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Diffraction studies of aqueous electrolyte solutions 

G.W. Neilson 

Physics Department, Bristol University, Bristol BS8 lTL, England 

Abstract - The structural properties of several aqua ions in 
solution have been determined by neutron and X-ray diffraction. 
Neutron diffraction combined with isotopic substitution 
provides direct information about ionic hydration and ion-ion 
correlations. In particular, systematic studies of 
different series of ions shows characteristic behaviour which 
depends on ionic size, charge and electronic configuration. 

The relatively new method of X-ray diffraction combined with 
isomorghic+substitution 
and Na /Ag isomorphic pairs. The results show that the 
second order difference technique provides a formally exact 
determination of cation-cation correlations within the 
isomorphic approximation. The results are consistent with 
those obtained from the neutron diffraction isotopic 
difference methods, and pave the way for a more comprehensive 
investigation of ionic structure in solution as a function of 
concentration, counterion and pressure and temperature. 

has been applied to Ni2+/Mg2+ 

1.  INTRODUCTION 

Neutron and X-ray diffraction methods provide a means by which the 
structure of an aqueous electrolyte solution can be elucidated (1). This 
structure is defined in terms of the pair radial distribution functions g 
of which there are ten in a system of the general form MX,H20: three 
which pertain to the solvent - gHIl, gHo, goo, three which are relevant to 
the solute gr, gyx, gxx, and four which refer to correlations between the 
solute and t 2 so vent - gMoo: ghfiI, gxo, gm. 
these functions contributes in varying degrees to a neutron or X-ray 
scattering pattern (see Fig.1). 

It is the object of the experimentalist to determine each of the functions 
g as precisely as possible in order to have a basic knowledge of the 
sppucture of the solution. 
electrolyte solution it is not possible to obtain all this information. 
Nevertheless, over the past decade, difference methods of neutron and 
X-ray diffraction have been developed, and we now possess a much more 
detailed description of the ionic structure of electrolyte solutions ( 2 ) .  

The method of isotopic substitution combined with neutron diffraction 
allows direct determination of both ion-water structure (the first order 
difference method), ( 3 )  and ion-ion structure (the second order difference 
method), ( 4 )  of the solution. The equivalent method for X-ray diffraction 
based on isomorphic substitution has been introduced to facilitate the 
determination of quantitative information for ion-ion correlations from a 
second order difference between diffraction patterns of solutions shown to 
be isomorphic at the first order difference level ( 5 ) .  

The usefulness of determining the pairwise structure of a solution is underlined by 
its relevance to (i), the systematic categorisation of the relative strengths of ions 
and (ii) the provision of a means of testing, at the microscopic level, the results of 
theoretical calculations and computer simulations (6). 

(r) 

As will be shown below, each of 

However, because of the complexity of an 
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2. D IFFRACTION M E T H O D S  

A s  i s  w e l l  e s t a b l i s h e d  ( 7 ) ,  a beam of p a r t i c l e s  (neu t rons  o r  X-rays) of wavelength ,  X 
i n c i d e n t  on a t a r g e t ,  w i l l  produce a d i f f r a c t i o n  p a t t e r n ,  I ( 8 )  a t  a s c a t t e r i n g  
a n g l e , e . A f t e r  t h e  a p p r o p r i a t e  d a t a  a n a l y s e s ,  I ( 8 )  can be reduced t o  t h e  s t r u c t u r e  
f a c t o r ,  F ( k ) ,  where k=4 T ~ i n ( ~ / 2 ) / X  i s  t h e  ampl i tude  of t h e  s c a t t e r i n g  v e c t o r .  
c o n t a i n s  t h e  b a s i c  s t r u c t u r a l  i n fo rma t ion  of t h e  l i q u i d  : v i z  

F(k) 

where c, 
For neut ron  s c a t t e r i n g  b, 
( 8 ) .  i s  t h e  a tomic  form f a c t o r  and e x h i b i t s  a s t r o n g  k 
dependence ( 9 ) .  The double summation i s  over  a l l  independent s c a t t e r i n g  s p e c i e s .  To 
d i s t i n g u i s h  between t h e  X-ray and neu t ron  s t r u c t u r e  f a c t o r s  we use  F ( k )  f o r  t h e  
former . 
The p a r t i a l  s t r u c t u r e  f a c t o r  SFB(k'  i s  r e l a t e d  t o  t h e  F o u r i e r  t r ans fo rma t ion  of t h e  
r a d i a l  p a i r  d i s t r i b u t i o n  f u n c t i o n  . 

i s  t h e  concen t r a t ion  of s p e c i e s  a whose s c a t t e r i n g  i s  c h a r a c t e r i s e d  by b, 
i s  termed t h e  coherent  s c a t t e r i n g  and i s  independent of k 

For X-ray s c a t t e r i n g  b, 

( r ) -1  = 1/(2a2pr) [ S  (k)-llksinkr d r  ( 2 )  
- 3  

gap I a p  
where p =N/V i s  t h e  t o t a l  number d e n s i t y  of t h e  s o l u t i o n  and i s  t y p i c a l l y  0.12 

The coord ina t ion  number of atom A i n  a s h e l l  of t h i c k n e s s  A r  a t  r around a c e n t r a l  
atom B i s  g iven  by: 

2 .1  DIFFERENCE M E T H O D S  

F i g . 1  shows t h e  r e l a t i v e  c o n t r i b u t i o n s  of t h e  v a r i o u s  s t r u c t u r a l  c o r r e l a t i o n s  t o  t h e  
neut ron  and X-ray F ( k ) ' s  f o r  a concen t r a t ed  aqueous e l e c t r o l y t e  s o l u t i o n .  
obvious from t h i s  f i g u r e  t h a t  t h e  p o s s i b i l i t y  of o b t a i n i n g  any in fo rma t ion  from a 
neut ron  d i f f r a c t i o n  experiment about  any th ing  o t h e r  t han  t h e  s o l v e n t  s t r u c t u r e  i s  
u n l i k e l y .  It i s  a l s o  u n l i k e l y  t h a t  much in fo rma t ion  i s  for thcoming from a n  X-ray 
d i f f r a c t i o n  measurement on t h e  same system o t h e r  t han  t h a t  p e r t a i n i n g  t o  S O Q , S X ~ ~ , S E ~ .  
Moreover, because t h e  X-ray form f a c t o r s  a r e  k-dependent, i t  i s  o f t e n  no t  p o s s i b l e  t o  
o b t a i n  i n d i v i d u a l  g , @ ( r ) ' s  d i r e c t l y  because of r e s o l u t i o n  broadening. 

It i s  

0-0 D-D X-0 X-D M-X 
0 - D  M - 0  M-D M-M X-X 

0-0 H-H X - 0  X-H M-X 
0 - H  M - 0  M-H M-M X-X 

F i g s .  l - ( a )  R e l a t i v e  weight ing  of t h e  t e n  p a i r  c o r r e l a t i o n  f u n c t i o n s  i n  t h e  
neut ron  d i f f r a c t i o n  p a t t e r n  (Equ(1)) of a 4 molar NiC12 heavy water  s o l u t i o n .  

-(b) R e l a t i v e  weight ing  of t h e  t e n  p a i r  c o r r e l a t i o n  f u n c t i o n s  i n  t h e  
X-ray d i f f r a c t i o n  F(k) (Equ.1) of a 4 molar N i C 1 2  wa te r  s o l u t i o n .  

I n  o r d e r  t o  p rogres s  t h e r e f o r e ,  one must dev i se  a s u p e r i o r  method i f  we wish  t o  
de te rmine  ion-water and ion- ion  s t r u c t u r e .  And i t  i s  f o r  t h i s  reason  t h a t  t h e  
d i f f e r e n c e  methods of d i f f r a c t i o n  have been developed ( F i g . 2 ) .  
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X 

F i g . 2 .  Re la t ive  weighting of the  4 pa ir  
corre la t ion  funct ions  i n  the  X-ray (X) 
and neutron (N) d i f f erence  funct ions  
(Equ.4) f o r  4 molar NiC12 i n  water (X-ray 
c o e f f i c i e n t s  are f o r  k = 0 ) .  

M-0 M-H/ M-X M-M 
M- D 

First order differences: ion-water structure 
The first order difference method of neutron diffraction was introduced during the 
1970's  ( 3 ) ,  and since then, many new and useful results have been obtained for 
the ion-water structure in a variety of solutions (10 ) .  

It is a straightforward matter to show ( 3 )  from Equ.(2) that if the F(k)'s are 
obtained for two solutions of the same concentration of electrolyte in heavy 
water, and whose cation (or anion) differs only in its isotopic state defined by b 
(i.e. b' and b") then 

A,(k)  = F, ( k )  - F 2 ( k )  = A ( h , ( k ) - 1 )  + B ( % D ( k ) - l )  

Fourier transformation o f A ( k )  gives - 

G (r) = AgMo + BgMD f CgMX t D g M M  + E 

where E = -(A + B t C + D) 
( 5 )  

Generally A,B>X,D and Equ.5 primarily gives information of the ion-water coordination. 

(Note. 
of its lower incoherent scattering than ordinary water.) 

Heavy water solutions are used in neutron diffraction experiments because 

Second order differences: ion-ion coordination 

The second order difference method of neutron diffraction was first applied to a 
concentrated solution of NiCllin heavy water ( 4 ) .  The NiC12. D20 system is 
particularly well suited to txese types of experiments because of the large number 
of widely varying b values of Ni and Cl(8). The method requires F(k)'s for three 
isotope substitutions of the cation (or anion), and the analysis yields the ionic 
p.s.f. SII(k) - 

The cation-anion p.s.f. can be obtained from the F(k)'s of four isotopically 
distinct cation and anion samples - 

The corresponding pair distribution functions gII(r) and gIJ(r) can be obtained 
from Equs.6 and 7 using Equ.2. 
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Despite the early success of the study of a 4.35 molal solution of NiClZ in heavy 
water the g I  (r) has only been obtained in one other solution - 14.9 molal LiCl in 
heavy water hl). 
times to get data of high statistical accuracy and (ii) the need for economically 
priced isotopes whose b values are significantly different. It is often the case 
that no suitable isotopes are available, as, for example, with sodium. 

In order to overcome these problems we developed the method of X-ray diffraction 
with isomorphic substitution. 
carried out some very significant studies of solutions using this technique (12). 
However, in their studies, isomorphism was never justified, and their interest was 
limited to ionic hydration. The method as discussed below aims to show how 
information of the ion-ion structure can be obtained, and in doing so is justified 
by reference to neutron diffraction results of ionic hydration, and self consistency 
checks of X-ray results pertaining to the first order difference structure. 

To see this we return to the analysis appropriate to the first order difference 
method, and this time we apply the formalism to X-ray diffraction studies of 
equimolar solutions of isomorphically distinct atomic species. 

At this stage it is worth discussing how isomorphic pairs are initially identified. 
This is done on the basis of (i) solid state coordination in a particular valence 
state (13), (ii) information regarding solution kinetics (14), and 
(iii) negtron scattering properties that require that one of the species is 
susceptible to the neutron diffraction first order difference method. 
condition is that the isomorphs should be sufficiently well separated in atomic 
numbers so that reliable differences between X-ra 
obtained. 
isomorphism of the latter pair is only approximate. 
is yet to be demonstrated, may include Tl+/Rb+ and Cr3+/A13+(15). 

The isomorphic difference method is also valid for neutron diffraction (16). 
Indeed, it could be exploited with great effect for elements which do not differ 
greatly in their position in the periodic.table, e.g. the rare earths. However, as 
we are principally interested in obtaining ion-ion correlations, X-ray diffraction 
methods are stressed because of the brighter beams available and the non-requirement 
of expensive isotopically enriched samples. 

We now develop the formalism appropriate to the X-ray diffraction isomorphic 
difference methods ( 1 7 ) .  It is essentially the same as that for the neutron 
diffraction methods, but with the important difference that the b's are k-dependent 
(9). 

X-ray diffraction data are obtained for two equimolar solutions whose cations (or 
anions) are isomorphs. The F(k)'s of the solutions are calculated and their 
difference is taken : 

The reasons for this are (i) the requirement of long counting 

This method is not new and indeed, Bol and co-workers 

A secondary 

diffraction patterns can be 
Suitable pairs to date include Ni2+/Mgg+, and Na+/Ag+ , albeit the 

Other pairs, whose isomorphism 

To distinguish them from the neutron b's we use the form bx. 

AM/M,= 
(k) -? (k) = R ( S M o - l )  +gX (SMH-l )  +Cx (SMx-l )  +DX(Sm-l) (8) 

The coefficients A, B, C, D, are functions of k, and Fourier transformation of AM/M~(~) 
will not, in general, give a clear picture of the ion water structure. However, 
Equ.8 can be used to establish the degree t,o which M and M' are isomorphic. 
done by comparing the Fourier transform ofA)A/hlt(k)/AXand the 'true' gMo(r) as 
obtained in Equ.2. 
of a strongly hydrating cation, the comparison is readily made. Isomorphism is 
claimed if the gMo!r) obtained from X-rays is the same as that obtained from 
neutrons over the region of the first hydration zone. 
the isomorphism beyond this region because of the inherently poor structural 
resolution beyond the first shell. However, since the main aim of the X-ray 
difference method is to obtain ion-ion structure and this structure is determined by 
longer range coulomb effects (17), it is sufficient to have established isomorphism 
in the first coordination shell around the ion. 

This is 

If the first peak in gMo(r) is well defined, such as in the case 

It is not possible to check 
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Having demonstrated that M and M' are isomorphic, a third X-ray diffraction 
experiment is carried out on a 50/50 equimolar mixture of MXn.H20 and M'X,.HzO. 
F(k) of this solution is determined and combined with the other two F(k)'s of the 
individual solutions to give, within the isomorphic approximation, a formally exact 
equation for the p.s.f. S m ( k ) ,  viz 

The 

where bt/Mi is the appropriate atomic form factor for the mixture, i.e. 

The results of the third solution may also be used to provide additional 
confirmation of the isomorphism between M and M'. This is done by comparing Fourier 
transforms of two first order differences, (FT -Fg)/AXand (Fz-F:)/(Ax) 
these are self consistent in terms of the nearest neighbour ion-oxygen correlation, 
then M and M' are isomorphic. 

In summary, the main advantage of the isomorphic method as applied to X-ray 
diffraction is that a systematic series of experiments over a wide range of p,T, 
ionic concentration, and counterion type can be undertaken economically in a 
relatively short period of time. 

say. If 

3.  RESULTS A N D  DISCUSSION 

3 .1  IONIC HYDRATION 

Tables 1 and 2 list the ion-D20 coordination properties for all ions so far studied 
by the neutron diffraction first order difference technique. 
variety of behaviour for these ions and in many cases the trends observed confirm 
model structures proposed on the basis of spectroscopic and thermodynamic studies 
(19). 
calculations (20) and computer simulation procedures ( 2 1 ) .  

There is a rich 

The results also provide theorists with a useful test of both model potential 

TABLE 1. Cation hydration at room temperature as detemlned by neutron diffract-on 

Ion Solute Molality Ion-oxygen Ion-deuterium Hydration 
distancelx) distance (8) B (deg) number Reference 

Li+ Lice 27 .77  1 . 9 5 f 0 . 0 2  2 . 3 1  t 0 . 0 2  75 f 5 2 . 3  t 0 . 2  

3 .57  1 . 9 5 f 0 . 0 2  2 .55  f 0 . 0 2  4 0  f 5 5 . 5  f 0 . 3  
9.95 1 . 9 5  t O . 0 2  2 . 5 0  f 0.02 5 2  t 5 3 . 0  i 0.5  ( 2 2 )  

K+ KCP. 4.0 2 . 6 0 f 0 . 1  1.0 - 3.2 - 4.2 t 0.4 (23) 

Ag+ A9N03 3 . 6  2 . 5 O t O . 0 3  2 . 9 2  i 0 . 0 4  3 . 7  i 0 . 3  (24) 

AgCP.04 4.0 2 . 4 1 2 0 . 0 2  2.97 f 0.04 45'1 4' 4 . 1  t 0 . 3  ( 4 )  

ND: ND4CP 5.0 2 . 8  - 3 . 2  3.4 - 3.8 - 10.0 - 1 2 . 0  ( 2 5 )  

1 2 . 0  2 . 8  - 3 . 2  3.4 - 3.8 7 . 0  f 0 . 5  ( 2 6 )  ND4 N03 

CaCtz 4.49 2.4120.03 3 . 0 4  f0.03 34 2 9  6 . 4 t 0 . 3  ( 2 7 )  
L+ 

Ca 
2.80 2 . 3 9 f 0 . 0 2  3 . 0 2 f 0 . 0 3  3 4 f 9  7 . 2 9 0 . 2  
1.0 2.46 1 0 . 0 3  3.07 f 0 . 0 3  3 8 f 9  10.0f0.6 

NickZ 4.41 2 . 0 7 f 0 . 0 2  2.67f0.02 4 2 1 8  5 . 8 f O . 2  ( 4 )  
Ni i! t 

3.05 2 . 0 7 t 0 . 0 2  2 . 6 7 t 0 . 0 2  4 2 f 8  5 . 8 f 0 . 2  
1 . 4 6  2 . 0 7 t 0 . 0 2  2 . 6 7 f O . 0 2  4 2 2 8  5 . 8 f 0 . 3  ( 2 8 )  
0 . 8 5  2.09 1 0 . 0 2  2 . 7 6  f O . 0 2  27 f10 6.6 2 0 . 5  
0.42 2 . 1 0 f 0 . 0 2  2 . 8 O f O . 0 2  1 7 i 1 0  6 . 8 1 0 . 8  
0.086 2 . 0 7  1 0 . 0 3  2 . 8 0 1 0 . 0 4  O f 2 0 °  6.8f0.8 

Niz+ Ni (CLO. ) ... 3 . 8 0  2 . 0 7 f 0 . 0 2  2 . 6 7 t 0 . 0 2  4 2 f 8  5 , 8 2 0 . 2  ( 2 9 )  

CUL+ c u a 2  4 . 3 2  1.96f0.03 2 , 5 8 1 0 . 0 3  3 8 t 6  3 . 6 f 0 . 3  (30) 

C U ( C E O ~ ) ~  2 . 0 0  1.96tO.04 2 . 5 8 f 0 . 0 3  3 8 f 6  4.1f0.3 

CU(N0.) I 1.03 1.96f0.03 2 . 5 8 f O . 0 3  3 8 t  6 3 . 8 f 0 . 2  

Nd3' NdCt3 2.85 2.48fO.02 3 . 1 3 t 0 . 0 2  2 4 t  4 8.520.2 (31) 

DY3+ W e 3  2.38 2 . 3 7 f 0 . 0 3  3 . 0 4 * 0 . 0 3  1 7 f  3 7 . 4 2 0 . 5  (32) 
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TABLE 2 .  Chloride and verchlorate ion hvdratian at room temperature as determined hy neutron diffraction. 

Ion Solute Molality Cl--D(l) ( A )  C1--0 ( A )  Cl--D(2) ( A )  y(dec) Hydration Reference 
number 

c1- LiCl 14 9 2,24 i 0.02 3,25 f 0.03 3.50 - 3.RO 0 4.4 i 0 3 (33)(34) 
9.95 2.22 f 0.02 3.29 i 0.04 3.50 - 3.68 0 5.3 i 0 2 
3.57 2.25 ! 0.02 3.34 i 0.04 3.50 - 3.70 0 5.9 i 0.2 

NaCl 5.32 2.26 i 0.03 3.20 f 0.05 0-20 5,5 f 0,4 (34) 
3.62 2.27 t 0.02 3.32 t 0.03 0-10 5.6 t 0 . 2  (38) 

RbCl 4.36 2.26 t 0.03 3.20 i 0.05 0-20 5.8 t 0.3 (33) 

CaCIZ 4.49 2 . 2 5  t 0 . 0 2  3.25 i 0.04 3.55 - 3.65 0-7 5 . 8  t 0.2 (33) 

NiCl 4.35 2.29 f 0.02 3.20 i 0.04 3.40 - 3.50 5-11 5.7 2 0.2 
NiClt 3.00 2.23 ? 0.03 3.25 f 0.05 3.40 - 3.50 0-8 5.5 z 0 . 4  

CuClz 4.32 2.27 t 0.03 3.25 i 0.05 0-3 3.3 T 0.4 (30) 

ZnCIZ 45.1 2.25 t 0.05 
(100OC) 
19.4 2.25 : 0.03 3.40 i 0 , 2  3.7 - 3.9 
4.9 2.25 f 0.03 3.40 I 0.15 3.7 - 3.0 
4.00 2.27 t 0.03 
1.95 2.27 f 0.03 

1.00 2.27 f 0.03 

0.48 2.27 i 0.03 

0.25 2.27 t 0.03 

~ ~~~ ~ ~ ~ ~ ~ _ _ _ _ _ _ _ _ _  

1.0 t 0.9 (35) 

0-7 1.9 1 0.4 
0-3 3.7 . 0.5 

4.4 . n . z  (:14) 

4.5 ' 0 . 2  

4.5 10.2 

5.1 t O . 2  

5.6 4 0 . 2  

NdC13 2.85 2.29 t 0.02 3.45 i 0.04 0 3.9 t o . 2  (36) 

ClO; NnC104 3.25 2 . 0  i 0.2 3.7 F 0.3 4.5 (37) 

Typica l  G ( r ) ' s  a r e  shown i n  F i g s . 3  and 4 f o r  t h e  i o n  water s t r u c t u r e  of  a s t r o n g  
c a t i o n ,  N i 2 + ,  (28 )  and an  an ion  C1-(33). A s  can  be seen  i n  t h e  i n s e t s  bo th  t h e s e  
i o n s  posses s  a wel l -def ined  l o c a l  conformation. 
a l e s s e r  e x t e n t  Cu2+ have a s i m i l a r l y  wel l -def ined  conformation t o  N i 2 + .  

Ca t ions  such  as L i +  and Ca2+and t o  
However, 

such  i s  no t  t h e  c a s e  i n  g e n e r a l ,  e s p e c i a l l y  f o r  K+(23) o r  f o r  complex i o n s  such  as  
N ~ $ 2 5 ) ,  N0;(36), ClOi(37) .  

Almost a l l  t h e  r e s u l t s  i n  Tables  1 and 2 have been d i scussed  i n  d e t a i l  e l sewhere  
(101, and r a t h e r  than  d i s c u s s  them f u r t h e r  he re ,  I s h a l l  i n s t e a d  r e f e r  t o  some 
r e c e n t  s t u d i e s  which a r e  about  t o  be publ i shed  o r  a r e  i n  t h e  p rocess  of  a n a l y s i s .  

Of p a r t i c u l a r  i n t e r e s t  r e c e n t l y  has  b en  an  i n v e s t i g a t i o n  of Cu2+ where we have 
demonstrated t h e  dependence of t h e  Cug+ hydra t ion  on both  coun te r ion  and 
concen t r a t ion .  Furthermore,  we have shown t h a t  i n  o r d e r  t o  e x p l a i n  t h e  r e s u l t s  of a 
4.3 molal CuC12 heavy water  s o l u t i o n ,  t h e r e  must be d i r e c t  c o n t a c t s  between Cu2+ and 
C 1 -  ( 30 ) .  

2+ 3+ 
The behaviour of Fe and Fe 
i n t e r e s t  ( 3 9 ) .  
coo rd ina t ion  of Fe 
( 4 0 ) .  I n  h igh ly  a c i d i c  aqueous p e r c h l o r a t e  s o l u t i o n  a t  pH - 0 t h e r e  i s  ev idence  of 
a s i x  f o l d  coord ina t ion  and a degree  of hydro lys i s .  
s i m i l a r  c o n c e n t r a t i o n s  and pH, h y d r o l y s i s  i s  a l s o  observed. However, t h e r e  i s  only  
a f i v e  f o l d  Fe3+ - 0 coord ina t ion  ( 4 0 ) .  

The p r o p e r t i e s  of ' h a r d '  i o n s  such  a s  N i  
s u b j e c t  of c u r r e n t  i n v e s t i g a t i o n .  We have r e c e n t l y  shown t h a t  i n  a s o l u t i o n  of 
Ni-adenosine t r i p h o s p h a t e  i n  heavy water t h a t  t h e  N i  + i o n  b inds  d i r e c t l y  t o  t h e  
t r i p h o s p h a t e  group ( 4 1 ) ,  confirming i n d i r e c t  spec t roscop ic  s t u d i e s .  
underway on t h e  p r o p e r t i e s  of L i +  coord ina t ion  i n  s o l u t i o n s  of LiOD/polyacrylic 
ac id /heavy  wa te r ,  where t h e  i n t e r e s t  i s  i n  t h e  degree  t o  which L i +  c o o r d i n a t e s  t o  
t h e  p o l y e l e c t r o l y t e .  

The g e n e r a l i t y  o f  the  f i r s t  order d i f f e r e n c e  method is  further  underlined by the  
f a c t  t h a t  work can a l s o  be undertakeq+on non-aqueous e l e c t r o l y t e  s o l u t i o n s ,  and 
indeed a study i s  underway of the  N i  coordinat ion i n  methanol and formanide. The 
aim o f  t h e s e  s t u d i e s  i s  t o  determine t h e  dependence o f  g ~ i ~ i ( r )  on d i e l e c t r i c  
c o n s t a n t .  

i n  s o l u t i o n  s c i e n c e  h a s  been of l ong  h i s t o r i c a l  
DuSSng t h e  past two yea r s  w e  have been i n v e s t i g a t i n g  t h e  

and found i t  t o  be s t r o n g l y  dependent on coun te r ion  type  and pH 

I n  aqueous n i t r a t e  s o l u t i o n s  a t  

2+ and L i +  i n  more complex s o l u t i o n s  i s  t h e  

A s tudy  i s  a l s o  
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Fig.3.  The t o t a l  n i c k e l  i on  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 ,  i iNi(r) ,  
f o r  1.46 molal s o l u t i o n  of n i c k e l  c h l o r i d e  i n  heavy wa te r  ( r e f . 2 8 )  

- 
GCl 

(barns 

0 10 

( r )  
str-1) 

0 05 

0 00 

-0  05 

-010 1 ' 
0 1 0  2 0  3 0  L O  50 60 70 1 

r l d l  

1 

Fig .4 .  
9.95 molal LiCl l  in heavy water  ( f u l l  curve)  and (b) 5.32 molal NaCll i n  
heavy water ( c ros sed  c u r v e ) ,  s c a l e d  f o r  concen t r a t ion  by 1.87. 

The t o t a l  c h l o r i d e  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  iic,(r) f o r  ( a )  
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Although the isomorphic method of X-ray diffraction is primarily aimed at the 
determination of ion-ion structure in solution, for the case of Na where the 
neutron difference method is not useable, and the nature of Na' hydration is of 
fundamental interest in biology (41), an attempt has been made to obtain an 
approximate understanding of Na+- water coordination using the isomorphic pair Na 
/Ag+. The isomorphism proposed is at best approximate. However, aqueous 
solutions of sodium nitrate and silver nitrate have many structural and 
thermodynamic properties in common (43). 
self-consistency in the X-ray difference functions to support the proposed 
isomorphism (36). 
is intermediate between that of Lif ( 2 2 )  and K f  (23), and is much as expected on 
the basis of models inferred from spectroscopic and thermodynamic measurements. 

Furthermore, there is a high degree of 

A study of 3.1 molar solutions shows that the Naf/Agf hydration 

3.2 ION-ION CORRELATIONS 
As mentioned earlier, individual partial structure factors have so far only been 
determined in concentrated solutions of nickel chloride (4) and lithium chloride 
(11). It was found that the experimentally derived cation-cation distribution 
function was in excellent agreement with that obtained from primitive model (P.M.) 
calculations applied to Monte Carlo simulations (44) and hypernetted chain theory 
(45). 

By contrast, P.M. calculations of gClc1(r) deviate greatly from the experimental 
results for both solutions, a consequence we believe of the strong directionality 
of the Cf-HZO potential (4). 

The recently developed X-ray diffraction difference method of isomorphic 
substitution has enabled us to widen our studies of ion-ion structure. Naturally, 
the first study using this technique was on solutions of nickel chloride and 
magnesium chloride. 
basis of similar structural (13) and thermodynamic (14) properties solution. 
Although it is clear that Ni has a wider range of isotopes, and gm(r)is in 
principle better determined by neutron diffraction methods, because 3f the 
inherently weak neutron intensity compared with a laboratory X-ray source the 
calculated gNi l(r) from the X-ray method is of higher quality than that from 
neutrons (Fig.yj. 
favourable conditioning of Equ. (9), we have been able to study gxiNi(r) =(gNgMg(r)) 
as a function of ionic concentration and counterion (17,46). 

The choice of Ni2+/Mg2+ as an isomorphic pair was made on the 

Moreover, because of the versatility of the X-ray methods and 

0 5  

0 0  

0 5  

1 

0 5 10 15 20 

r l A  
F i g . 5 .  The cation-cation distribution function in  4 .35  molal aqueous nickel 
chloride solution:  f u l l  curve as determined from X-ray diffraction;  dotted 
curve as  determined from neutron diffraction.  See text  and ref .10,  for 
explanation of difference between two resul ts .  
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As mentioned above an X-ray diffraction study was made of 3.1 molar aqueous 
solution of sodium and silver nitrate where the isomorphic difference technique 
was applied to the Na+/Ag+ pair. The results show (17,47) that g fr) = gAgA b) 

is a much stronger function than gNiNi(r) in aqueous NiCIZ softfJf6n (4). T h s  
result could well be due to the counterion present, and we are presently 
investigating gNiNi(r) as a function of counterion type. 

CONCLUSIONS A N D  FUTURE PROSPECTS 

The difference methods of X-ray and neutron diffraction have been instrumental in 
deepening our understanding of the microscopic properties of complex liquids. 
They offer a means by which the relative strengths of ions can be categorised in a 
systematic way. 
radial distribution functions and partial structure factors provide a sensitive 
means of checking the validity of theoretical calculations and computer simulation 
of specific models of the liquid. 

In the past two years there have been several significant technological 
developments including the commissioning of a new intense pulsed neutron source at 
Rutherford Appleton Laboratory (U.K.) and the upgrading of the Synchrotron 
Radiation Source at Daresbury (U.K.). The instruments on these sources will use 
the latest generation of detectors and computing systems, and enable us to apply 
the difference methods of diffraction more widely. For example, it is anticipated 
that this situation will enable us to improve the quality of the results of 
systems described in this article, and extend our studies to a wider range of ever 
more complex systems under a variety of physical and chemical conditions. 

Furthermore, results concerning ionic structure in terms of pair 
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