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A b s t r a c t  - Resu l t s  o f  t h e  u l t r a s o n i c  abso rp t i on  r e l a x a t i o n  and nuc lea r  
magnetic resonance s t u d i e s  o f  t h e  k i n e t i c s  o f  a l k a l i  metal  c a t i o n  
complexat ion by macrocycl i c  1 igands i n  a v a r i e t y  o f  nonaqueous so l ven ts  
a r e  reviewed. The e f f e c t s  o f  a compe t i t i on  between l o w  p e r m i t t i v i t y  
s o l v e n t  molecules,  anions, and n e u t r a l  macrocycles f o r  t h e  f i r s t  
c o o r d i n a t i o n  sphere o f  t h e  l i t h i u m  c a t i o n  a r e  c l e a r l y  ev iden t .  
u t i l i t y  o f  t h e  Eigen-Winkler r e a c t i o n  mechanism f o r  d e s c r i b i n g  t h e  
u l t r a s o n i c  abso rp t i on  r e s u l t s  i s  p o i n t e d  ou t .  
techn iques  a r e  used t o  exp lo re  t h e  k i n e t i c s  o f  l i t h i u m  i o n  complexat ion  by 
a c y c l i c  po l ye the rs  such as po ly (e thy1ene ox ide )  i n  a c e t o n i t r i l e  a s t r i k i n g  
i n s i g h t  emerges: The complexat ion  k i n e t i c s  r e f l e c t  a l o c a l i z e d  c a t i o n -  
p o l y e t h e r  i n t e r a c t i o n  t h a t  i s  independent o f  t h e  1 ength  of t h e  p o l y e t h e r  
cha in  as one proceeds f rom t r i g l y m e  t o  a po ly (e thy1ene ox ide )  o f  15,000 
average molar  we igh t .  
complexat ion k i n e t i c  s tud ies  i n  nea t  1 i q u i d  po ly (e thy1ene ox ides )  i s  
d iscussed and p o s s i b l e  a p p l i c a t i o n s  o f  t h e  r e s u l t s  i n  deve lop ing  an 
unders tand ing  o f  po lymer ic  e l e c t r o l y t e s  i n  1 i t h i u m  b a t t e r i e s  i s  ou t1  ined. 

The 

When t h e  same u l t r a s o n i c  

Ex tens ion  o f  t h i s  r e s u l t  t o  s i m i l a r  l i t h i u m  i o n  

INTRODUCTION 

Under f a v o r a b l e  c i rcumstances i t  i s  p o s s i b l e  t o  d e t e c t  t h e  r a p i d ,  d i s c r e t e  s teps  by which a 
L i +  c a t i o n  i n  a l i q u i d  s o l u t i o n  i s  deso lva ted  and i s  e v e n t u a l l y  encapsu la ted  by a p o l y e t h e r  
l i g a n d .  
j u s t i f i c a t i o n .  
f rom r e c e n t  k i n e t i c  s t u d i e s  o f  l i t h i u m  ion -po lye the r  i n t e r a c t i o n s  i n  s o l u t i o n s  we w i l l ,  
however, a l s o  d i scuss  a way i n  which t h i s  t ype  o f  k i n e t i c  s tudy  can improve ou r  
unders tand ing  o f  1 i t h i u m  b a t t e r y  e l e c t r o l y t e s .  

For  t h e  e n t h u s i a s t i c  chemical  k i n e t i c i s t  such a s tudy  r e q u i r e s  no  e x t e r n a l  
A f t e r  we have cons idered t h e  i n s i g h t s  o f  a fundamental c h a r a c t e r  emerging 

ULTRASONIC ABSORPTION 

The a t t e n u a t i o n  o f  h i g h  f requency sound waves i n  l i q u i d s  can be measured by a v a r i e t y  o f  
exper imenta l  techn iques  t h a t  have been descr ibed i n  a comprehensive rev iew  by Stuehr  
( r e f .  1). Viscous l osses  and hea t  l osses  o f  t h e  sound energy i n  l i q u i d s  account  f o r  some o f  
t h e  u l t r a s o n i c  absorp t ion ,  b u t  dynamic chemical e q u i l i b r i a  i n  l i q u i d s  f r e q u e n t l y  make l a r g e r  
c o n t r i b u t i o n s  t o  t h e  sound a t t e n u a t i o n  a t  resonant  o r  r e l a x a t i o n a l  f requenc ies ,  fry 
c h a r a c t e r i s t i c  o f  t h e  p a r t i c u l a r  chemical e q u i l i b r i a .  
pass in?  th rough t h e  1 i q u i d  (s- ' )  , CY t h e  a t t e n u a t i o n  cons tan t  (cm-') , u t h e  sound v e l o c i t y  
(cm s- ) ,  B t h e  background sound abso rp t i on  r a t i o  (a/f2)f,,fr, and !J t h e  excess sound 
abso rp t i on  p e r  wavelength g i ven  by 

L e t  f denote t h e  f requency  o f  sound 

y = (CY - B f 2 ) ( U / f )  (1) 

I f  a sample l i q u i d  con ta ins  two sound absorb ing  chemical e q u i l i b r i a  w i t h  r e l a x a t i o n  
f requenc ies  f i f 1  and f r i f i I  r e s p e c t i v e l y ,  t h e  sound abso rp t i on  da ta  can be f i t t e d  by e i t h e r  
one o f  t h e  foy low ing  f u n c t i o n a l  forms: 
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I n  t h e  l a t t e r  equat ion t h e  r e l a x a t i o n  ampl i tudes a re  A 1  = ( 2 ~ 1 / u f 1 )  and A11 = (2~11 /u f11 ) .  
Equat ion 2 g i ves  r i s e  t o  broad u l t r a s o n i c  absorpt ion peaks when u i s  p l o t t e d  on t h e  v e r t i c a l  
a x i s  and l o g  f i s  p l o t t e d  on t h e  h o r i z o n t a l  ax i s .  The s u p e r f i c i a l  s i m i l a r i t y  o f  such a p l o t  
t o  an i n f r a r e d  spectrum makes t h e  d i s p l a y  o f  u l t r a s o n i c  abso rp t i on  data a r i s i n g  f rom eq. 2 
the  one u s u a l l y  p re fe r red  by chemists. The chemical k i n e t i c i s t  can i n f e r  r a t e  constants  f o r  
chemical r e a c t i o n s  d i r e c t l y  f rom u l t r a s o n i c  abso rp t i on  data.  
t h a t  t he  chemical r e a c t i o n  

For example, l e t  us suppose 

k i  

k-z 
A + B $  C ( 4 )  

g i ves  r i s e  t o  maximum sound absorpt ion a t  a resonant f requency fr = (21r~)- '  where T denotes 
t h e  r e l a x a t i o n  time. Then t h e  f a m i l i a r  r e l a x a t i o n  t ime T y i e l d s  ( r e f .  2) t h e  r a t e  cons tan t  
f rom 

T - ~  = k l ( [A ]  + [B]) + k-1 (5)  

Here [A]  and. [B] denote e q u i l i b r i u m  concen t ra t i ons  of t h e  species A and B. Advantages o f  
u l t r a s o n i c  abso rp t i on  f o r  k i n e t i c  s t u d i e s  t h a t  have k e p t  t h i s  exper imental  method a1 i v e  
desp i te  i t s  comparat ive ly  g r e a t  age inc lude  t h e  fo l l ow ing :  1) Chemical e q u i l i b r i a  l a c k i n g  
chromophores can be i nves t i ga ted ;  2) F a i r l y  s h o r t  r e l a x a t i o n  t imes between about 211s and 
300 ps can be measured; and 3) Volume o f  a c t i v a t i o n  data can be obta ined w i t h o u t  r e s o r t i n g  
t o  t h e  use o f  h i g h  pressures.  Disadvantages of t he  u l t r a s o n i c  methods i n c l u d e  t h e  f o l l o w i n g :  
1 )  Several d i f f e r e n t  u l t r a s o n i c  inst ruments a r e  needed t o  cover  t h e  f u l l  0.1 MHz t o  500 MHz 
frequency range o f  i n t e r e s t ;  2) S igna ls  a re  weak n e c e s s i t a t i n g  h i g h  sample concen t ra t i ons  
( t y p i c a l l y  >0.05 mol d K 3 )  and long  s igna l  averaging times; and 3) Sample e q u i l i b r i a  must 
i n v o l v e  a n e t  a d i a b a t i c  ( i s o e n t r o p i c )  volume change A V s  = AVT - (e/pcp)AH where AVT i s  t h e  
isothermal  volume change, e = aanV/aT i s  t h e  expans iv i t y ,  p i s  t h e  dens i t y ,  c i s  t h e  
s p e c i f i c  heat,  and AH i s  t h e  enthalpy change o f  t he  r e l a x i n g  process. Thus tRe 
observabi l  i t y  by u l t r a s o n i c  abso rp t i on  o f  a r e l a x a t i o n a l  process r e q u i r e s  a f i n i t e  A V S  t h a t  
i s  an a l g e b r a i c  sum o f  AVT and AH terms. 

When u l t r a s o n i c  abso rp t i on  i s  used t o  study t h e  r e a c t i o n s  o f  a l k a l i  metal  c a t i o n s  w i t h  t h e  
sma l le r  crown e the rs  such as 12-crown-4, 15-crown-5 and 18-crown-6 i n  nonaqueous so l ven ts  
two w e l l  separated r e l a x a t i o n  t imes a re  f r e q u e n t l y  detected ( r e f .  3-12). The observed 
r e l a x a t i o n s  have always been f i t t e d  s a t i s f a c t o r i l y  by the  Eigen-Winkler r e a c t i o n  mechanism 
( r e f .  13) 

where M+ i s  t he  so l va ted  metal ca t i on ,  C denotes the  crown e the r ,  M+ * . . C i s  t h e  so l ven t -  
separated metal ion-crown l i g a n d  p a i r ,  MC+ i s  a con tac t  p a i r  and (MC)' i s  t h e  complex w i t h  
t h e  metal c a t i o n  embedded i n  t h e  crown e t h e r  c a v i t y .  The same model works w e l l  when o t h e r  
c a t i o n s  such as Ba2+ ( r e f .  14),  Ag+ ( r e f .  11, 15) and T1+ ( r e f .  15) r e a c t  w i t h  the  s imple 
crown e the rs  i n  nonaqueous l i q u i d  s o l u t i o n s .  
p e r m i t t i v i t y  and by va ry ing  t h e  counter  an ion i t  can be shown t h a t  a v igorous compe t i t i on  
between so l ven t  molecules,  an ions and n e u t r a l  macrocycles e x i s t s  f o r  p o s i t i o n s  i n  the  f i r s t  
c o o r d i n a t i o n  sphere o f  t he  metal  c a t i o n  ( r e f .  12).  T h i s  r e s u l t  c o n t r a s t s  sha rp l y  w i t h  t h e  
very use fu l  g e n e r a l i z a t i o n  ( re f .  16) f o r  Main Group metal c a t i o n s  i n  aqueous s o l u t i o n s  t h a t  
t he  r a t e  l i m i t i n g  s tep  i n  t h e  r e a c t i o n  o f  such a c a t i o n  and a l i g a n d  i s  t h e  l o s s  o f  a 
comparat ive ly  t i g h t l y  bound water  molecule f rom t h e  f i r s t  c o o r d i n a t i o n  sphere o f  t h e  metal  
c a t i o n ,  

Some o t h e r  i n t e r e s t i n g  g e n e r a l i z a t i o n s  emerge f rom u l t r a s o n i c  abso rp t i on  s tud ies  o f  
macrocycles i n  nonaqueous s o l u t i o n s .  
complex i ty  o f  t he  u l t r a s o n i c  spectrum b u t  does n o t  have a dramat ic  impact on t h e  mechanism 
o f  metal c a t i o n  b ind ing  ( r e f .  17) .  
i s  terminated by a carboxy l  group one sees an u l t r a s o n i c  spectrum i n  dimethyl formamide 
s o l u t i o n s  suggest ing t h e  format ion of dimers of t h e  macrocycle ( r e f .  18) .  
metal c a t i o n s  t h e  b i c y c l  i c  c r y p t a n t s  such as cryptand 222 a1 so have i n t e r e s t i n g  u l t r a s o n i c  
abso rp t i on  spec t ra  i n  nonaqueous s o l u t i o n s  ( r e f .  19) i n d i c a t i n g  a r a p i d  conformat ional  
change i n v o l v i n g  i n v e r s i o n  o f  t he  r i n g  n i t r o g e n  atoms. S ince stopped-f low techniques have 
cha rac te r i zed  t h e  comparat ive ly  s low complexat ion o f  metal c a t i o n s  by cryptands ( r e f .  20) , 
i t  would be reasonable t o  expect t h a t  t he  u l t r a s o n i c  abso rp t i on  spectrum o f  a s o l u t i o n  o f  
metal  i ons  and 222 c ryp tand  would p rov ide  no new k i n e t i c  i n fo rma t ion .  The counter  i n t u i t i v e  
exper imental  u l t r a s o n i c  spectrum ( r e f .  21) c l e a r l y  i n d i c a t e s  an i n t r a m o l e c u l a r  rearrangement 

By va ry ing  the  s o l v e n t  donor number and 

Hanging a s i d e  cha in  on t h e  r i n g  increases t h e  

I n  t h e  absence o f  metal c a t i o n s  and when t h e  s i d e  cha in  

I n  t h e  absence o f  
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o f  the  222 c r y p t a t e  on a r a p i d  t ime  sca le  w i t h  t h e  metal  c a t i o n  bound t o  t h e  c ryp tand  
throughout t h e  conformat ional  change t h a t  probably  i nvo l ves  i n v e r s i o n  o f  t he  r i n g  n i t r o g e n  
atoms. When long  a l k y l  chains a r e  hung on these r i n g  n i t r o g e n  atoms as i n  K r y p t o f i x  22-DD, 
r o t a t i o n  o f  t he  r i n g  n i t r o g e n  atoms becomes much slower because o f  t h e  drag imposed by t h e  
C10H21 chains ( r e f .  22). 

NUCLEAR MAGNETIC RESONANCE RESULTS 

A g r e a t  many more k i n e t i c  s t u d i e s  o f  a l k a l i  metal  cat ion-macrocycle s o l u t i o n s  have been 
c a r r i e d  o u t  w i t h  nuc lea r  magnetic resonance techniques than w i l l  p robably  ever  be completed 
by t h e  more l a b o r i o u s  u l t r a s o n i c  abso rp t i on  methods. Some NMR s tud ies  p o i n t  t o  t h e  
d i  ssoc ia t i v e  mechanism 

k i  
M4 + C 9 (MtC) 

as the  major  r e a c t i o n  i n  some metal cat ion-crown e t h e r  so lu t i ons .  An example i s  sodium i o n  
and dibenzo-18-crown-6 d i sso l ved  i n  dimethoxyethane ( r e f .  23). 

Schmidt and Popov ( r e f .  24) were t h e  f i r s t  t o  r e p o r t  a b imo lecu la r  in terchange mechanism 

K - 1  

based on t h e i r  NMR study o f  a KAsF6 p l u s  18-crown-6 s o l u t i o n  i n  l Y 3 - d i o x o l a n e .  A g r e a t  many 
subsequent NMR s tud ies  have conf i rmed t h e  preeminence o f  t he  b imo lecu la r  in terchange 
mechanism, p a r t i c u l a r l y  i n  t h e  case o f  l a r g e r  crown e the rs  such as dibenzo-24-crown-8 
( r e f .  25, 26). 
o f  t h e  sodium c a t i o n  i s  very  low ( r e f .  26).  Stover  and D e t e l l i e r  ( r e f .  27) have explored 
t h e  e f f e c t  o f  va r ious  anions on t h e  exchange k i n e t i c s  i n  t h e  mechanism o f  eq. 8.  The 
c o n t r a s t  i n  percept ions o f  crown e t h e r  complexat ion k i n e t i c s  a r i s i n g  f rom u l t r a s o n i c  
abso rp t i on  and NMR exper iments i s  i n t e r e s t i n g .  
we have ventured a t e n t a t i v e  exp lana t ion  f o r  t h e  discrepancy ( r e f .  12). 
dependence o f  t h e  ampl i tude o f  t h e  u l t r a s o n i c  abso rp t i on  spectrum upon t h e  na tu re  o f  t he  
anion as w e l l  as t h e  anion concen t ra t i on  a t  a f i x e d  concen t ra t i on  o f  sodium c a t i o n  and 
18-crown-6 concen t ra t i on .  We t h e r e f o r e  wonder whether t h e  b imo lecu la r  exchange mechanism o f  
eq. 8 i s  j u s t  a r e f l e c t i o n  o f  an anion versus crown e t h e r  compe t i t i on  f o r  a s i t e  i n  the  
f i r s t  coo rd ina t i on  sphere o f  t h e  c a t i o n  

k3 

The d i s s o c i a t i v e  mechanism o f  eq. 7 i s  detected o n l y  when t h e  concen t ra t i on  

On the  b a s i s  o f  u l t r a s o n i c  and i n f r a r e d  data 
We have observed a 

MC' 4 X -  $ MX t C (9 )  
k-3 

where X-  denotes the  anion. 
mechanism, eq. 7, depends n o t  so much on hav ing a l ow  concen t ra t i on  o f  t h e  c a t i o n  ( r e f .  26) 
as i t  does on hav ing a l ow  concen t ra t i on  of t h e  anion. Sa id  another  way, decomplexation o f  
t h e  c a t i o n  i s  so l ven t -ass i s ted  when t h e  c a t i o n  i s  n o t  assoc iated w i t h  the  anion as i s  
u s u a l l y  t r u e  i n  so l ven ts  o f  h i g h  r e l a t i v e  p e r m i t t i v i t y .  However, decomplexation may be 
anion-ass is ted i n  lower  p e r m i t t i v i t y  so l ven ts  where t h e  c a t i o n  e x i s t s  ma in l y  i n  p a i r s ,  MX. 
I n  i n te rmed ia te  s i t u a t i o n s ,  bo th  r e a c t i o n  pathways w i l l  be present,  and t h e  r e a c t i o n  o f  
eq. 9 w i l l  dominate when t h e r e  i s  a h i g h  concen t ra t i on  o f  anions. 

I f  t h i s  i s  t rue,  t he  o b s e r v a b i l i t y  o f  t h e  d i s s o c i a t i v e  

ACYCLIC POLYETHERS 

Crown e the rs  have been found ( r e f .  28) t o  improve the  e l e c t r i c a l  c o n d u c t i v i t y  o f  s o l i d  
polymer e l e c t r o l y t e s  t h a t  m igh t  be used i n  l i t h i u m  b a t t e r i e s .  
t h a t  t h e  above k i n e t i c  s tud ies  make much c l o s e r  c o n t a c t  w i t h  the  p r a c t i c a l  wor ld  o f  l i t h i u m  
b a t t e r i e s .  Poly(ethy1ene ox ide)  [ h e r e a f t e r  r e f e r r e d  t o  as PEO] has been the  p r o t o t y p i c a l  
polymer used i n  s t u d i e s  of l i t h i u m  b a t t e r y  s o l i d  e l e c t r o l y t e s .  The same -CH2CH20- moiety  
t h a t  appears i n  t h e  crown e the rs  i s  t he  bu i l d ing -b lock  o f  PEO. Thus i t  i s  h a r d l y  s u r p r i s i n g  
t h a t  PEO has a h i g h  a f f i n i t y  f o r  a l k a l i  metal c a t i o n s  j u s t  as crown e the rs  do. 

The polymer e l e c t r o l y t e  f i e l d  has been reviewed r e c e n t l y  by Cowie and Cree ( r e f .  29). X-ray 
s tud ies  ( r e f .  30) o f  PEO i n  the  s o l i d  s t a t e  revealed a h e l i c a l  s t r u c t u r e  w i t h  a p e r i o d i c i t y  
o f  seven oxygen atoms over  a d i s tance  o f  1.93 nm which changed upon s t r e t c h i n g  t h e  polymer. 
E a r l y  i n t e r p r e t a t i o n s  ( r e f .  31) of conductance measurements suggested he1 i x  f o rma t ion  and 
c a t i o n  m i g r a t i o n  w i t h i n  he1 i c a l  t unne ls  as being p r e r e q u i s i t e s  f o r  t h e  mechanism o f  i o n i c  
t r a n s p o r t .  L a t e r  ( r e f .  32) i t  was proposed t h a t  t he  major  p a r t  o f  t h e  conduct ion occurs i n  
the  amorphous reg ion  o f  t h e  polymer w i t h  the  c a t i o n  m i g r a t i n g  by an i n t e r c h a i n  r a t h e r  than 

However, t h e r e  i s  another  way 
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by an i n t r a c h a i n  mechanism w i t h i n  t h e  h e l i c a l  t unne l .  I n  another  t rea tmen t  ( r e f .  33) i t  i s  
assumed t h a t  a l l  t h e  t r a n s p o r t  processes a r e  c o n t r o l l e d  by t h e  l o c a l  segmental m o b i l i t y  o f  
t h e  polymer hos t .  An i o n  i s  capable o f  jumping f rom one s i t e  t o  a ne ighbor ing  s i t e  i f  t h e  
l a t t e r  s i t e  i s  a v a i l a b l e  and vacant.  T h i s  i n  t u r n  depends on t h e  dynamics o f  t h e  c h a i n  
segmental mot ion.  The r e l a x a t i o n  t i m e  o f  t h e  segmental mot ion  o f  t h e  polymer c h a i n  has been 
determined ( r e f .  34) by measurement o f  d i e l e c t r i c  r e l a x a t i o n  a t  microwave f requenc ies .  

There a r e  a number o f  ques t i ons  about e l e c t r i c a l  c o n d u c t i v i t y  i n  s o l  i d  polymer e l e c t r o l y t e s  
t h a t  remain t o  be answered: For  example, what i s  t h e  r a t e  o f  c a t i o n  wrapping when t h e  
c a t i o n  i s  coo rd ina ted  by t h e  polymer cha in?  Is t h e  process a two stage process w i t h  an 
i n i t i a l  " con tac t "  by one o f  t h e  oxygen atoms o f  t h e  polymer cha in  f o l l o w e d  by t h e  complete 
wrapping o f  t h e  c a t i o n ?  Conversely,  what i s  t h e  mechanism o f  c a t i o n  unwrapping when t h e  
c a t i o n  i s  " l eav ing "  a c o o r d i n a t i n g  polymer cha in?  I s  t h e  r a t e  o f  c a t i o n  m i g r a t i o n  i n  t h e  
amorphous phase dependent on t h e  segmental mo t ion  o f  t h e  chains,  as c u r r e n t  t h e o r i e s  p r e d i c t ?  
Can one change s y s t e m a t i c a l l y  t h e  i d e n t i t y  o f  t h e  an ion  and f i n d  ev idence f o r  change i n  t h e  
r a t e  o f  complexat ion o f  t h e  c a t i o n  by t h e  polymer? I f  t h e  an ion  forms a s t a b l e  i o n - p a i r  
w i t h  t h e  c a t i o n ,  w i l l  a new r e l a x a t i o n  be observed t h a t  i s  a t t r i b u t a b l e  t o  d i p o l a r  r o t a t i o n  
o f  t h e  p a i r ?  Our f i r s t  s teps  i n  t h e  f i e l d  o f  k i n e t i c s  o f  complexat ion by a c y c l i c  polymers 
have been gu ided by o u r  i n t e r e s t  i n  these ques t ions .  

ULTRASONIC ABSORPTION IN LIQUID SOLUTIONS OF PEO 

U1 t r a s o n i c  abso rp t i on  spec t ra  have been determined ( r e f .  35) f o r  a c e t o n i t r i l e  s o l u t i o n s  
v a r i o u s l y  c o n t a i n i n g  LiC104, LiAsF6, t r i g l y m e  and PEO. T r ig l yme i s  a c y c l i c  and has t h e  
fo rmu la  CH3(0CH2CH2)30CH3. 
carbon atoms and e t h e r  1 inkages each molecu le  con ta ins .  
s o l u t i o n s  c o n t a i n i n g  15,000 average mole we igh t  PEO had s u b s t a n t i a l l y  l a r g e r  amp1 i t u d e s  than 
t h e  r e l a x a t i o n s  found i n  s o l u t i o n s  o f  t r i g l y m e .  
t r i g l y m e  and i n  PEO s o l u t i o n s  a r e  independent o f  mo lecu la r  c h a i n  l e n g t h .  Thus t h e r e  appears 
t o  be a l o c a l i z e d  l i t h i u m  ion -po lye the r  i n t e r a c t i o n  t h a t  we have c a l l e d  t h e  " e t h e r  mo ie ty  
e f f e c t . "  
s h o r t  po l ye the rs  such as te t rag l yme and t r i e t h y l e n e  g l y c o l  d i s s o l v e d  i n  a c e t o n i t r i l e  t o  
determine t h e  g e n e r a l i t y  o f  t h i s  s u r p r i s i n g  observa t ion .  

It s u p e r f i c i a l l y  resembles c y c l i c  12-crown-4 i n  t h e  number o f  
U l t r a s o n i c  r e l a x a t i o n s  measured i n  

However, t h e  r e l a x a t i o n  t imes found i n  

U l t r a s o n i c  abso rp t i on  s t u d i e s  a r e  p r e s e n t l y  underway w i t h  l i t h i u m  s a l t s  and o t h e r  

Another way t o  exp lo re  t h e  k i n e t i c s  o f  t h e  PEO-salt systems i s  t o  r e p l a c e  t h e  l i t h i u m  s a l t s  
w i t h  sodium s a l t s .  
w i t h  NaClO,, and te t rag l yme a t  a mo lar  r a t i o  R = [TG]/[NaClO&] = 1 (where TG denotes 
te t rag l yme)  an u l t r a s o n i c  abso rp t i on  spectrum i s  ob ta ined  t h a t  can be i n t e r p r e t e d  i n  terms 
o f  two Debye r e l a x a t i o n s .  Qua1 i t a t i v e l y ,  t h e  concen t ra t i on  dependence o f  t h e  r e l a x a t i o n  
t imes i s  s i m i l a r  t o  t h a t  found f o r  LiC104 p l u s  t r i g l y m e  i n  a c e t o n i t r i l e  a t  25%. The 
ex i s tence  o f  t h r e e  mo lecu la r  c o n f i g u r a t i o n s  as i n  eq. 6, i .e. ,  a s o l v e n t  separa ted  p a i r ,  
c o n t a c t  p a i r ,  and i n c l u s i v e  complex, i s  supported by t h e  i n f r a r e d  spectrum i n  t h e  800 t o  900 
cm'l f requency range. The te t rag l yme s p e c t r a l  envelope i n  t h i s  wavenumber r e g i o n  s p l i t s  
i n t o  t h r e e  Gaussian bands. I n  c o n t r a s t  t o  t h e  u l t r a s o n i c  da ta  f o r  L i t  + PEO a t  R = 
[-CH,CH,O-]/[M+] = 4, t h e  s lower  o f  t h e  two u l t r a s o n i c  r e l a x a t i o n s  o f  Na+ + PEO o f  average 
molar  mass M = 2,000 and a t  R = 5 s h i f t s  t o  much lower  f requenc ies  than those t h a t  
c h a r a c t e r i z e  t h e  Na+ + te t rag l yme system i n  a c e t o n i t r i l e  a t  25OC. 

Dimethyl formamide (DMF) has a lmost  t h e  same E as CH3CN b u t  has a much l a r g e r  DN. 
i s  t h e  s o l v e n t  f o r  Na+ + te t rag l yme t h e  f a s t e r  u l t r a s o n i c  r e l a x a t i o n  process i s  t h e  o n l y  one 
de tec ted .  
2000 and w i t h  R = 5 a t  25OC. However, t h e  fo rward  and reve rse  r a t e  cons tan ts  f o r  t h e  
fo rma t ion  o f  t h e  Na' t PEO c o n t a c t  p a i r  i n  DMF a r e  sma l le r  than t h e  cor respond ing  r a t e  
cons tan ts  f o r  t h e  Na+ + te t rag l yme c o n t a c t  p a i r .  
r e g i o n  show no evidence o f  an a l t e r a t i o n  o f  t h e  p o l y e t h e r  band. 
l i t t l e  i f  any o f  t h e  (NaTG)' i n c l u s i v e  species forms. 

The k i n e t i c s  o f  complexat ion o f  Na+ w i t h  t h e  a c y c l i c  t e t rag l yme and Nat w i t h  t h e  
cor respond ing  c y c l i c  p o l y e t h e r  15-crown-5 have been determined i n  DMF a t  25OC. 
15-crown-5 t h e  u l t r a s o n i c  r e l a x a t i o n  envelope can be deconvoluted i n t o  two Debye r e l a x a t i o n  
processes whereas o n l y  one r e l a x a t i o n  (as  no ted  above) i s  seen w i t h  Nat t t e t rag l yme.  T h i s  
suggests t h e  ex i s tence  o f  t h e  i n c l u s i v e  complex (Na15C5)+ r e f l e c t i n g  a g r e a t e r  a f f i n i t y  o f  
t h e  15-crown-5 macrocycle than o f  t e t rag l yme f o r  t h e  Na+ c a t i o n .  A s i g n i f i c a n t  s p l i t t i n g  o f  
t h e  i n f r a r e d  s p e c t r a l  envelope o f  15-crown-5 i n  t h e  800 t o  900 cm-' range when Nat i s  added 
t o  R = 1 i n  DMF suppor ts  t h e  above i n t e r p r e t a t i o n .  

I n  a c e t o n i t r i l e  ( r e l a t i v e  p e r m i t t i v i t y  E = 36.0 and donor number DN = 14) 

When DMF 

The same i s  t r u e  f o r  Na+ + PEO w i t h  an average molar  mass rang ing  f rom 400 t o  

The i n f r a r e d  spec t ra  i n  t h e  800 t o  900 cm-l 
T h i s  r e s u l t  suggests t h a t  

For  
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NOTE ADDED IN PROOF 

NMR experiments [ A. Delville, H.D.H. Stover and C. Detellier, J. Am. Chem. SOC. 
- 109, 7293-7301 (1987)] appear to disprove the anion assisted mechanism of 
decomplexation [our eq.91 in the case of NaPFs interacting with a crown ether 
in nitromethane. 




