~e n d i ~~~1: I l i e ~~~~ m t i l i ( t r j  ur n P o s i r j o n i o f t l i t ’  Ion In n s it l e the So lvtt tion

Ca g e

[he I i rst o r d e r  ‘l a w  b r ’  series teri nn for the repul 5 i o n  i n t e r  -

mc t i o n  i 5 C t t  l i i i  i t t  t ed  w i t ii I lie use of the integ ra 1 fo n’mnt of the

U a 1 or su ’ r i  C s  m i s  d i  scus set! in n ret -
. 1 . Thus  , w i tin t lie Fourier

t r a n  ~ fo  n-nil o f  eqn i  ( 3  . 4 )  
~ I yen  b y

v (k) S~~I~ exp (R /~~) 
1 

- ( 4 . 1 )
- e

the ft m st order Tay lor series term is given by

t l
(r) r

~~
)V V

r
(r ,R )J

~~r r

= - —
~~~~~~~~~~~ rj d o k k v(k) exp[ - i k (r -R )J m= r 

( - 2 . 2 )
( 2 T )

t —

As W a S  d i s c u s s u ’d i n  i’d . 1 , we m a k e  use  of separat e expans ions of

~he a r g u m e n t s  i n  t h e  e x p o n e n t  ia l i n  the second  line of  eqn  ( — 1 . 2 ) .

The mu - su  I t I ng  i n t  eg m u t t  i on can  he c a m ’  i cub o ut  d i  r ec t  I v  . The r e s u l t

n s

L -- ____
_  

_
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t 1 
( r )  = - 

~~~
( B / l ) e x p ( R e / P ) r Y

~~nn ( r ) Y 1m ( R )  [ A k 1 ( R / p )

- ( R / p ( k , ( R / r ) }

= (B / ~~R ) e x p [ - ( R - R ~~)/ ~~] ( X x  + lv + :). ( 1 . 3 )

Note , the val ue of R
~ 

is the e q u i l i b r i u m  s o l v a t i o n  r a d i u s  with

respect to the symmetric system.

The electrostatic terms are somewhat more complicated in

appea rance .  Again , use is made of the Carlson-Ru shhrooke expansion
4

to expre ss the s~iif t terms in an appropriate form . The first order

(2=1 ,r) term contributes to the shift ; it is g i ven by

3/ 2

(CR ) = - 

~~~~~ ~Y 1~~ (r) ~~~~l l  ( a ) Y 22 (R)

- 

~~~
‘ Io  (

~~
)
~~~i ( R )  + I

11 
( a )Y 70 ( R ) ]  + 

~ l l  ( r )  [ Y 1 -l 
(a )Y 20 (R )

- 

~~~ io  ( a )
~~~~i 

( R )  + ~~Y 1 (a )Y 2 2  ( R ) ]  + Y 10 (r) [-/~Y1 1  (a )Y 21 (R)

+ 2l 10
(~~) Y ,0 ( R )  - 

~~Y 11 ( a )Y 7 1 (R)]}. (4.4 )

Rewr iti ng th is e x p r e s s ion in  terms of car tes ian coord inates g ives

V l (cR) 
= - 

~~
[dxx + d~ y + d zzJ (4.5)

L -- 
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t Ii

u!
\ 

= ( a ( 2 \ ’ -~~ ~~:
2

J + ~

= ) ; m \ Y  + :i ( 2 Y ” \ 2
~~~:~ + 3;t~~~:J/ aR 2 (-Lt)

= [ S a \ • 3 a 1~ + a ~~~ - \~ -Y ~ ) 1 / 1 K :

F Ha 1 1 v , t i n  u ’s t e m n a  1 ch um m ge Ni ’ 1 o c u m  ted um t ( X ‘ , 
‘ , : ‘ ) veil ds

V = a’— ( \ ‘ s + Y ’ v + :‘:]. ( -1 . )i(~~x ) (K’) t

h u t s  , t t h o nn coi t i l i  t n t  nu ~ t i  r u t s  , w e  ca n w m i t t ’

= + I v + : : ( 4 . 5)
I s s s -

w he r i  \ ‘n , t i n t !  s t in ~I Co r t he sIn i t~t fo ices ; these fe mci ’ :- : m r

g t y e n  5~~ 1’C i f I c u t  I I v  Nv

\. = (B/ R )exp [--( R -K )/oj \ - i d \ / R  +

Y = ( B/  i lK )ex 1i [ - ( K - K  I / p  ] V - 
~etl~,/R + \t ’ 2 1 ‘I (R’) ~ ( U . 0 )

= (B/gK)ex 1i [ - ( K  -R )/m~]: 
- t u ’u1 2/R 3 Ne 2 ‘/  (K’) ~~~.

L
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~jj~i1re Captions:

1. [he conf it~iirat ion of a solvated ion with a coordination

numher of  4 m i t  t h e  s u r f a c e  of a m e t a l .  The s o l v e n t  m o l e c u l e s  S 1

to S3 
lie in a iilane cop l anar with the surface. The C3 a x i s

is ni L - : -ta l  to the surface and p a s s e s  th r o u g h the ion and the so lven t

mol ecu le  Sr 1) is the distance between the ionic expansion centre

and the metal surface. The actual location of the ion depends

upon the shift forces (see text for details).

2. The dependence  of the v i b ra t i ona l  f r e quen c ies i a the sys tem

of F ig .  1 as a func ti on of the d i stance the s o l v e n t m o l e c u l e  S4 is

d i sp l ac ed a l o n g t he C3 axis. These frequenc ies have been calculated

fo r the system in the absence of an image or external charge. The

l ine - - E i - -  is associated w ith the vibrations along the C3 
ax i s.

The othe r (two - fold degenerate) vibrations are normal to the

C ax is. The frequencies are three-fold degenerate at the solution

phase equi librium point for the distance between the ion and the

solven t.

3 . The dependence of the v ibra t ional  f r equenc ies  in the sys tem

of Fi g. 1 as a function of the distance the solvent molecule S4

is disp l aced  a long the C3 axis. These frequencies have been

calculated for the system in the presence of an image charge

loc ated at a constant distance from the metal of 2 A. The frequencies

associated with the line - -li--are those along the C3 axis. 

-- - - - -
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1 . Th e  di 51)1 ace nm ient of the ion is it 13 ri- fe r e n c t -  to t i i -  cent m e  o f

s v u u i m m e t  n - v of  he  s o l u t i on p h a s e  s~’s t e n n . I l t i ’  u l i s p l a c e m i n t  a l o n h

t h e  1 i n c  - -~~~~~
- - i s  a s s o c ia t e d  w i t h  he system in t h e  p r e s e n c e  of an

ima ~~e or e,\ t e m n a l  c h a r g i -  .

a .  I h u ’ c o n f i g u r ; i t i o n  o f  s o l v e n t  m o l e c u l e s  a b o u t  t h e  ion in t h e

ca~~c w h e r e  t h e  C , a x i s  ( c o l i n e a r  w i t h  t h e  s y s t e m  y - a x i s )  is n o r m a l

t o  t h e  i : i e t a l  s u r f a c e .  I w o  o f  t i n e  s o l v e n t  m o l e c u l e s  l i e  in a p l a n e

i - t h i c h  is c o p l a n a r  w i t h  t I i c  m e t a l  s u r f a c e  and w h i c h  l i e s  b e t w e e n

t h e  s u r f a c e  and t h e  i o n .  The other two solvent molecules , on the

s o l u t i o n  s i d e  of  t h e  ion , l i e  a l s o  in a p l a n e  c o p l a n a r wi th the

s u r f a c e .  As i n  F i g .  1 , 1) i s  t h e  d i s t a n c e  b e t a c e n  t he  i o n i c

e x p a n s i o n  p o i n t  and t h e  s u r f a c e .

6 .  The d e p e n d e n c e  of t h e  v i b r a t i o n s  of  t h e  s y s t e m  of Fi g .  S

as a f u n c t i o n  of  t h e  d i s p l a c e m e n t  of t h e  s o l v e n t  m o l e c u l e s  in

1 - a i r s .  The s o l i d  l i n e  - - - -  r e p r e s e n t s  t h e  v i b r a t i o n s  in  t he  y-

d i r e c t i o n  a l o n g  t h e  C , a x i s .  ‘b ’he v i b r a t i o n s  a l o n g  t he  l i n e  - - + - -

a r e  a l o n g  t h e  x - a x i s  m i n d  - - l i - - a r e  a l o n g  t h e  :- a x i s .  T h i s  a p p l i e s

to the case for w h i c h  the molecules between the ion and the surface

move. If the solvent-side molecules are displaced in pairs , then

the vibrations along -- + - -  correspond to vibra tions in the :-direction

and along - -A-- correspond to vibrations in the x-direction.

7 .  The dep endence of the v ib r ati on s of the sys tem of Fi g .  5

in the of an image charge. The interpretation of the lines

is the same as in Fi g. 6.
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H i t ’ - 1 x s ’ t 1 - i~ enient of t h e  i o n  as a funct ion of solvent molecule

d i s p l a c e m e n t . ( u r v i  - - u ~ - -  in dicates the displacement of the ion

i n  t h e  s v st  em i n  t h e  a b s e n c e  of ur n  i nm t ag e  ‘h a r g r ’  . l’hc s o l i d  1 i nc

i r u d i c : m t e s  ~he displace m ent in the system in the presence of an

i : - : : ig ~ - charpe. in  b o t h  c a s e s , t h e  s o l v e n t - s i d e  m o l e c u l e s  of J i g .  S

ti r e mobile.
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