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A b s t r a c t  - Microscopic s t r u c t u r e s  of e l e c t r o l y t e  s o l u t i o n s  over a wide 
range of concent ra t ion  have been determined by  t h r e e  d i f f e r e n t  
techniques ;  X-ray d i f f r a c t i o n ,  neut ron  d i f f r a c t i o n  combined w i t h  
i s o t o p i c  and isomorphic s u b s t i t u t i o n ,  and X-ray a b s o r p t i o n  methods. 
Advantages and l i m i t a t i o n s  i n  s t r u c t u r a l  in format ion  o b t a i n e d  b y  t h e  
t h r e e  methods a r e  b r i e f l y  descr ibed .  The s t r u c t u r e s  of some i o n i c  
s o l u t i o n s  i n  room tempera ture  l i q u i d ,  undercooled, and g l a s s y  s t a t e s  have 
been revealed from comparat ive X-ray and neut ron  d i f f r a c t i o n  and X-ray 
a b s o r p t i o n  measurements. Physico-chemical d a t a  of t h e  s o l u t i o n s  a r e  
discussed from t h e  microscopic s t r u c t u r e s  of  t h e  s o l u t i o n s .  

1. INTRODUCTION 

Most of chemical  r e a c t i o n s  i n  n a t u r e ,  s y n t h e t i c  i n d u s t r y ,  b i o l o g i c a l  sys tems,  e t c .  occur  
i n  aqueous o r  non-aqueous s o l u t i o n s .  The mechanisms of t h e  r e a c t i o n s  and t h e  p r o p e r t i e s  
of s o l u t i o n s  depend upon t h e  ion-solvent ,  so lvent -so lvent ,  and ion-ion i n t e r a c t i o n s ;  
t h e s e  i n t e r a c t i o n s  mani fes t  themselves  i n  t h e  microscopic s t r u c t u r e  of t h e  s o l u t i o n s .  
Thus t h e  s t r u c t u r e  of e l e c t r o l y t e  s o l u t i o n s ,  i n  p a r t i c u l a r ,  of s o l v a t e d  ions  and chemical  
spec ies  involved i n  t h e  r e a c t i o n s ,  is e s s e n t i a l  i n  unders tanding  t h e  r e a c t i o n s  and t h e  
physico-chemical q u a n t i t i e s  of t h e  s o l u t i o n s .  

According t o  Brauns te in  (l), t h e  e l e c t r o l y t e  s o l u t i o n s  may be c l a s s i f i e d  i n t o  f i v e  
c a t e g o r i e s  depending on t h e  water  c o n t e n t ;  ( I )  v e r y  d i l u t e  s o l u t i o n ,  (11) concent ra ted  
aqueous s o l u t i o n ,  (111) h y d r a t e  mel t s ,  ( I V )  mel t s  c o n t a i n i n g  incomple te ly  h y d r a t i o n  
s h e a t h s ,  and ( V )  anhydrous molten salts. Most of s t r u c t u r a l  s t u d i e s  so f a r  r e p o r t e d  have 
been devoted t o  c a t e g o r i e s  I1 and V .  On t h e  c o n t r a r y ,  t h e r e  appeared v e r y  few s t r u c t u r a l  
i n v e s t i g a t i o n s  on I,  111, and I V .  

The s o l u t i o n s  i n  ca tegory  I have been most ly  used f o r  thermodynamic s t u d i e s ;  t h u s  
s t r u c t u r a l  in format ion  w i l l  p l a y  a key r o l e  i n  i n t e r p r e t i n g  thermodynamic parameters 
of chemical  r e a c t i o n s  i n  t h e  s o l u t i o n s .  On t h e  o t h e r  hand, t h e  e l e c t r o l y t e  s o l u t i o n s  
i n  ca tegor ies  111 and I V  are of cons iderable  i n t e r e s t  b o t h  from fundamenta l  chemis t ry  
such as c r y s t a l l i z a t i o n  of t h e  sa l t s  and supercool ing  of t h e  s o l u t i o n s ,  and from 
technologica l  a p p l i c a t i o n s  as t h e r m a l  energy s t o r a g e  ( 2 ) .  

Among var ious  techniques  so f a r  developed, X-ray d i f f r a c t i o n  method h a s  long  been used 
f o r  s t r u c t u r e  de te rmina t ion  of l i q u i d s  and s o l u t i o n s  ( 3 ) .  Neutron d i f f r a c t i o n  method 
h a s  a l s o  been proved t o  be v e r y  s u c c e s s f u l  when it is combined w i t h  i s o t o p i c  s u b s t i t u t i o n  
method (4). With t h e  progress  of synchro t ron  r a d i a t i o n  X-ray a b s o r p t i o n  spec t roscopy 
h a s  become one of t h e  powerfu l  means f o r  s t r u c t u r a l  s t u d i e s  of e l e c t r o l y t e  s o l u t i o n s  (5). 
I n  a d d i t i o n ,  i n t e n s e  w h i t e  X-rays a v a i l a b l e  a t  synchro t ron  r a d i a t i o n  f a c i l i t i e s  have 
made it p o s s i b l e  t o  use t h e  X-ray anomalous s c a t t e r i n g  technique  f o r  de te rmina t ion  of 
t h e  s t r u c t u r e  of s o l u t i o n s  (6). 

The above t h r e e  techniques  are s u p e r i o r  t o  o t h e r  methods because t h e y  g ive  us  d i r e c t  
s t r u c t u r a l  in format ion  r e l a t e d  t o  t h e  r a d i a l  d i s t r i b u t i o n  of  atom p a i r s  i n  a system; 
t h e  number of neighboring atoms around a c e n t r a l  i o n ,  t h e  i n t e r a t o m i c  d i s t a n c e s  between 
them, and i ts  root-mean-square d e v i a t i o n .  I t  is timely t o  d iscuss  t h e  advantages and 
l i m i t a t i o n s  of each technique  and t h e i r  a p p l i c a t i o n s  t o  s t r u c t u r a l  s t u d i e s  of e l e c t r o l y t e  
s o l u t i o n s .  
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ZnC1,.4H,O 
(X-rays) 

2. STRUCTURE DETERMINATION 

The s t r u c t u r e  of an e l e c t r o l y t e  s o l u t i o n  is  expressed i n  terms of one-dimensional p a i r  
c o r r e l a t i o n  f u n c t i o n  ( r a d i a l  d i s t r i b u t i o n  f u n c t i o n ) .  In  case s o l u t e  MX, is d isso lved  i n  
water  t h e  t o t a l  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  G(r )  f o r  t h e  s o l u t i o n  c o n s i s t s  of t e n  
p a r t i a l  d i s t r i b u t i o n  f u n c t i o n s  ( f o r  a s i m p l i c i t y  t h e  weight  of each g ( r )  is  o m i t t e d ) .  

G ( r )  = gm(r)  + g,w(r) + gxo(r) + gxH(r)  (ion-solvent) 
+ gW!(r)  + gxx(r) + gnx(r) ( ion-i on) 
+ YOO(r) + 40H(r) f 4HH(r) (solvent-solvent) 

For s t r u c t u r a l  de te rmina t ion  of t h e  s o l u t i o n  our  aim is  t h u s  t o  d e r i v e  t h e  i n d i v i d u a l  
g ( r ) s  from experiments .  In  t h e  t o t a l  G ( r ) ,  which is o b t a i n e d  by  a convent iona l  
d i f f r a c t i o n  measurement, a r e  superimposed t h e  peaks of t h e  t e n  p a r t i a l  g ( r ) s  ( see  
F ig .  l ( a )  and ( b ) ) ;  t h u s  it is o f t e n  d i f f i c u l t  t o  un ique ly  determine t h e  s t r u c t u r e  of 
s o l u t i o n .  In  p a r t i c u l a r ,  i n  a v e r y  d i l u t e  s o l u t i o n ,  t h e  so lvent -so lvent  i n t e r a c t i o n  is  
predominant and t h e  c o n t r i b u t i o n s  of t h e  ion-solvent  and ion-ion i n t e r a c t i o n s  a r e  a t  
t h e  background l e v e l  i n  i n t e n s i t y .  I n  p r i n c i p l e ,  we could d e r i v e  t e n  i n d i v i d u a l  g ( r ) s  
from t e n  independent  experiments ,  however, such experiments  a r e  p r a c t i c a l l y  imposs ib le .  

ZnCI,.4D20 
(Neutron) 

(-b) 

ZnC1,.4H2O 
(XAFS) 

( C )  

ZnC1,.4D,O 
(Neutron first-order difference) 

(d) 

To overcome t h e  above d i f f i c u l t y  assoc ia ted  w i t h  t h e  t o t a l  G ( r )  and t o  d e r i v e  t h e  
ion-solvent  and ion-ion i n t e r a c t i o n s ,  X-ray anomalous s c a t t e r i n g ,  neut ron  d i f f r a c t i o n  
combined w i t h  i s o t o p i c  or  isomorphous s u b s t i t u t i o n ,  and X-ray a b s o r p t i o n  f i n e  s t r u c t u r e  
method have been developed i n  t h e  l a s t  decade. Details of t h e  t h e o r i e s  and techniques  
of t h e  t h r e e  methods have been descr ibed elsewhere (4,5,6). 

The X-ray anomalous s c a t t e r i n g  method and t h e  neut ron  d i f f r a c t i o n  w i t h  t h e  s u b s t i t u t i o n  
method both  employ t h e  d i f f e r e n c e  technique  t h a t  t h e  p a i r  i n t e r a c t i o n s  n o t  r e l a t e d  t o  
an atom of i n t e r e s t  a r e  canceled o u t  by  t a k i n g  t h e  d i f f e r e n c e  between two exper imenta l  
d a t a  f o r  two sample s o l u t i o n s  w i t h  t h e  same composition b u t  w i t h  d i f f e r e n t  X-ray form 
f a c t o r s  ( o r  neut ron  s c a t t e r i n g  l e n g t h s )  of t h e  atom. 

When two energ ies  or two i s o t o p e s  w i t h  d i f f e r e n t  s c a t t e r i n g  l e n g t h s  of atom M are used 
and t h e  d i f f e r e n c e  method is employed, we can g e t  

G ' d r )  - gMo(r) + g d r )  + g d r )  + gMx(r) (2) 

S i m i l a r l y ,  f o r  atom X we o b t a i n  

G ' x ( r )  - g x o ( r )  + gxH(r) + g x x ( r )  + gxM(r) (3) 
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I t  should  be noted t h a t  t h e  G’M(r) o r  G’,y(r) c o n t a i n s  o n l y  t h e  p a i r  d i s t r i b u t i o n  f u n c t i o n  
r e l a t e d  t o  atom M or  X of i n t e r e s t ,  r e s p e c t i v e l y ,  w i t h o u t  t h e  c o n t r i b u t i o n  from t h e  
s o l v e n t  s t r u c t u r e  and t h e  counter  ions  ( see  F ig .  l ( d ) ) .  I n  t h e  d i f f r a c t i o n  methods, 
t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  is  r e l a t e d  t o  t h e  s t r u c t u r e  f u n c t i o n  i(Q) th rough t h e  
F o u r i e r  t ransform,  

I 
I 
I 
I 
I -- XAFS 
I 
I - Diffract ion 
I I  

- 
- 
- 

i ( Q )  = (4xp/Qj ( G ’ ( r ) - 1 ) r s i n  (Qr)dr s (4) 

Here t h e  momentum t r a n s f e r  Q is 4xsinB/A, A t h e  wavelength,  28 t h e  s c a t t e r i n g  angle ,  p 
t h e  number d e n s i t y  of s o l u t i o n .  

On t h e  o t h e r  hand, X-ray a b s o r p t i o n  spectroscopy does n o t  r e q u i r e  t h e  d i f f e r e n c e  
technique  and g ive  s t r u c t u r a l  in format ion  concerning absorb ing  atom M (o r  X )  d i r e c t l y  
from a s i n g l e  experiment  ( see  Fig.  l ( c ) ) .  On a n  assumption of t h e  s i n g l e  s c a t t e r i n g  
t h e o r y ,  we have XAFS i n t e r f e r e n c e  f u n c t i o n  X ( k )  as 

where k is t h e  wave vec tor  of t h e  photoe lec t ron ,  F,(k) t h e  b a c k s c a t t e r i n g  ampl i tude  of 
t h e  j - t h  atom, 6, t h e  phase s h i f t ,  A t h e  mean f r e e  p a t h  of t h e  photoe lec t ron ,  and t h e  
S8(k )  inc ludes  t h e  m u l t i e l e c t r o n  process .  Now, t h e  term F,(k) exp (-2r,/A)S8(k) and 6 , ( k )  
a r e  cor rec ted  f o r  a s t a n d a r d  sample of known s t r u c t u r e  and P(r)=4apr2g(r), equat ion  ( 5 )  
can be r e w r i t t e n  a s  

X ( k )  - 4ap/k) g ( r )  s i n  (2kr)dr (6) 

From a comparison of e q . ( 6 )  w i t h  e q . ( 4 ) ,  w e  can understand t h a t  b o t h  d i f f r a c t i o n  and 
XAFS methods g ive  similar s t r u c t u r a l  in format ion .  

F igure  2 shows t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s  obta ined  by t h e  XAFS and d i f f r a c t i o n  
methods. A s  seen i n  t h e  f i g u r e ,  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  obta ined  by  t h e  XAFS 
method is  l i m i t e d  o n l y  t o  t h e  shor t - range  s t r u c t u r e ,  u s u a l l y  t o  t h e  f i r s t  coord ina t ion  
sphere .  This  is  i n h e r e n t  i n  t h e  XAFS method s i n c e  t h e  XAFS i n t e r f e r e n c e  f u n c t i o n  X ( k )  
i s  l a c k ,  due t o  t h e  a b s o r p t i o n  edge, of t h e  small k region conta in ing  informat ion  of 
t h e  long-range order ing .  The range used i n  t h e  F o u r i e r  t ransform i n  eqs.  (4) and ( 6 )  
is c r i t i c a l  fo r  t h e  r e s o l u t i o n  of , t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n ;  t h e  h igher  r e s o l u t i o n  
i s  obta ined  t h e  wider k-range is used. For t h e  X-ray anomalous s c a t t e r i n g  technique  
t h e  maximum Q v a l u e  a v a i l a b l e  i n  experiments  is u s u a l l y  less t h a n  10 A - ‘ ,  t h u s  a l e s s  
pronounced d i s t r i b u t i o n  curve r e s u l t s  ( 6 ) .  

Q?a c- I! 

Fig. 2. Comparison of t h e  r a d i a l  
d i s t r i b u t i o n  f u n c t i o n s  from XAFS and 
d i f f r a c t  i on methods. 

I n  s p i t e  of t h e  above d isadvantage  of t h e  XAFS method t h e  technique  h a s  a g r e a t  advantage 
f o r  s t r u c t u r e  de te rmina t ion  of a v e r y  d i l u t e  sys tem,  t o  which t h e  d i f f r a c t i o n  methods 
a r e  n o t  p r a c t i c a l l y  a p p l i c a b l e ,  when t h e  f l u o r e s c e n t  mode of measurement is  employed 
r a t h e r  t h a n  t h e  convent iona l  t ransmiss ion  mode. I n  a d d i t i o n ,  t h e  near  edge s t r u c t u r e  
i n  XAFS c o n t a i n s  informat ion  on e l e c t r o n i c  s t r u c t u r e  of ion ,  a l s o  g iv ing  evidence f o r  
t h e  s t r u c t u r e  of chemical  spec ies  i n  s o l u t i o n .  

I n  eqs .  ( 2 )  and ( 3 )  t h e  terms r e l a t e d  t o  t h e  hydrogen atom, g#H(r) and gxH(r), a r e  h a r d l y  
seen w i t h  t h e  techniques  using X-rays because of s m a l l  s c a t t e r i n g  f a c t o r  of a hydrogen 
atom. On t h e  c o n t r a r y ,  t h e  r e l a t i v e  s c a t t e r i n g  l e n g t h  of a deuter ium atom ( i n  neut ron  
d i f f r a c t i o n  t h e  deuter ium atom is used i n s t e a d  of a hydrogen atom because of l a r g e  
incoherent  s c a t t e r i n g  c ross  s e c t i o n  of t h e  l a t t e r )  is  comparable w i t h  t h o s e  of heavy 
meta ls .  Thus, o n l y  t h e  neut ron  d i f f r a c t i o n  method can r e v e a l  t h e  s t r u c t u r e  involv ing  
hydrogen atom, e .g .  t h e  o r i e n t a t i o n a l  c o r r e l a t i o n  of water molecules ( 4 ) .  
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3. RESULTS AND DISCUSSION 

3.1 Very dilute solution -category I 

I n  s o l u t i o n  chemical  spec ies  are i n  e q u i l i b r i u m  and t h e  q u a n t i t y  of each spec ies  can be  
a c c u r a t e l y  estimated by  using t h e  s t a b i l i t y  c o n s t a n t s  of t h e  system. Since o n l y  a n  
average s t r u c t u r e  of a l l  chemical  spec ies  p r e s e n t  i n  s o l u t i o n  is seen from t h e  d i f f r a c t i o n  
and X-ray a b s o r p t i o n  d a t a ,  it is e s s e n t i a l  t o  know t h e  composition of t h e  spec ies  p r i o r  
t o  s t r u c t u r a l  experiments .  For  a complex e q u i l i b r i u m  sys tem,  t h u s  it is i d e a l  t o  perform 
s t r u c t u r a l  de te rmina t ion  i n  t h e  same system as used f o r  t h e  measurement of thermodynamic 
d a t a .  

F luorescent  X-ray a b s o r p t i o n  spec t roscopy has been a p p l i e d  t o  copper ( I1)  c h l o r i d e  - 
a c e t o n i t r i l e  s o l u t i o n s  w i t h  t h e  t o t a l  copper ( I1)  concent ra t ion  of 10 mM (M=mol (8), 
f o r  which thermodynamic d a t a  have r e c e n t l y  been measured ( 9 ) .  F igure  3 shows t h e  
d i s t r i b u t i o n  diagram of t h e  copper(  11) c h l o r i d e  complexes c a l c u l a t e d  from thermodynamic 
d a t a .  X-ray a b s o r p t i o n  s p e c t r a  were measured around t h e  CuK-edge us ing  synchro t ron  
r a d i a t i o n .  Sample s o l u t i o n s  A, B ,  C ,  D, and E c o n t a i n ,  r e s p e c t i v e l y ,  s o l v a t e d ,  mono-, 
di- ,  tri-, and t e t r a c h l o r o  complexes of Cu(I1) i o n .  

In  F ig .  4 X-ray a b s o r p t i o n  near-edge s p e c t r a  of t h e  copper ( I1)  complexes show a 
s y s t e m a t i c  change i n  t h e  s p e c t r a l  p a t t e r n s  w i t h  successive coord ina t ion  of c h l o r i d e  i o n s  
t o  a c e n t r a l  C U ( I I )  ion ,  r e f l e c t i n g  t h e  change i n  t h e  e l e c t r o n i c  s t a t e  of t h e  complexes. 
The s p e c t r a  w i l l  be i n t e r p r e t e d  in d e t a i l  from molecular  o r b i t a l  c a l c u l a t i o n s .  

F igure  5 shows t h e  F o u r i e r  t ransforms of samples A-E ( n o t  cor rec ted  f o r  t h e  phase 
s h i f t s ) .  The f i rs t  peak is  a s c r i b e d  t o  i n t e r a c t i o n s  between a copper ( I1)  ion  and n e a r e s t  
neighbour  atoms bound t o  it. The p o s i t i o n  of t h e  peak s h i f t s  t o  t h e  longer  d i s t a n c e  s i d e  
w i t h  format ion  of copper ( I1)  c h l o r i d e  complexes; t h e  r e s u l t  shows t h a t  a c e t o n i t r i l e  
molecules coord ina ted  t o  a copper ( I1)  ion  are rep laced  w i t h  c h l o r i d e  i o n s  w i t h  a n  
increase  i n  c h l o r i d e  i o n  concent ra t ion .  For  t h e  lower c h l o r o  complexes are observed 
t h e  peaks ascr ibed  t o  non-bonding Cu..*C and Cu*-*C( CH3) i n t e r a c t i o n s  w i t h i n  t h e  
c o p p e r ( I 1 ) - a c e t o n i t r i l e  i n t e r a c t i o n s .  

1 

0.s 

0 
0 2 5 6  a 10 12 

-log( (cI-]/ mol dm-3) 

Fig. 3. Dis t r ibut ion curves o f  the  copper(I1) 
chlor ide complexes in  a c e t o n i t r i l e  solut ions.  

CuCl:'(E) 

\ -  - 

F i g .  4. X-ray absorption near-edge 
spectra  o f  the  copper(I1) chlo.ride 
complexes in  a c e t o n i t r i l e  solut ions.  

S t r u c t u r a l  parameter  va lues  of t h e  s tepwise  Cu(I1) spec ies  are summarized i n  Table  1 w i t h  
thermodynamic q u a n t i t i e s .  We w i l l  now dicuss  t h e  thermodynamic parameters  on t h e  b a s i s  
of t h e  s t r u c t u r e s  revea led .  Stepwise e n t h a l p i e s  (n=1-4) are a l l  nega t ive ,  i n  
p a r t i c u l a r  l a r g e l y  nega t ive  f o r  n=4, w h i l e  t h e  s tepwise  e n t r o p y  is l a r g e l y  p o s i t i v e  
f o r  n=1-3, b u t  l a r g e l y  nega t ive  f o r  n=4. These changes i n  t h e  va lues  from t h e  t r i c h l o r o -  
t o  t h e  t e t r a c h l o r o  complex can be expla ined  from t h e  s t r u c t u r e  of t h e  t r i c h l o r o  
copper ( I1)  complex. As seen i n  Table  1 t h e  Cu-N bond l e n g t h  w i t h i n  t h e  t r i c h l o r o  complex 
is  s u r p r i s i n g l y  long,  compared w i t h  t h o s e  w i t h i n  t h e  lower c h l o r o  complexes, showing 
a n  ex t remely  weak s o l v a t i o n  of  a n  a c e t o n i t r i l e  molecule t o  Cu(I1) i o n .  Thus t h e  
format ion  of t h e  t e t r a c h l o r o  complex is p r a c t i c a l l y  s u b j e c t  o n l y  t o  t h e  bonding of a 
c h l o r i d e  i o n  t o  t h e  t r i c h l o r o  complex w i t h  much less energy t o  break t h e  Cu-N bond, 
r e s u l t i n g  i n  t h e  l a r g e  nega t ive  AH1 and m. The Cu-C1 bond l e n g t h  of 2.23 A f o r  t h e  
t e t r a c h l o r o  complex is very  c l o s e  t o  a mean Cu-C1 d i s t a n c e  w i t h i n  [CuC14I2- of Dzd symmetry 
i n  CsCuCl4 c r y s t a l s .  
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I Table 1 .  Structural  parameters and thermodynamic da ta  (9) 
of t h e  copper(I1) chloride complexes i n  a c e t o n i t r i l e  solu-  
t ions .  r and u a r e  the interatomic dis tance (A) and the  
Debye-Wal l e r  fac tor  (A2), respect ively.  

l 0 d  C U 2 +  *O I 

u -  
r/i" - !/A r/S. $1 AGa AP A3b 

C U ( A N ) ~  1.98 0.062 -- -- - - -- 
CuCl(AN); 1.97 0.055 2.18 0.092 -55.3 -11.7 147 

CUC12(AN)2 2.01 0.085 2.18 0.075 -45.4 -5.0 135 

CuC13(AN)- 2.19 0.19 2.17 0.069 -28.2 -4.4 80 

cucl:- --- I--- 2.23 0.062 -16.3 -34.3 -61 

kJ/mol. bJ/( K mol). a 

r/A 
F i g .  5. Fourier transforms of the  
copper( 11) chloride complexes i n  
a c e t o n i t r i l e  solut ions.  

3.2 Liquid and glassy solutions - category 111 and IV 

Undercooled and g l a s s y  s o l u t i o n s  a r e  i n  t h e  m e t a s t a b l e  s t a t e  between l i q u i d s  and 
c r y s t a l s .  Thus, t h e  s t r u c t u r e  of s o l u t i o n s  i n  t h e  m e t a s t a b l e  s t a t e s  w i l l  be i m p o r t a n t  
t o  understand t h e  c r y s t a l i z a t i o n  process  and g l a s s y  t r a n s i t i o n .  Glassy s o l u t i o n s  have 
o f t e n  been used i n  MSssbaur and ESR spec t roscopies ,  however, t h e  de t a i l s  of t h e  change 
i n  chemical e q u i l i b r i a  and s t r u c t u r e  i n  t h e  v i t r i f i c a t i o n  process a r e  ambiguous. We have 
r e c e n t l y  performed X-ray and neut ron  d i f f r a c t i o n  and X-ray a b s o r p t i o n  measurements of 
s o l u t i o n s  a t  l i q u i d  and g l a s s y  s t a t e s  of copper ( I1)  a c e t a t e  (lo), copper( I1)  p e r c h l o r a t e  
(12) ,  l a n t h a n i d e ( I I 1 )  p e r c h l o r a t e  (12,13,14), z i n c ( I 1 )  h a l i d e s  (15,16,17), and 
g a l l i u m ( I I 1 )  h a l i d e s  (16). 

The h y d r a t i o n  number of t h e  l a n t h a n i d e ( I I 1 )  ions  h a s  been discussed among v a r i o u s  
groups, i n  p a r t i c u l a r  whether  o r  n o t  t h e  h y d r a t i o n  number changes i n  t h e  s e r i e s .  The 
neut ron  d i f f r a c t i o n  measurements coupled w i t h  t h e  isomorphous s u b s t i t u t i o n  method have 
been performed w i t h  p e r c h l o r a t e  s o l u t i o n s  of P r ( I I I ) / N d ( I I I ) ,  T b ( I I I ) / D y ( I I I ) ,  and 
Tm(II I ) /Yb(I I I )  (13,14) .  A t y p i c a l  rad ia l  d i s t r i b u t i o n  f u n c t i o n  is  shown i n  F i g .  6 f o r  
t h e  s o l u t i o n  of Tm(II I ) /Yb(I I I ) .  The s t r u c t u r a l  parameters  are given i n  Table 2. I t  
should  be mentioned t h a t  t h e  p r e s e n t  r e s u l t s  ob ta ined  by  t h e  isomorphous displacement  
are i n  good agreement w i t h i n  exper imenta l  accurac ies  w i t h  t h o s e  b y  t h e  i s o t o p i c  
s u b s t i t u t i o n  method (18,19,20). As seen i n  Table  2 t h e  h y d r a t i o n  number decreases  from 
t h e  l i g h t  l a n t h a n i d e  i o n  t o  t h e  heavy i o n s .  The water molecules bound t o  t h e  i o n s  a r e  
t i l t e d  by  a b o u t  20' i n  0 ( F i g .  61, indenpedent  on t h e  series. 

Some examples a r e  descr ibed below. 

0.03 
Y b T m  

-.03 1 

Table 2 .  
number ( N )  of aqua lanthanide(II1)  ions obtained 
from neutron d i f f rac t ion  and XAFS methodsfor 
aqueous lanthanide(II1)  perchlorate so lu t ions  

Interatomic dis tances  (1) and the  hydration 

- 

- 
Nd 
Sm 
E u  
Gd 

0 2 4 8 8 10 T b  
DY 
Er 
T~ 
L~ 

rlh 

Fig. 6. The radial  d i s t r i b u t i o n  function, 
GM(r), f o r  2.56 molal so lu t ionsof  Tm(II1) 
and Yb(II1)perchlorates in heavywater(l3). __ 

Neutron 

2.48 3.14 10 . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  
2.39 3.08 9 

2.33 3.02 8 
. . . . . . . . . .  
. . . . . . . . . .  

XAFS 

?Aass  N 
L i q u i d  

rMo/A N 'MO 
2.51 9.5 2.51 9.6 
2.45 9.3 2.45 8.6 
2.43 8.6 2.43 8.9 
2.41 7.6 2.41 7.5 
2.39 7.5 2.38 8 .0  
2.37 8.1 2.37 6.8 
2.34 1.8 2.34 7.5 
2.33 8 .0  2.33 7.3 
2.31 7.7 2.31 6.8 
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Fig. 7. The hydration number of the  lanthanide(II1)  
ions in  aqueous perchlorate  solut ions i n  the l iqu id  
s t a t e  a t  room temperature and in the  glassy s t a t e  

7 a t  l iquid nitrogen temperature (12). 

0-  

7 -  

6 -  

L i q u i d  

1.00 0.95 0.90 0.85 
IONIC RADIUSIA 

The change i n  t h e  h y d r a t i o n  number has  a l s o  been confirmed from X-ray a b s o r p t i o n  
measurements of p e r c h l o r a t e  s o l u t i o n s  of a s e r i e s  of l a n t h a n i d e ( I I 1 )  ions  b o t h  i n  t h e  
room tempera ture  l i q u i d  and i n  t h e  g l a s s y  s t a t e  a t  l i q u i d  n i t rogen  tempera ture .  F igure  '7 
shows c l e a r l y  t h e  h y d r a t i o n  number changes i n  t h e  middle of t h e  s e r i e s  Sm(II1)  and 
E u ( I I 1 ) .  The Ln(II1)-0 d i s t a n c e s  a r e  i n  good agreement w i t h  t h o s e  from t h e  neut ron  
d i f f r a c t i o n  s t u d i e s .  I t  has  been suggested t h a t  t h e  e q u i l i b r i u m  between e i g h t  and n ine  
coord ina ted  spec ies  s h i f t s t o w a r d  t h e  h igher  h y d r a t i o n  s t a t e  a t  lower tempera ture .  

The g l a s s y  s t a t e  of e l e c t r o l y t e  s o l u t i o n s  has  shown a s u r p r i s i n g  s t r u c t u r a l  change. 
F igure  8 shows t h e  near-edge s p e c t r a  of aqueous z i n c ( I 1 )  iod ide  s o l u t i o n s  ZnI2.RH20 (R=4.7, 
10 ,  20) i n  l i q u i d  and g l a s s y  s ta tes ,  and of c r y s t a l l i n e  powder ZnI2 and ZnS04.7HzO of known 
s t r u c t u r e s .  Liquid and g l a s s y  samples  were measured a t  room tempera ture  and a t  l i q u i d  
n i t rogen  tempera ture ,  r e s p e c t i v e l y .  As seen i n  F ig .  8, i n  t h e  l i q u i d  s t a t e  t h e  peak a t  
9670 eV, c h a r a c t e r i s t i c  f o r  aqua z i n c ( I 1 )  complex, decreases  w i t h  increas ing  
concent ra t ion ,  whereas t h e  peak a t  9663 eV, t y p i c a l  f o r  [ZnI4I2-, increases .  These changes 
i n  t h e  s p e c t r a  sugges t  s tepwise  format ion  of z i n c ( I 1 )  i o d i d e  complexes i n  t h e  s o l u t i o n s .  

Liould s t a t e  

d J 

i 

a 

- 
d e 
2 

t J 
0 

I X 

J 
E I I V  

9600 9700 9800 

Glassy s t a t e  

I EfeV 
9600 9700 9 0 

Fig. 8. X-ray absorption near-edge spectra  f o r  aqueous solut ions of Zn12.RH20 
in the  l iquid s t a t e  a t  room temperature and in t h e  glassy s t a t e  a t  l iquid 
nitrogen temperature, and f o r  c rys ta l  1 ine ZnS04. 7H20 and Zn12. 
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Table 3. S t ruc tura l  parameters f o r  aqueous 
solut ions of Zn12.RH20 i n  the liquid-state 
a t  room temperature and  i n  the  glassy s t a t e  
a t  l iquid nitrogen temperature and f o r  cry-  
s t a l  1 ine  ZnSO,. 7H20 and Z n 1 2  

L i q u i d  Glass 
Zn K-edge Zn-I Z:-O Zn- I  Zn-0 

Zn12.4.7H20 2.56 2.2 1.99 3 . 2  2.57 2.1 2.04 3.4 

Zn12.20H20 2.571.8 2.033.1 2.512.5 2.023.9 

ZnS04.7H20 cryst .  - 2.08 6* 

r / i  N r/A N r / i  N r / i  N 

Zn12.10H20 2.572.2 2.032.8 2.582.6 2.033.0 

Z n 1 2  c rys t .  2.58 4* - 

F i x e d  

F i g .  9 .  Fourier transforms f o r  aqueous 
solut ions o f  Zn12.RH20 in the  l iquid s t a t e  
a t  room temperature and in  t h e  glassy s t a t e  
a t  l iquid nitrogen temperature, and f o r  
c r y s t a l l i n e  ZnS04.7H20 and Zn12. 

r/A 
-10 

0 i 2 3 4 5 6 7 8 9 10 

F i g .  10. The t o t a l  rad ia l  d i s t r ibu t ion  
funct ions f o r  aqueous solut ion o f  
Zn12.5H20 a t  2 5 O C  and -5OC.  

On t h e  o t h e r  hand, t h e  near-edge s p e c t r a  i n  t h e  g l a s s y  s t a t e  show a p e c u l i a r  t r e n d .  
For  R=10 t h e  s p e c t r a  i n  t h e  g l a s s y  s o l u t i o n  a r e  very  similar t o  t h o s e  i n  t h e  l i q u i d .  
However, t h e  e q u i l i b r i u m  s h i f t s  t o  form lower complexes f o r  t h e  s o l u t i o n  of R=4.7, b u t  
b u t  t o  form higher  complexes a t  R=20 i n  t h e  g l a s s y  s t a t e .  F igure  9 shows t h e  F o u r i e r  
t ransforms ( n o t  cor rec ted  f o r  t h e  phase s h i f t s )  of t h e  samples i n v e s t i g a t e d .  I n  t h e  
s o l u t i o n s  a t  room tempera ture ,  t h e  s h a r p  peak a t  1 .72 A ,  ascr ibed  t o  Zn-OH2 bonds, 
decreases  and t h e  peak a t  2.50 A due t o  Zn-I i n t e r a c t i o n s  increases  w i t h  increas ing  s o l u t e  
concent ra t ion ,  which is  c o n s i s t e n t  w i t h  t h e  s tepwise  complex format ion  of z i n c ( I 1 )  iod ide  
as suggested from t h e  near-edge s p e c t r a .  On t h e  c o n t r a r y ,  i n  t h e  g l a s s y  s t a t e  t h e  Four ie r  
t ransforms of t h e  t h r e e  s o l u t i o n s  are very  similar,  sugges t ing  t h e  presence of similar 
spec ies  formed i n  t h e  s o l u t i o n s .  The s t r u c t u r a l  parameters  o b t a i n e d  a r e  given i n  Table  
3. This  s t r u c t u r a l  change i n  t h e  g l a s s y  s t a t e  can be i n t e r p r e t e d  i n  te rms  of a kind of 
d i s p r o p o r t i o n a t i o n  r e a c t i o n ;  2ZnI2.3H20 = Zn(OH2)28 + Zn124. S i m i l a r  r e s u l t s  have been 
obta ined  f o r  z i n c ( I 1 )  c h l o r i d e  and bromide s o l u t i o n s  (15,16). This  conclusion is 
c o n s i s t e n t  w i t h  t h o s e  from Raman s p e c t r a l  measurements (21). 

I t  I s  i n t e r e s t i n g  t o  know whether  such a d i s p r o p o r t i o n a t i o n  r e a c t i o n  occurs  i n  a n  
undercooled s o l u t i o n .  T o t a l  X-ray s c a t t e r i n g s  from a n  aqueous s o l u t i o n  ZnI.5H20 have 
been measured (22) .  F igure  10 shows t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s  a t  room 
tempera ture  and -5°C. I n  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  t h e  second peak main ly  due 
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t o  t h e  I...I i n t e r a c t i o n s  w i t h i n  t e t r a h e d r a l  z i n c ( I 1 )  i o d i d e  complexes increases  w i t h  
t h e  decrease i n  tempera ture ,  b u t  t h e  f i r s t  peak due t o  t h e  Zn-I bonds is unchanged. T h i s  
f a c t  should  be i n t e r p r e t e d  w i t h  t h e  format ion  of h igher  complexes a t  -5°C. However, 
t h e  lower complexes must a l s o  be formed t o  keep t h e  Zn-I peak c o n s t a n t .  Thus, t h e  
occurrence of t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n  is  conclus ive  even i n  t h e  undercooled s t a t e  
of t h e  s o l u t i o n .  S t r u c t u r a l  de te rmina t ions  of o t h e r  undercooled s o l u t i o n s  a r e  i n  
progress .  

CONCLUDING REMARKS 

Comparative use of X-ray and neut ron  d i f f r a c t i o n  and X-ray a b s o r p t i o n  techniques  h a s  
enabled us  t o  determine t h e  s t r u c t u r e  of e l e c t r o l y t e  s o l u t i o n s  over  a wide range of  
concent ra t ion .  The f u r t h e r  progress  i n  h i g h  i n t e n s e  X-ray sources  l i k e  s y n c h r o t r o n  
r a d i a t i o n  and pulsed  neut ron  sources  w i l l  n o t  o n l y  improve t h e  q u a l i t y  of d a t a  descr ibed  
i n  t h i s  a r t i c l e ,  b u t  a l s o  speed up  t h e  measurements and enable  c r i t i c a l  experiments  l i k e  
t h o s e  under extreme condi t ions  and time-resolved measurements t o  s t u d y  r e a c t i o n  
i n t e r m e d i a t e s  i n  s o l u t i o n .  We should  a l s o  bear  i n  mind t h a t  t h e  s t r u c t u r e  of e l e c t r o l y t e  
s o l u t i o n s  should  be i n v e s t i g a t e d  b o t h  from a s t a t i c  f e a t u r e  and from dynamic p r o p e r t i e s .  
In  t h i s  paper  t h e  dynamics of i o n s  and water molecules i n  s o l u t i o n s  dur ing  supercool ing  
t o  g l a s s  t r a n s i t i o n  process is  n o t  mentioned because of a l i m i t  of space a v a i l a b l e .  
The r e l a x a t i o n  t i m e  measurements i n  NMR spec t roscopy and q u a s i - e l a s t i c  neut ron  
s c a t t e r i n g  technique  g ive  us  u s e f u l  in format ion  on dynamic p r o p e r t i e s  of s o l u t i o n s .  
By looking i n t o  s o l u t i o n s  from b o t h  a s p e c t s  v a r i o u s  p h y s i c a l  and chemical  phenomena i n  
t h e  s o l u t i o n s  w i l l  be c l a r i f i e d  i n  d e t a i l .  
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