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CHAPTER I 

INTRODUCTION 

Throughout the ages, water has been subject of man's curiosity 

and research. The importance of this substance and of aqueous solu

tions need not to be stressed. The amount of information pnblished 

during the last centuries and the number of theoretical considera

tions on this subject could easily fill a large library. Still our 

knowledge is unsatisfactory and incomplete. 

One of the principal fields of research where more information 

about the properties and the role of water is needed is molecular 

bio-chemistry. Water and aqueous solutions pla;:y a dominant role in 

all living organisms. Another field of interest is the relation 

between the molecular behaviour of the particles in the liquid 

(i.e. the behaviour on a microscopic scale) and the behaviour of 

the liquid on a macroscopic scale. If such a relation could be found, 

it would be possible to predict the macroscopic properties of the 

liquid from molecular parameters. For the crystalline solid state 

such a relation can be found much easier than for the liquid phase. In 

the crystalline solid state, the relative positions of the particles 

are given by their positions in a unit-cell. These positions can be 

determined by X-ra;:y diffraction because of the translational 

symmetry present. The arrangements of the particles in the liquid is 

much more difficult to describe. There is no symmetry in the confi

gurations of the particles. Therefore, the mathematical formulation 

of a structural model is very difficult. 

However, recently new techniques have been developed to simulate 

the moleoular behaviour of the particles in the liquid with the aid 

of compnter calculations (Molecular Dynamics, Monte Carlo calcula

tions). From these calculations macroscopic properties of the liquid 

can be derived in principle. The macroscopic parameters follow 

directly from the interatomic potential. Significant results have 

been obtained for the simplest of all liquids: the liquid noble 

gases 1). 
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For more complicated systems (e.g. liqu.id water) reasonable results 

have been obtained already213). There is no reason why more complex 

systems (e.g. electrolyte solutions) could not be treated in this 

wey. 

The structural information obtained should be tested against 

information obtained by experimental techniqu.es. However, generally 

the information consists of evidence from methods, which are related 

to the structure in an indirect wey (spectroscopical, thermodynami

cal methods), Often, difficulties with model representations cause 

the information of these methods to be only qu.alitative. 

A powerf'ul tool to obtain direct structural information about 

the mean short range order in the liqu.id is X-rey diffraction. In 

the evaluation of the diffraction data we have to distinguish 

between two kinds of measurements: 

1. In case of mono-atomic liqu.ids (e.g. liqu.id noble gases or liqu.id 

metals) an atomic distribution f'unction (a.d.f.) can be obtained. 

This f'unction represents the statistics of interatomic distances 

in the liqu.id, It indicates the probability that a particle is 

found at a distance between r and r+dr from a reference particle. 

It can be obtained directly by Fourier transformation of the 

intensity f'unctions. 

2. For more complicated systems, involving different kinds of 

particles, only approximated distribution f'unctions can be ob

tained, Many investigators apply the following procedure4), 

8 

Before applying the Fourier transformation to the sets 9f intensity

data, these a.re multiplied with the modification f'unction5) 

r -1 
M=[~m,r.) 

L 

in which mi is the mole fraction of the component i, and a 

measure for the contribution of a particle of kind i to the 

amplitude of the scattered radiation ("scattering factor"). 

However, the resulting "modified atomic distribution f'unctions" 

a.re dependent on the composition of the solution and on the types 

of particles involved (see section 2.4), Therefore, a comparison 

of corresponding modified atomic distribution f'unctions from 



different solutions will be difficult. 

In special cases, this difficulty can be avoided. Bol et al. 6), 

using the concept of isornorphous solutions, were able to separate 

out a difference distribution function, which information 

about the hydration of some selected isomorphous ions. The 

investigations of Bol et al. 6) and of Lamerigts7) concerned the 
i..~dr t . f th . 2+ 2+ . 2+ 2+ 2+ 2+ -•v a ion o e ions Mg 1 Zn , Ni , Co , Ca , Cd , c10

4 
and 

Reot. 
In this thesis we will describe another method that provides 

information about the hydration of ions. We applied the new method 

to the hydration of Na+, K+, Cl- and Br-. Especially the first 

three ions pla;v a very important part in living organisms and in 

many technological processes. Therefore, the information about the 

hydration of these ions is of great value. For solutions, containing 

these ions, the concept of isomorphous displacement cannot be applied, 

because no suitable monovalent, isomorphous ions can be found. 

Consequently a different approach was needed. 

In order to avoid the drawbacks of the use of the modification 

function 

we describe the environment of an ion by means of an electron product 

function (e.p.f.). This is a pair correlation function, which contains 

the information about distances between the particles and information 

about their electrondensity distribution. In order to be able to 

separate out from the e.p.f. the information about ion-water distances, 

the electrolyte solution should satisfy certain conditions (see 

section 4,1 and 4.2). 
In the data reduction of solutions, containing complex ions 

(e.g. c10
4
-, No3-) more approximations have to be made than in the 

data reduction of solutions with only simple, spherically symmetric 

ions (e.g. Cl-). In order to obtain a result as accurate as possible 

we have chosen solutions with only spherically symmetric ions. 

The distribution functions are very suitable to derive coordina

tion numbers of ions in aqueous solutions. In many theories there is 

a need for these numbers. However, a clear definition of this number 
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does not exist (section 4.3). In section 4.4 is described in 

which wa;r a coordination number can be obtained from the 

electron product function. 



CHAPI'ER II 

The scattering of X-ravs by liquids 

2.1 Introduction 

In diffraction theory the intensity of the scattered radiation 

is given as a f'unction of the vector 8. If 8 is a unitvector, giving 
0 

the direction of the incident wave of wavelength ). , and 8
1 

is a unit-

vector parallel to the direction of the scattered wave, then 8 is 

defined as: 

and: 
- .Zn - -s =Tc s1-s0 i. 

- 4ri . s =ISl=T s1n1B>. 

(1) 

Fig.1. 

where 29 is the angle between incident and scattered beam (see fig. 1 ). 

The scattered radiation has two components: the incoherent or modified 

scattering, whose wavelength has been changed in the interaction with 

matter and the coherent scattering, from which structural information 

can be obtained. The scattered coherent intensity relative to that, 

which would be scattered by an electron under identical conditions, is 

given by8): 

(2) 
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where y(r
1
,t) is the time dependent electrondensity at a point 

defined by r
1 

included in the volume element a..i=
1

• If we substitute in 

equation (2) r = r 2 - r
1 

we get: 

11s,l> =I I y<i,.l> y«i, + 2. t> exP< i.5.2, d2, di 

2, ' 

Fig.2. 

2.2 The electron product function 

In formula (3), it is vecy convenient to define a function 

sT<2>= I y<z.,l1 y<'i.+-z,l> dz, 
2, 

The function a T(r) is called the total electron product function. 

From this definition it can be seen immediately, that a 'l'(r) is 

essentially a space average. At this point we want to mak~ use of a 
' postulate of statistical mechanics, which sa;rs, that a splice average 

(3) 

(4) 

is equal to the time average. As a consequence, the intensity is a 

time average also. For this reason the symbol t can be dropped in the 
' 

following. Formula (3) can be simplified. Inserting (4) into equation 

(3) yields 

r 1s1 = f 6Ttzi uP< i.i.2> d7 
'l 

(5) 

In X-ra;r diffraction on isotropic liquids, the intensity is only a 

function of s = Is I • Therefore, we calculate the average of I(s) over 

all orientations Q of 8. 
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z 

y 

Fig.3. 

We define the polar coordinates (s, 9 , cj> ) and (r, 9 , ..i. ) as seen s s r Tr 
in fig. (3). The angle between s and r is given by Q • 

The o.nly term in (5) which depends on the orientation of S', is 

exp(is.r). The orientational average of this term is: 

J exPlLS.Zl d.a j J d..n = 

.o. A 

(6) 

In case of an isotropic liquid, all orientations of r with respect to 

s occur with equal probability. Therefore (6) can be calculated easily, 

. because it is allowed to choose the vector r parallel to the z axis. 

( Q = e ). This leads to: 
s 

and: 

" 211 

'4~ J J exPds2 cos95J sin9,de,dcp.= Sl~~szJ 
e,.o fs•O 

.!IS>= JI !Sl dn./ f d.a = f 6T<i> si~~szJ d2 
.0. .ll ~ 

(7) 
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This equation can be written in polar coordinates: 

00 n. 2n. 

xcs1=J I I 6T{'Z,9..tp1> Sl;;s'l) 2lsin9,d0, dif,d2 (8) 
2 .. 0 e,.o f••o 

Mendel 9) defines an electron product function oT(r) w~ich is 

only a function of r == I rl • It is equivalent to oT(r), but integrated 

with respect to the surface of a sphere with radius r 

1t Sn 

GT U I : J J 6T < 'Z, 9z • 'I'• l 2
1 sin 92 d. 92 d.1p, 

6,•0 'fi"O 

Substituting this into (8) gives: 

I< Sl = J 6 c 'Z J ~ d 'Z 
T S'Z 

(9) 

( 10) 

Equation (10) describes the relation between the intensity of the 

coherent scattered radiation and the total e.p.f. Up to now, no use 

is made of the fact that matter is built up of particles. Therefore, 

we will repeat the derivation of the intensity, and we will separate 

the intensity into the individual contributions of particles of 

different type. The types are denoted by the symbols i and j; the 

label of a particle i is denoted as p, the label of a particle j as q.· 

The electron density distribution of a particle p is given by: 

)1Ci",.-R'11 ) 
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The label i is used for the electron density distribution because it 

is assumed, that 

electron density 

reference point 

. (see fig. 4). 

wery particle of the same kind has an equal 

distribution. The vector ti points toward the 
p 

of p; the vector r has its endpoint somewhere 
p 

The contribution of one particle of kind i with respect to one 

particle of kind j to the e.p.f. a T(r) is given by: 

in p 

(11) 

in which r has to be eliminated by substituting 
q 

( 12) 

The e.p.f. corresponding to one particle of type i with respect to 

all particles of type j, the number of which is n., is described by: 
J 

( 13) 

This quantity is different for each particle of kind i. The total 

contribution of all particles i with respect to all particles j isz 

( 14) 

Finally, the formation of oT(r) is completed by the summation over 

all kinds of particles: 

( 15) 

The total e.p.f. is now divided into two parts. 

The first part comprises terms in which the electron densities belong 

to the same particle i.e. terms in which i = j and simultaneously 

p ~ q. The intensity associated with these terms ·is called the 

one particle scattering or atomic scattering. 
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The second pa.rt, consisting of all other terms, contains the 

information a.bout the atomic order in the liquid. 

16 

The one particle scattering is found directly from equation 15 and 

5 by putting j = i and q = p. The result is: 

(16) 

with 

_, -
The vector r and r .a.re different vectors, each with their p p . 
endpoint somewhere in p. We wish to express ( 16) in terms of the 

scattering factor, which is defined for a. particle p a.s 
6

t
10): 

The product f (s)fl'(s) is given by: 
p q 

fprsi r;(S) .. I I y. <ip-Rpl rj <i,-P.1> exP ( tS.2 + i.i.(R,- R~ll dt~ dz 
t Ip 

In order to calculate f (s)fl'(s), the atomic scattering of a. 
p p 

particle p, we have to substitute j = i, ~ = ~ and q p _, 
r = r • q p 

This leads to one term of (16). Since we have assumed, 

that all particles of the same kind have the same eleotronden-

sity distribution, we can write: 

It can be proved, that, if a. particle is spherically.symmetric, 

the scattering factor is real and only a. function of s = Isl 
(see lit. 10). So, the one particle scattering is given by: 

(17) 

( 18) . 

(19) 

(20) 



The second part of the total e.p.f. comprises terms, in which 

the electrondensities belong to different particles. If we con

sider (14) as the result of n. identical, averaged situations 
1 

around the particles i, we can describe this situation by a 

f'unct ion a i j (r): 

n1 ~ 
n, 6,1tz1 = L .L J y.izr-Rr> y1t"i1-li11 d.'i~ 

r~u .... r, 

Excluded from this sum are terms, which cause the one particle 

scattering, i.e. terms with p = q if i j. The sum over all 

types of particles is: 

For an isotropic liquid, we can prove in an entirely analogous 

wa;y as before, that a(r) can be written as a function of 

r = I r I . This leads to: 
sc'l> = .L [ n, 6,1 <n 

i j 

The intensity belonging to this part of the total e.p.f. is 

(see equation 10): 

f G(?) SLl'llUl d.-z 
S'Z 

faO 

The intensity of the total coherently scattered radiation is given 

by the sum of (20) and (24): 

1 -Hs>='°n·frts>+f 6(?) sincu>,J.z 4- ' • .5 t' 
c. 2•0 

(21) 

(23) 

(24) 

.(25) 

Generally, all quantities in such an equation are divided by n, the 

total number of particles involved in scattering. If the mole fraction 

of particles of kind i is denoted by n./n = m. we write, using (23) 
1 1 

h!»/n = L mJttsi + [ [ m, T '1; < 'll stns <rz> ch 
l " J ?i.o 

(26) 

We define the reduced intensity: 
1 

s i tsl : s ( lcsi/n - L m, f, csl) (27) 

and so: 

(28) 
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6 (r) 

r 
Fig.5. Schematic representation of o 0 (r) and /lo (r). 

At this stage, the e.p.f. might be calculated from (28) by Fourier 

transformation. However, the integrand in equation (28) does not 

vanish at large values of r. To overcome this difficulty, we write: 

6ijCTl ... .c.&~l'l) + s:jctl 

o .0 . (r) is the part of the electron product function, correspon-
1J 

ding to a homogeneous electrondensity distribution in the sample 

(see the appendix) and ./lo i/r) is the deviation from this 

quantity which vanishes for large values of r (see fig. 5). So, we 

can write: 

. '\\ -J .C.fiij('l) \\ 7 £~.(7) J 
s11s)=t,..t,..m, -'Z- sin(Sl!)d'Z + 4-4-m'J ~ sin(n)ai 

I. J J•O .. I 1•0 

The second term on the right-hand side of this equation is always 

omitted8710), because it contributes to the intensity only at 

extremely smalh values of s, where observation of the intensity is 

impossible, because of the presence of the primary beam. Thus: 

. r:' .. I .o.6,J('Z} 
Sl(Sl = L m1 --- sin(n)dz 

i J i•O ! 

By Fourier inversion the e,p,f. LL m. /lo . . (r) can be obtained: 
i j 1 1J ' 

18 

\\ A6\i('Z) 
LLm,--'Z

i. j 

-= .!. J s i Cs) sin 1 n) ds " ' S.•O 

(29) 

(30) 

(31) 

(32) 



Thus, the reduction of the data, obtained by experiments, only 

leads to the deviation Ao(r) from the average o 0 (r) of the dis

tribution function. For the sake of convenience, we will write down 

in the following formulas the distribution function itself instead 

of the deviation of the distribution function. 

In Fourier transformation, there is a reciprocal relation 

between s and r. As a consequence, long range order in physicaJ. space 

is essentiaJ.ly depicted at smaJ.l angles of the diffracted radiation. 

The tail of the intensity curve is essentiaJ.ly caused by electron

electron distances within the atoms. As far as the electrondensity 

distributions are known from quantummechanicaJ. calculations, we have 

the possibility to caJ.oulate the coherent intensity for large vaJ.ues 

of s. In this Wfzy' we can convert the experimentaJ. intensity into an 

absolute scaJ.e. 

2.3 The termination error; the convolution theorem. 

As sin9 cannot exceed unity, s has the upper limit 4rr/A , where 

A is the wavelength used ( see .equation 1). GeneraJ.ly one has to be 

content with an upper limit which is even lower than 4rr/A , because 

a reasonable accuracy at large values of s can be obtained only at 

the cost of very long measuring times. 

We define the termination error as the error, appearing in the 

computed distribution function by putting si(s) = 0 for s) smax, 

smax being the upper limit of s. This means, that at vaJ.ues of s, 

larger than smax, the intensity I(s)/n equaJ.s the one particle 

scattering ) m.f~(s) (see equation 27). The termination error is 1 1 1 

treated mathematicaJ.ly by defining a shape function A(s): 

A (5) = I s ~ smax 

Aoi>=o s > s max 
(33) 

Inserting this into equation (32) we get: 

'\ 6~·(?) 2 -I 
4..4..m'T =-if sit!>) Acs) sln(s;i)ds (34) 

" J S•O 

a .'.(r) is an e.p.f. caJ.oulated from the experiment, and consequently 
l.J 

it is influenced by the termination error. We can write (34) in 
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another wa;y, such that the relation between the 'e:x:perimentaJ.' e.p.f. 

and the true one will be clear. To this purpos'e we have to make use 

of the convolution theorem 5, 11 ). This theorem states, that the 

Fourier transform of a product of functions is equaJ. to the 

convolution product of the Fourier transforms of each of these 

functions. 

The convolution product is caJ.culated as a function of a variable 

which ranges from -ooto + oo. We caJ.l this variable u. The e.p.f. 

is an even function of u: 

6,j(U) • G;j(-U) 

It is normaJ.ised according to: 

·- -+ f 6,j ( u) d. u .. f 6,j ( 'Z) d. z 
U.•-• 

The Fourier transform of the reduced intensity si(s) is (see 

equation 32): 
[ 

'\'" • 6,j(U) 
L m, u 

' j 

The Fourier transform of A(s) is given by: 

.. .,..... . 

f<'ll .. k J Acs> 'os{S?l ds cfr J cos {S'Zl els• nl.'l sin ( smo.11 2) 
S•O laO 

Here the cosine transform is used, because A(s) is an even 

function of s. This is consistent with the formulation of its 

Fourier transform, if the range of s was chosen between - oo and 

+ ex> (see equation 1 ) • 

(35) 

(36) 

Now, using (35) and (36), equation (34) can be rewritten as a 

convolution prqduct: 

[[ m, 'Yi'> .. [[ m, ·r 6~<u.> 
t. J l J ti.a-• 

2 :sin(smo.11('l·u» d 
n('l-U) U 

and accordingly 
~:jw = .J ... ~\i(u) i sin<.smo.11(2-u)) du (37) 

'l u n('l•U) u.·-· 
which is the relation between the caJ.culated or 'experimentaJ.V e.p.f. 

a! .(r) and the true e.p.f. a . . (r). The deviations between the 
1J 1J 

'e:t.perimentaJ.' and true e.p.f. a.re due to the fact, that a part of the 

20 



intensity is unknown. Therefore, it is evident tha.t a . . (u) cannot be 
1J 

calculated from this equation. In spite of this, equation (37) will 

give us a. better understanding about the consequences of a restricted 

domain of measuring. According to (37), the differences between the 

•experimental' and true e.p.f. depend on the characteristics of the 

function F(r). This function is shown in figure 6 for different 

8 

-1.0 -.5 0 .5 1.0 

Fig.6. The function F(r) for sma;x: = 10 ( the function with 

the highest ma;x:imwn ), and for sma;x: = 5. 

values of sma;x:. Generally, the calculated e.p.f. is smeared out with 

respect to the true e.p.f. by convolution with F(r). This effect is 

more important the larger the •ex.tension'of F(r) is. However, it is 

very difficult to give a. useful mathematical definition of the·· 

extension or width of F(r), because of the presence of subsidiary 

maxima. and minima. Therefore, we can give only a qualitative 

description. 

In the case of an infinite domain of measuring, (sma.x - oo ), 

which however cannot be achieved, F(r) is a delta fu.nction and then 
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a .•.(r) = a . . (r). As long as the extension or width of F(r) is small 
l.J l.J 

compared with the extension of the features in the e.p.f., the 

•experimental' and true e.p.f. will not differ notably. This is alwa;ys 
0 -1 true for e.p.f.'s if smax is chosen reasonably large, sa;y 10 A • If 

smax is small, F(r) will be broad, and large differences might appear 

between a .•.(r) and a . . (r). It turns out, that the value of smax 
l.J l.J 

determines the possibility of reproducing details (resolving power) in 

distribution f'unctions. 

In a similar wa;y, it has been shown by Hosemann11 ), that a detailed 

picture of the intensity, obtained with a monochromatic X-ra;y source and 

a very narrow beam, is necessary for obtaining information about the 

e.p.f. at large values of r. 

2.4 The relation between the electron product f'unction and the 

atomic distribution f'unction 

As has been shown in section 2 of this chapter, the electron 

product function follows from the diffraction fornmlas of mixtures in 

a straightforward wa;y. It is a function, which is closely related to 

the distribution of electrons in space. It can be used as a descripti~n 

~f the structure of a liquid. 

However, physicist and chemists generally describe the structure 

in terms of locations of centres of molecules or atoms. From this point 

of view, the atomic distribution f'unction, a probability f'unction of 

particle centres, is a useful tool. 

The coherent part of the scattered radiation of a mixture as a 

f'unction of these a.d.f.'s is given by the extended fornmla of Zernike 

d P 
. 12,13) an rms 

Its>/n =- [ m.f.Zcs) + [[ m, (cs>~Cs) f 'tlT'Z•q,i (2) 5 ~~(s'Z) ch 
L L J l•O 

(38) 

where the atomic distribution f'unction 4nr2 p . . (r)dr is the average 
l.J 

number of particles of kind j at a distance between r and r + dr from 

a reference particle of kind i. However, only in the case of a 
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mono-atomic liquid - e.g. liquified noble gases, or liquids, which have 

only one kind of molecules, which are nearly spherically symmetric, 

such as water - the a.d.f. can be obtained directly by Fourier transfor

mation of 

Ic!\>/n -fcs) .. J s = '411'lfCi1sin(n)cb 
fis) f•O 

If we are dealing with a mixture, it is impossible to construct an 

intensity function as in the left-hand side of equation (39), owing 

(39) 

to the different products f.(s)f .(s) in the terms of the double sum of 
l J 

equation (38). Consequently the a.d.f.'s cannot be obtained by Fourier 

transformation. In order still to be able to obtain something like an 

atomic distribution function for mixtures, a number of authors have 

constructed a sum of •modified' a.d.f.'s which is the result of 

Fourier transformation of 

where 

s ( I csJ/n - [ mJ,l<s)) . M (s) 
i 

M m c 1 J [ [ mJ, { lil]' . 

(40) 

(41) 

is a modification function. As shown by A.H. Narten4), such a modified 

a.d.f. is given by 

+.. I 

Yli ('l) • T J U. q,j (IL) T;j ( u-!l du. 
V.•--

The function T.1.(r) is given by 
lJ 

Tijn1"' k jf,m~cs1 M1s) co!'.CH> ds 
Sao 

This function not only depends on the scattering factors f. and f., 
l J 

but because it contains M(s), it is a function of all scattering 

factors of the system. Because of the dependency of T .'. (r) on the 
lJ 

(42) 

(43) 
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composition of the system, it is difficult to compare modified a.d.f.'s 

of different solutions. A further disadvantage is 1 that the modified 

a.d.f. increasingly looses its physical. meaning, as the scattering 

factors of the particles in the solution become more different. In 

order to avoid these difficulties, we have based our discussion in the 

following on the e.p.f. 

An equation, analogous to (42) can be derived, which describes 

the relation between an e.p.f. and the corresponding a.d.f. To this 

purpose, we have to compare equation (26) and (38). From these, it can 

be seen, that 

j 6\(Z) sin(n)d'l • f.t,Jfics> j "'rn~,,ni sinCHl di 
,.. laO 

Applying Fourier transformation on both sides of this equation, and 

using the convolution theorem for the expression which is obtained 

from the part on the right-hand side we find 

t:...l.'11 + .. T = f 2 nu ~·J <u> T.j< u-r> du 
w.•- .. 

where 

T,1'll=.!J .. fitsit1·<Sl coscn> els 
'J n 

lwO 

(44) 

(45) 

(46) 

Equation (45) is the analogue of equation (42). The functions T .. (r) 
' lJ 

have approximately the shape of a gaussian function. The width de-

pends on the extension of the electron cloud of both types of par

ticles involved. Since, according to (45) o . . (r)/r is a convolution 
lJ 

product of 211u p .. (u) and a rather broad function T .. (r) - as distinct lJ lJ 
from T.'.(r), which is very 'sharp' - this function is smeared out with 

lJ 
respect to 2 1T u p .. ( u). As a consequence 1 the e. p. f. does not show as 

lJ 
mu.ch detail as the a.d.f. (see fig. 15). However; small differences 

in·e.p.f.'s a.re more significant than in a.d;f.'s. 
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If the individual e.p.f. 1 s a . . (r) of a solution are available, 
1J 

it is possible in principle, to calculate the corresponding a.d.f.'s. 

In practice, the approximations needed to obtain a separate o .. (r) 
1J 

are too rough, to make a precise deconvolution meaningful. Only 

a fair estimate of the coordination number can be obtained {see 

section 4.4). 
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CHAPTER III 

Experiments and data reduction 

3.1 Equipment and experimental techniques 

The apparatus is represented schematically in fig. 7. The 

radiation is scattered by a vertical liquid jet, which is at the 

centre of a circular diffraction camera14). The liquid is recirculated 

by a pump-unit. The temperature is kept constant at 25°c ± .5. The 

camera has been closed properly with mylar foil in order to maintain an 

atmosphere of hydrogen gas. In this W<zy" 1 air is prevented to enter the 

camera and to influence the measurements at small values of s, where it 

contributes to the scattering appreciably. The scattered radiation is 

detected by a scintillation counter, moving around the centre of the 
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Fig.7. Schematic representation of the apparatus. 



camera. It is driven by a stepping motor, which is controlled by a 

papertape reader. Measurements are performed at constant intervals 

As= .1, from s = .5 to s = 10.0. After correction for polarization 

and absorption (see section 3.3) the values of the intensity below 

s = ,5 are extrapolated horizontally to s = O. Very little is known 

about the intensity of the radiation scattered in this region for 

electrolyte solutions. However, in the present investigation this is 

not important, because it has very little influence on the part of the 

distribution function we are interested in. The measuring domain is 

limited to smax = 10.0 because at larger values of s statistical errors 

become increasingly important and sufficient accuracy can only be 

obtained for veF3 long measuring times. 

Monochromatization of the Mo-radiation is performed with Ross 

balanced filters 15 • 16 •17) in combination with pulse height discrimina

tion. At each position of the counter, two one-minute measurements are 

made, one with a Zr-filter and one with a Y-filter, both placed in the 

diffracted beam. The difference between the intensity of these measure

ments can be assigned to wavelengths in a narrow band around 

A MoKa= .7107 R. Fluorescent radiation, only present to a certain 

extent in the case of magnesiumbromide solutions, is eliminated 

satisfactorily using this method of monochromatization
16

). The whole 

series of measurements is repeated a number of times in order to 

reduce errors, due to any instability of the apparatus over long 

periods of time. 

The accuracy of the counting statistics depends on the value of 

the intensity and so, it is a function of s. At s 4, where the 

intensity has a median value in the diffraction pattern, the accuracy 

is better than 1% for the magnesiumchloride solutions and better than 

1f/o in all other cases. From section 2.3 it follows, that the dimensions 

of the cross-section of the beam has to be limited as much as possible, 

in order to be able to distinguish details. However, the intensity of 

the measured radiation sets a limit to this. Too narrow a beam requires 

an unpracticably long measuring time. As an example we have used in 

front of the scintillation counter slits with a height of 1.5° and a 

width of .7° as seen from the centre of the camera. 
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3.2 The solutions 

Solutions of magnesiumchloride and bromide, ammonium-, sodium

and potassiumchloride a.re investigated at several concentrations 

lower than 3 molar. In addition, a molar solution of hydrochloric acid 

is investigated. The data and constants of these solutions can be 

found in the tables of chapter 5. The concentrations a.re determined 

by titration; the densities by weighing a known volume of liquid. 

Changes of concentration ma;y occur by evaporation from the liquid jet 

in the camera during the measurement. However, the observed changes do 

not exceed 1 percent and they have no influence on the results. The 

data given in the tables a.re mean values. 

3.3 Data reduction 

After the correction for background radiation which is only 

significant at small values of s, the coherent intensity I(s)/n is 

calculated from 

Its>/n + w cs) L m, I,M,<' SI/ B1CS) = cc Pt9JAbsqt.9J IerpCS) 

' 
where: 

(47) 

- I(s) is the coherent part of the radiation, scattered by the n 

particles of the irradiated volume. I(s)/n can be considered as the 

mean intensity per particle. 

- I (s) is the experimentally determined intensity, expressed in exp 
counts per unit of time. 

- P( 9 ) is the correction for polarization. It is given by 18): 

p1e1 ... 1./C 1 + cos
1
c19)) 

- Abs( I.I , 9 ) is the correction for absorption. It is computed for a 

liquid jet of cylindrical symmetry and is a function of the mass 

absorption coefficient I.I of the liquid and the pathlength traversed 

by an X-ra;y through the sample. The relation between the intensity 

of the primary radiation I
0 

and the intensity which has passed 

through the sample, I, is given by: 
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where d is the pathlength. The mass absorption coefficients are 

calculated as described in the tables for X-ra;y Crystallography19), 



The absorption coefficient for Mo-Ka radiation is nearly independent 

of s for all solutions, except for MgBr2 solutions, where the Br- ion 

absorbs strongly. 

- I. .(s) is the incoherent or Compton scattering of a particle of inc,i 
kind i. The incoherent scattering is caused by nonelastic collisions 

of quanta with electrons, the wavelength being changed during this 

process. The values of the incoherent scattering, calculated for 

undisturbed atoms are tabulated as a function of s. The values of 

Na+ and K+ are obtained from the International Tables of X-rey 

Crystallograpby19) • I. Cl- and I. B - are obtained from the inc, inc, r 
values of the Cl and Br atoms by enlarging the value of the atom by 

1 for s > 5 and extrapolating for s < 5 20). I. M 2+ is constructed inc, g 
by taking the average of I. N + and I. Al3+ (lit. 19). I. t 

21 ) inc, a inc, · inc,wa er 
is taken from Bol • 

- 1/B3(s) is the Breit-JJirac factor. This is a relativistic correction 

that has to be applied on the tabulated values of I. , which are 
inc 10) 

computed as if the electrons were at rest. The expression for B is 

B'"' 1 + 1h'A s.in•e 
me. -,.• 

where h is the constant of Planck, m is the mass of the electron 

and c is the velocity of light. 

w (s) is the omega factor. Performing the monochromatization with 

the technique of balanced filters and pulse height discrimination, 

a part of the incoherent radiation will fall outside the passband 

owing to the shift in wavelength. The observed fraction of I. is 
16) inc 

denoted as w(s). The omega factor is determined by Bol • 

W(S) 

1.0+-------

.5 

• 
0 4 8 

Fig.8. The omega factor. 
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- a is the scalefactor. The experimental intensity, corrected for 

absorption and polarization is expressed in arbitrary units and 

nm.st be converted into an absolute scale by the scalefactor. For 

each solution it is determined by the method of Krogh Moe22 ) and 

is computed as a function of s. 

(48) 

K is the constant of Krogh Moe and P and Abs have to be expressed 

as a function of q = 4nsin&/X. 

For large values of s a(s) approaches a limiting value, because 

the experimental corrected intensity becomes equal to 

For all our experiments in fact a(s) was found to become constant 

at large s-values except for solutions of rnagnesiumbromide (see 

section 3.4). We have chosen as scalefactor the value of (48) for 

s 10.0. 

The figures 9-12 illustrate important stages in the computation 

of the e.p.f. As an example we have chosen the e.p.f.'s of three 

solutions of ammoniumchloride and the e.p.f. of water. The data of 

these solutions are found in table 2 in chapter 5. 

Figure 9 gives the total intensities in absolute units, corrected 

for polarization and absorption. In th.figures the abcissa of each 

curve has been shifted with respect to the others. The intensities 

differ only significantly in the region at about s = 2.8 R-1• The 

shoulder, observed in this region, disappears at higher concentrations. 
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Fig.9. The total intensities corrected for polarization a.nd absorption 
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10. The reduced intensities for 3 solutions. of NH4c1 and water. 

The mole fractions are indicated in fig.9. 

31 



80 

40 
t>. 

6 (el/A) 

0 0 

0 0 

0 0 

0 0 

-40 

-eo 

0 2 4 6 e 10 r<.&.> 

Fig.11. The electron product functions ~o(r) of 3 solutions 

32 

of NH4c1 and water. The mole fractions are indicated in fig.9. 
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After subtracting the coherent and incoherent intensity of a mean 

particle, and after multiplication by s, we get the corresponding 

reduced :intensities (equation 27) shown :in figure 10. Fourier trans

formation of the reduced intensities accoring to equation (32) leads 

to o(r), figure (11). Finally, the e.p.f.'s are obta:ined by adding 

o 0 (r) to o(r), figure (12). 

3,4 A correction method 

The convergence of the scalefactor can be regarded as an indication 

about the quality of the data, involved in equation (48). In some 

cases the corrected experimental intensity at large values of s is 

not of a similar shape as the one particle scattering. Then the 

scalefactor does not converge and its value cannot be established 

accurately. As a consequence the reduced intensity function does not 

approach zero at large values of s. After Fourier transformation of 

such a reduced intensity function an e.p.f. is obtained, upon which 

a wave with short wavelength is superimposed. However, it is evident 

that this wave is not a PhYsical reality because the peaks of this 

wave appear at small values of r, where no inter-atomic distances are 

possible, and also at large values of r where a detailed structure is 

not to be expected :in a liquid. On this basis the elimination of this 

ripple is generally accepted in literature. The elimination can be 

performed in several ways23 ). We prefer the following method, which 

we have applied only in the case of Mg:Br2-solutions 1 for which the 

reduced intensity functions did not fluctuate around zero at large 

values of s, We made these functions convergent to zero in this region 

by subtracting its mean value, This value has been obtained for each 

position of s larger than 5 x-1, by taking the average over the region 

s - 1 to s + 1. Because for s > 10. O no values of the reduced :intensity 

are available, for s >9 the average is taken over the region 2s - 10 

to s = 10. Below s = 5 R-1 the curve obtained is extrapolated smoothly 

to s O R-1• From the reduced intensity, corrected in this way, a new 

e.p.f. is calculated. About the origin of such a deviation not much 

is known with certa:inty yet. Fluorescence radiation of the Br- ion 

can be expected to be the cause of the error. Althoilgh this kind of 
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radiation is eliminated with the method of monochromatization used, it 

enlarges the statisti~al errors in the tail of the reduced intensity. 

This kind of error can be eliminated by smoothing procedures. We have 

not applied such procedures, because the ripples in the e.p.f. 's dis

appeared after the elimination of the systematic error in the reduced 

intensity. The correction in the reduced intensity seems to be roughly 

proportional to the mole fraction of the Br- ion for large values of s. 

This fact suggests, that errors may exist in the computed coherent and 

incoherent one particle scattering. 

A quantitative discussion of errors in the ultimate distribution 

functions is very difficult. It is closely related to a discussion 

about the use and the values of the tabulated scattering factors and 

incoherent intensity. The accuracy in the final results will be 

affected by ~he use of a scattering model, in which all particles have 

a spherical symmetry and in which the same scattering factor is 

assigned to all particles of the same kind. For example, in the 
2+ hydration shell of a strongly hydrated ion, e.g. Mg 1 the electron-

density distribution of a water molecule may differ significantly 

from the electrondensity _distribution of a gaseous water molecule, for 

which the scattering factor has been calculated. In the bulk again 

different values hold. A quantummecha.nical investigation may give an 

important contribution to the knowledge about the accuracy, that can 

be obtained with the scattering model, described above24). 
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We have performed a calculation, which shows the influence of a 

systematic error in the one particle scattering upon the.electron 
' 

product function. The example concerns the electron product 

function of a two molar solution of ammoniwnchloride. Because, at 

this time, there is not much information about the magnitude of 

the error, we have taken as possible errors some arbitrary 

functions of s (see fig.13 a). The extrema of these functions have 

been chosen in the same order of magnitude as the differences, 

which are found in the coherent one particle scattering of water, 

used by different investigators21125126 ). Fig.13 b shows the 
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13a. Examples of possible deviations in the one particle scattering. 
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Fig.13b. Absolute values of the relative error corresponding to the 

examples of fig.13a. in percents of the e.p.f. of a solution 

of NH4Cl ( mCl = .0367). 

absolute values of relative errors in the electron product 

function. At large values of r 1 the error is small because of the 

large value of the electron product function. In the region of the 

first coordination sphere of the Cl- ion, at about 3.2 i the error 

may be 2 percent. 
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Based upon another principle to eliminate unwanted ripples superimposed 

upon the distribution functions, is the use of modification functions 

proposed by Waser and Schomaker 5). A frequently encountered form of 

this function is exp(-bs 2) 27), where bis a constant, chosen in such 

a w~ that this function approaches zero at the upper limit of s. 

For example, if b = .022 then exp(-bs2) = .1 for s = 10. By multipli

cation with this function the reduced intensity is made to converge 

to zero for large values of s, where statistical errors become 

important. 

The effect of this function is to remove the high frequency terms 

in the distribution function. This is easily understood with help of 

the convolution theorem. Multiplication of the reduced intensity with 

exp(-bs2) is equivalent to the convolution of the e.p.f. with the 

Fourier transform of exp(-bs2), i.e. exp(-r2/4b)/Vfib. This function 

is very sharp in comparison with the features of the e.p.f. and 

therefore, the e.p.f. is hardly altered, in contrast to the ripple, 

which is 'smeared out'. 

However, in essence this method is incorrect, because an 

arbitrary function is introduced to obtain the convergence of the 

reduced intensity. The correction, which follows from the method 

described earlier in this section, is in fact determined by the 

reduced intensity itself and m~ give an indication about the source 

of error. 

3.5 Scattering factors 

The scattering factor of water is taken from A.H. Narten and 

H.A. Levy 25) apd is computed in the free-atom approximation. It is 

in good agreement with the corresponding quantity computed by the 

SCF....MO approximation. The other scattering factors are from 
28) D.T. Cromer 



CHAPTER IV 

Considerations 

4.1 Ion association 

According to formula (23), we can write for an aqueous electrolyte 

solution with cations of type c, anions of type a, and water w 

+ m.., ( 6wc + 6 wo. + 6ww' 
(49) 

By means of equation (21) it is easily proved, that 

mi '•i - "'J ';• (50) 

and so equation (49) can be reduced to six terms: 

6Ul= .trnc'cw+.2m,,s,,._.+rn 6 +.tm, +m 6 + m 6 .. .... w ww c co. c cc a a o. (51) 

The last three terms are related to distances between the ions in the 

solution. Concerning these terms, we introduce the assumption, that 

the ions in the solutions investigated, which all have a concentration 

lower than 3 molar, will not approach each other more closely than 

V'I 4 i. Owing to the Coulombic repulsion, this will certainly hold 

for ions with charge of equal sign, For anion-cation distances this 

assumption is less convincing and therefore, we will pa,y attention to 

the solutions separately with respect to ion association. 

a. Solutions of magnesiumchloride and -bromide 

There is !lRlCh evidence that the Mg2+ ion has a tightly bound hydration 

shell of six water molecules. Data about this number of water molecules 

in the first hydration shell are obtained by X-ra,y diffraction, on solid 

magnesium salts with hydrate water29) as well as on aqueous solutions6), 

and from proton magnetic resonance experiments30131 ). The exchange rate 

of water molecules of the complex with water molecules of the bulk 

(105 sec-1 32)) is very small in comparison to the corresponding value 

for water molecules in pure water (1011 sec-1). 

In the Raman spectrum of aqueous magnesium salt solutions the 

357 cm-1 band is assigned to the symmetric stretching mode of the 

Mg(H20)~+complex33134), The integrated intensity of this line is direct-
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ly proportional to concentration, up to saturation. Therefore, one 

assumes that the complex Mg(H2o)~+ exists on the whole concentration 

range of the solution, and that anion-cation contacts do not occur35 ) 

The absence of contact ion pairing can be ascribed to the high 

stability of the complex in water. 

In the solid hexahydrates of magnesiumchloride and magnesium

bromide the observed shortest distance between the magnesium ion and 

the halide ion is about 4.1 X 36). We assume that this is approxima

tely the distance of closest approach. 

b, Solutions of sodium- and potassiumchloride 

C,W, Davies stated, that ion association for electrolyte solutions 

is at a minimum for the alkalihalides {except for the Rb and Cs salts), 

but this conclusion is based on investigations on dilute solutions37). 
Not much is known about more concentrated solutions. 

For the latter, we first want to make some simple estimates 

concerning the order of magnitude of some structure-parameters. If the 

ions of a solution of an 1:1 electrolyte should be arranged at equal 

distances from their nearest.....neighbours 1 for example, in a sodium

chloride lattice, the shortest distance between counter ions can be 

calculated from 
'Z4C. t ("'IC 10"? I ( (X N4yJ)}'f A 

where c is the concentration in mol.1-1 • and N is the number of av 
Avogadro. For the solution with the highest concentration measured, 

3 molar, is 6.5 X. However, we have to expect, that t~e mean square 

deviation from this value is appreciable. In this solution, only about 

eight water molecules per ion are present. These data suggest that it 

is reasonable to assume that contact ion pairing occurs. If for 

instance, a sodium ion would have no preference for a water molecule 

over a chloride ion, or vice versa, we can calculate, that in a 3 molar 

solution, one of every four sodium ions woul.d be involved in ion pairing, 

assuming that the coordination number of the sodium ion.is four. 

Experimental data about concentrated solutions are obtained from 

Raman spectra of metal nitrate solutions. Extensive studies in this 

field have been made by Irishet ai.38139,40). They found that the 

vibrations of the hydrated nitrate ion are disturbed if it comes close 

38 



to a cation. In particular the presence of a line in the v4 region of 

the 8 -1 spectrum at 72 cm is an indication for the occurence Of contact 

ion pairs41 ). Riddell et al.39) have investigated solutions of sodium 

determined from the nitrate in D20. The degree of association is 

intensities of two lines in the V 
4 

region: 

8 -1 . above and the line at 71 cm assignable to 

the 728 cm-1 line mentioned 

the solvated nitrate ion. 

The degree of dissociation measured for a 3 molar solution is .85. 

From this it can be calculated, that about one of every seven sodium 

ions is involved in contact ion pairing. 

However, for dilute solutions it is observed that ion pairing is 

more important in nitrate solutions than in the corresponding chloride 

solutions37). This also seems to be the case, if D2o is used as solvent, 

instead of H
2
o. Therefore, we assume, that the value, found above 

represents an upperlimit for the concentration of contact ion pairs in 

aqueous solutions of sodium chloride. 

Additional information may be obtained from observations of the 

nuclear magnetic resonance of Na23 and K39 in their chloride solutions. 

These solutions are investigated by Deverell et al.42). Various 

solutions with the cation Na23 are investigated by Templemann et al.43). 

As the chemical shift is caused by very short range interactions it 

depends on the immediate surroundings of the observed ion. Templemann 

states, that the shift of a solution of sodiumchloride is directly 

proportional to the mole fraction of the salt. It can be shown that 

the equilibrium constant for 

Na+< H20J + Cl- ;:::::! Na Cl + H1 0 
is close to 1, if it is assumed that the shift is only due to the 

occurence of sodiumchloride contact ion pairs. If the cation has the 

coordination number 4, we can derive from this, that one of every four 

sodium ions has a chloride ion as a neighbour. 

In our opinion, the proportionality of the chemical shift and 

the mole fraction is not fully established, because of the small 

solubility range of sodiumchloride in water and the relative large 

errors in the shift. Moreover, it may be expected, that at higher 

concentrations the shift is not only due to sodiumchloride contact ion 

pairs, but that changes in water-cation binding will give a significant 
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contribution to the shift too. If this is taken into account, we derive 

a smaller number of contact ion pairs from these observations. 

We can make a rough estimate of the contribution of contact 

ion pairs to the e.p.f. in the neighbourhood of the nearest-neighbour 

peak of aNaW(r). If there is no contact ion pairing and the coordina

tion number of the sodium ion is X, then the total electron product of 

the nearest-neighbour peak is ~aZW. Here Z is the number of electrons 

of the indicated particle. If ion pairing is present and the concentra

tion of ion pairs is 

then the electron product of the first coordination shell is enlarged 

by 

and the relative, systematic error, which is introduced in the coordina

tion number determined by assigning this amount to sodium water pairs is 

[NaCl ( H~OixJ 1 

(Na] ~o~. X 

We derived from the Raman measurements of Riddell et al. that the upper 

limit of the ratio of the number of contact ion pairs and 'free' sodium 

ions is 1:7. For this value and for a coordination number X = 4 we find 

a relative error of 0.03. Actually, the error will be even smaller, 

because the position of the maximum contribution of sodiumchloride 

contact ion pairs to the e.p.f. (2.76 i) does not coincide with the 

nearest-neighbour distance of sodium-water pairs (2.36 i), From the 

numerical example it follows, that, if we neglect contact ion pairing, 

which is equivalent to putting aNaCl = o, we .will make only a very 

small systematic error. This error can be neglected completely in com

parison with other errors (see, for example section 3.4 and 4.2). 

In investigations on ion pairing, aqueous solutions of KCl have 

gained not as much attention as solutions of NaCl. Although it is 

expected that ion pairing in KCl solutions is somewhat more important, 

we assume, that it will not differ significantly in both solutions. 
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c. Solutions of a.mmoniumchloride 

Thompson44) has studied the effect of concentration on the infrared 

of the NH /-ion in the range 4000 -active vibrational frequencies 

1100 cm-1 in aqueous solutions of ammonium halides. He observed that at 

concentrations smaller than 2 molar the NH4+-frequencies become inde

pendent of concentration and of the halide ion present. His conclusion 

is that the NH4+-ion is surrounded isotropically by water molecules a.nd 

insulated from the perturbing effects of the anion. Accordingly, we ma;y

state that ion association will not cause error in the determination of 

the coordination number of the chloride ion from these solutions. 

d, A solution of h,ydrochloric acid 

It is well known that aqueous solutions of HCl show properties much 

different from those of the other solutions measured. Because of its 

special position this solution will be treated in section 5.1 c. 

From the investigation of the solutions involved, except HC1 1 we 

·conclude, that the assumption, that the ions do not approach each other 

more closely than approximately 4 j, holds reasonably well. So, the 

f'unctions m. o .. (r) in which i and j each represent an ion, can be 
]. 1.J 

neglected in the region below r = 4 j, Therefore, (51) can be written 

as 

(52) 

4.2 An approximation for the electron product f'unction of water in the 

solutions ( o ) 
WW 

The last term in equation (52) 1 o (r), is the e.p.f. of the 
WW 

water in the solution. It contains the information about the 

distances between the water molecules. From X-ra;ir diffraction only the 

sum of the three components of (52) can be obtained, At the moment, no 

experimental method is available, which can determine oww(r) separately. 

Therefore, we have approximated oww(r) according to 

n 
6 (1"). 6 (7) + nw.SOL, .0. 6 (2) 

WW WW W W 
(53) 
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In this formula a 0 (r) is the value of the electron product function, 
WW • 

if the electrons of the water molecules were distributed homogeneously 

in space (see also section 2.2). It can be calculated from the density 

and the concentration of the solution, as described in the appendix. 

The second term is the fluctuation superposed upon a 0 (r) (see fig. 5). 
WW 

We put it equal to the fluctuation, which holds for pure water, ~a (r), 
w 

multiplied with a correction factor. This correction factor takes into 

account, that the water content in a volume element of the solution is 

different from that in pure water. It is put equal to the ratio .of the 

number of water molecules in the solution and the number of molecules 

in pure water contained in an equal volume element. It can be 

formulated as: 
nW,SOL 
-n-= 

"" 

m d M 
w Sot w (54) 

where dwand Mw are the density and the molecular weight of water and 

d 
1 

and M the density of the solution and the mean molecular weight so 
of the of the solution. At the concentrations of the solutions 

The shape of the approximated 

correction is always larger than 0.88 

a (r) will deviate hardly from the 
WW 

e.p.f. of pure water. Tlms, the approximation will be better, 

according as the structure of water is disturbed less by the ions. 

The effect of the ions on the water structure can be studied in 

many ways. 

Raman and infrared spectroscopy provide information about the 

changes in vibration of the water molecules, when an electrolyte is 

added to pure water. Bonner et al. 45 ) and Luck46 ) used the overtone 

region of the OH stretching vibration of water molecules in order to 
' study the effect of various ions on the water structure more 

quantitatively. They compared the influence of the ions on the OH 

stretching vibration of the water in the solution with the influence of 

temperature on the OH-stretching vibration of pure water. If the 

temperature of pure water is increased, less hydrogenbonding is 

present and then, the intensity of the OH-stretching vibration is 

increased by an increase of free OH-groups. Ions, which induce this 

effect are called •structure breakers•. The chloride and bromide ions 
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belong to this group. According to Bonner, the effect of the bromide 

ion is somewhat larger than the effect of the chloride i~n. The ammonium 

sodium and potassium ion have the opposite effect and are 'structure 

makers'. However, their influence upon the water structure seems to 

be small. The magnesium and hydrogen ion are strong structure makers. 

The Raman and infrared spectra are dependent on the mutual 

orientations of the particles, as well as on the distances between them. 

From the spectra we cannot obtain separate information about the 

influence of the ions on the distances, which must be known to evaluate 

a (r). However, they give us the indication that the approximation 53 
WW 

may be applied to solutions of sodium-, potassium- and ammonium-

chloride. For the solutions.of the magnesium salts, the approximation 

probably will be less valid. We expect, that it does not hold for the 

solution of hydrogenchloride. 

At the moment, it is not possible to discuss approximation (53) 

quantitatively, because there is no information available about the 

distribution functions of the water in a solution. However, we will 

return to the subject in section 5.1 once again. 

4.3 The hydration number 

The distribution functions contain direct information about the 

distances between the particles in a liquid and therefore, they can 

be used as a detailed structure description of the liquid, However, 

in many theories the environment of a particle is described by means 

of one simple parameter: the hydration number. There is a lot of 

confusion about this number. This section deals with the difficulties 

in the definition of such a number. In section 4.4 is described in 

which way we will derive a hydration number from X-ray diffraction 

experiments. 

Following Bockris47,4S), we want to distinguish between coordination 

number and hydration number. The coordination number of an ion is the 

number of particles which is in the immediate neighbourhood of the ion. 

It is based merely on distances between the coordinating particles and 

the ion. 
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The hydration number is based on the dynamical behaviour of the 

water molecules in the solution. The primary hydration number is defined 

49) as that number of water molecules, which have essentially lost their 

own translational degrees of freedom and move as one entity with the ion 

during its Brownian motion. The secondary hydration number comprises the 

water molecules not included in primary hydration, but whiph interact 

with the ion sufficiently to affect the hydration dependent quantities. 

In many methods (e.g. measurements of viscosity, conductivity, 

compressibility etc.) the sum of the hydration numbers of cation and 

anion are obtained. Some assumption has to be made to obtain the 

hydration number of each of the ions. Dependent upon the type of 

interaction, on which the method of measurement is based, and the 

model used to evaluate the data, the total hydration numbers obtained 

ma;r differ. If the correlation time of a water molecule in the first 

coordination sphere of an ion is large, with respect to the correla

tion time of water molecules in the bulk, the primary hydration 

number will be equal to the coordination number. In this case, a clear 

distinction can be made between primary and secondary hydration. Mostly 

a specific interaction between water molecules and the ion is present. 

Therefore, more reliable experimental methods can be used and the 

determination of the coordination number will be easier. 

We feel, that the distinction between primary and secondary 

hydration is less clear, if the correlation time of water molecules at 

the surface of an ion becomes comparable to the correlation time of 

water molecules in the bulk. In this case (e.g. alkali ions) most 

experimental methods do not give accurate coordination numbers. 

In principle, the scattering methods give the number of coordina

ting particles as a function of distance. The coordination number can 

be derived by integration of the nearest-neighbour peak of the atomic 

distribution function. However, this number is only defined 

unambiguously if the nearest-neighbour peak is resolved totally. In the 

case of strongly hydrated ions, e.g. Mg2+ this situation exists to a 

certain extent. Frequently the nearest-neighbour peak is such, that a 

considerable overlap exists with contributions of particles at larger 

distances. Because generally the extension of the nearest-neighbour 
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peak is very uncertain, there is no unique manner to determine the 

coordination numbers from the distribution functions. Pings8) gives a 

summary of some possible methods. The next section deals with the 

method, which we have used to evaluate a coordination number from the 

electron product function a. t • ion, wa er 

4.4 The determination of a 'coordination number' from a ion water" 

As follows from the definition of the a.d.f. (see section 2.4 

equation 38), the coordination number can be obtained by determining 

the surface of the nearest-neighbour peak. Therefore, we have to convert 

the a. t obtained into the corresponding a.d.f. first. We use the ion, wa er 
following method. 

We make a model representation of the nearest-neighbour peak of 

the a.d.f. and then we calculate the corresponding e.p.f. by means of 

equation (45). The parameters are chosen in such a way, that a 

reasonable agreement exists between the model e.p.f. and the experi

mental one. The shape of the model a.d.f. has been chosen intuitively 

as: 

(55) 

0 

ro ro +a r 
Fig.14. Model representation of the 

nearest...neighbour peak of the a.d.f. 
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The maximum of this function is found at r + a. This value is chosen 
0 

according to the considerations of section 4.5. The foot of the curve 

is at r = r • This is the shortest ion-water distance (see figure 14); 
0 

a is a measure of the width of the function. The a.d.f. is normalised: -f "trt2'
1

D('Zl· d'Z = n ') 1on.w (56) 

Most attention is paid to the determination of n, the coordination 

number. By means of the following example, we will show, that the choice 

of the shape of (55) is not very critical. 

Figure (15) displays two arbitrary e.p.f. 's a of 4.4 water 
WW 

molecules situated at 2.8 i from a reference water molecule. The corre-

sponding a.d.f.'s are given too. a is, according to equation (45) a 
WW 

46 
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Fig.15. Two arbitrarily chosen nearest-neighbour peaks of an 

a.d.f. and their corresponding e.p.f.'s. 



convolution product of T (u) and up (u). The extension of o is 
WW WW WW 

largely determined by T (u), because the width of T (u) is large in 
WW WW 

comparison to the width of up (u). The shape of the a.d.f. 's is hardly 
WW 

recognized in the e.p.f. 1 s. Thus, it is seen, that a.d.f.'s are very 

sensitive to the shape of the corresponding e.p.f.'s. Consequently, to 

obtain a reliable a.d.f., the error in the e.p.f. must be very small. 

There are two principal sources of error in the electron product 

function o . t • ion, wa er 
..!!:• The error caused by the deficiency of the scattering model. In 

section 3.4 the consequences for the total e.p.f. were discussed. 

Although a quantitative discussion could not be given, an indica

tion about the error was obtained by means of an example. In order 

to obtain o. t from equation (52) the last term, m o has ion, wa er w ww 
to be eliminated by means of approximation (53). In the calculation 

of o ww' we have made use of the same scattering factor of water 

as used in the calculation of the total electron product function. 

Therefore, the error is diminished partly by the elimination of 

mw oww. We assume, that the relative error in o . t is in ion, wa er 
the same order of magnitude as the relative error in the total 

electron product function (section 3.4). 
]2,. The second source of error concerns the approximation (53) about 

o ww' which has to be made to solve (52) for o. t • We ion, wa er 
feel, that the error, introduced by this approximation may be 

larger than the error, described under .,!!:, because mw o ww is a 

large part of the total electron product function. From section 

(4.2) it will be clear, that a quantitative discussion a priori 

is not possible. Therefore, we will continue the discussion in 

section (5.1), where the experimental results are treated. 

One of the features of the errors in the distribution functions 

determined is the presence of an oscillating wave, superposed upon 

the distribution functions. In principle, this will not cause error 

in the coordination numbers determined. However, if the electron 

product functions are deconvoluted into atomic distribution functions, 
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the amplitude of such a wave will be enlarged. In case of the func

tions a . t , we feel that this kind of error is too large to ion, wa er 
make such a calculation significant. 

I 

4.5 Mean nearest-neighbour distances in aqueous solutions; 

The position of the first maximum in an atomic distribution 

function, the mean nearest-neighbour distance is an important refe

rence point in the determination of a coordination number. It is 

easily determined in the case of a mono-atomic liquid. 

For aqueous electrolyte solutions a sum of component~ aij(r) 

is obtained. The distances cannot be obtained accurately from the 

curves a. t for the following reasons: ion, wa er 

1. The assumptions 1 which have been made to isolate a . 
ion, water 

from the total e.p.f. (section 4.1 and 4.2) may cause error in 

the determination of the position of the maximum. 

2. The approximations, introduced in the scattering model 

(chapter 2 and section 3.4) cause a ripple on the e.p.f.'s some

times, by which the maximum is masked. 

3. In general, deconvolution of an asymmetrical peak of aion, water 

into an a.d.f. will shift the position of the maximum. The shift 

is dependent on the shape of aion, water· 

Therefore, in the determination of coordination numbers we will use 

ion-water distances, obtained from other sources. 

O. Johnson50) has made a study of ionic radii as a function of 

their environment. From this study, we may derive, that the Pauling 

ion radius applies to the chloride and bromide ions in aqueous solu

tion. 

In table (1) some ion-water distances are tabulated for sodium 

and potassium ions, which are coordinated by water molecules in the 

solid state. 
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Table 1 

coordination distances number cation-oxygen lit. cation-water 

NaOH.4H20 5 2.38 51 

NaOH.7H20 6 2.29 - 2.46 51 

2NaOH.7H20 6 2.32 - 2.66 52 

Na2SO 
4

• 1 OH2o 6 2.37 - 2.47 53 

Na2B 
4
07' 10H2o 6 2.40 - 2.45 54 

Nal 207' 10H20 6* 2.36 - 2.78 55 

NaCN.2H20 4 2,34 - 2,43 56 

Kll.l (SO 
4

) 2• 12H20 6 2.94 57 

KCr(so
4

)2.12H20 6 2.97 57 

KF(H2o)
4 

6 2.79 58 

K
3
T1c1 6.2H20 6*- 2.74 59 

* Only a part of the cations has the indicated coordination number. 

The differences between these values show, that the bonding distance 

cation-water is determined also by other particles at large_r 

distances from the cation. In case of highly charged cations (e.g. 

Mg2+, Al3+) we expect the same.cation-water distances in aqueous 

solution as in the solid phase. Measurements by W. Bol 6) justify 

this. 

In the absence of accurate data about the mean ion-water 

distances for the sodium and potassium ion in aqueous solution, we will 

take for them values close to the sum of the Pauling ion radius and 

1.41 i (the assumed radius of a water molecule). 

4,6 Models of liquid structures 

When the radial distribution functions or coordination numbers 

are obtained, usually a structure model is formulated. A complete 

model of an aqueous solution does not only explain the structural 

properties, but it should be able to account for thermodynamical, 
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spectroscopical, and as many other properties as possible. The con. 

struction of such a model is extremely difficuit. As a consequence, 

another class of models exists, which is less ambitious and which can 

explain only some aspects of aqueous solutions. For example, we.refer 

to the models of Debye-Rlicke160), Bjerrum61 ), Born62), etc. Frequently 

these models are limited because either they do not agree iin some 

respect with the physical reality or because mathematical simplifica

tions must be introduced to be able to calculate its properties. In 

spite of this, these models are of great value. Because of the enormous 

quantity of models of this kind, and data which have become available, 

a general qualitative picture of the liquid phase and ion hydration 

exists. Nevertheless, it is not very clear, what is the meaning of the 

concept 'structure' , if it is used to express the order in a liquid. 

In the theory of the solid state the structure refers to the relative 

positions of the particles, whose locations are taken as an average 

over a time, long in comparison with the vibration period: the crystal 

lattice. A lattice can easily be described because of its translational 

symmetry. In a liquid this symmetry is lost and at any moment each 

particle is in a different environment. The positions are no longer 

related to a lattice and rotations and diffusional motions become an 

essential part of the behaviour of a liquid. So, in our opinion, the 

term structure, if applied to a liquid, includes the description of 

the dynamical aspects of it, and then it is much more comprehensive 

than it is for the sol id state. 

The radial distribution functions describe the positions of the 

particles in a liquid averaged over a time very long in comparison 

with the diffusional time of a particle. So, it gives us a diffusio-
' . 64) 

nally averaged structure or D-structure • In principle, it is 

impossible to derive from it information about the motions of the 

molecules. Therefore, it will be clear, that it is impossible to 

construct from the distribution functions a model, which accounts for 

the dynamical aspects of a 1 iquid structure. 

Nevertheless, many attempts are made to decompose the radial 

distribution functions into structures, which exist··for a much shorter 

time, the so-called V-structures64) or vibrationally averaged struc-
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tures. These are structures, which exist for a time, long with respect 

to the rotational or vibrational period, but short with respect to 

the diffusional time of the particles. A typical example is the model 

of liquid water of Narten63 ) et al. which is based on an expanded 

ice-I lattice. By choosing a number of parameters an almost 

quantitative agreement with the experimental scattered intensity is 

reached. As far as it can be considered as an average of a number of 

V-structures, we have to expect, that this model accounts only for a 

small selection of the numerous configurations, which are allowed in 

liquid water. 

For an aqueous electrolyte solution a sum of radial distribution 

functions is obtained. An individual distribution function is a one 

dimensional function. It does not describe the correlation between 

the orientations of the particles and thus, it contains too little 

information to construct a three dimensional model. 

In special cases information about the orientations can be 

obtained from the sum of distribution functions, for example, in case 

of well defined complex ions. However, if an ion with its coordination 

shell is a complex with a very short lifetime, the only aspects of 

structure, which can be determined are the time averaged radial 

distribution functions. 

Recently, by the large increase in computer techniques and 

capabilities it has become possible in certain cases to construct
213165

) 

promising models by means of the methods of statistical mechanics 

Molecular dynamics is one of these methods. It is a simulation of the 

movements of the particles under the influence of the forces exerted by 

the other particles. In another method, the Monte Carlo method, numerous 

configurations are generated which are selected by an energy criterion. 

Both methods are in principle calculations a priori, and no structure 

is imposed on the system at forehand. For simple systems, most thermo

dynamic and structural data calculated can be brought into a good 

agreement with experimental data1166). The radial distribution functions 

obtained with X-ra;y diffraction techniques are necessary structural 

tests for such models. 
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Kistenmacher, Popkie and Clementi67) have performed caJ.culations 

·on the hydration shell of some simple ions (Li+, Na+, K+, F- and Cl-) 

using a Monte Carlo method. The particles are represented by Hartree 

Feck self consistent field functions. At this time, their study is not 

yet finished, but some conclusions about coordination numbers could 

be made aJ.ready. We will compare these coordination numbe~s with those, 

obtained in this thesis (chapter 5). 
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CHAPTER V 

Results and conclusions 

5.1 The chloride ion 

a. Solutions of ammoniumchloride 

There is much evidence, that the NH
4
+ ion fits into the water structure 

very well. 

Fajans and Johnson68) have investigated many aqueous solutions of 

1:1 electrolytes. They have found, that the properties of ammonium

chloride solutions resemble those of pure water much more than the pro

perties of the other electrolyte solutions. Especially, the partial 

molar volume of ammoniumchloride and its temperature dependency are very 

much like the corresponding qu.antities of water at 35°c. They were led 
+ -to the conclusion, that the partial molar volumes of NH4 , Cl and H2o 

are equ.al. 

As a further argument, the vibration spectrum of water is 

disturbed only slightly by the NH
4
+ ion. Using Raman spectroscopy, 

Walrafen69) has shown, that the intensity of the librational frequ.encies 

( ~ ~) of water V L = 450 cm -780 cm is enhanced by the presence of 

cations. However, the ammonium ion hardly causes any change. The inter

action between an ammonium ion and a water molecule probably is not much 

different from the interaction between two water molecules. So, the 

water molecule cannot 'see' any difference between an ammonium ion 

neighbour and a water neighbour and therefore Walrafen assumes the 

primary b;rdration number of NH
4

+ to be zero. 

The observations of Vollmar70) on concentrated solutions of metal 

nitrates are in accordance with this. The metal ion causes changes in 

the infrared and Raman spectra of the b;y"drated No
3
- ion, dependent upon 

the distance between both particles (see also section 4.1). However, 

the NH
4

+ ion does not show this effect. It follows, that a No
3
- ion 

does not 'feel' the difference between a water molecule and an ammonium 

ion. 

Several reasons for the resemblance·of the properties of the 

NH
4
+ ion and the H20 molecule can be given. Both particles have nearly 
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the same mass, bond length of the NH, respectively the OH bond, and 

electron structure. The ammonium ion can form eydrogen bonds with 

water molecules of a strength, comparable with those, between the 

water molecules themselves. The appreciable solubility of NH
4
F in ice 

(up to 10 percent) is an illustration of this fact7 1). 

Because the ammonium ion is iso-elec~ronic with water and has 

approximately the same structure, in X-ra;y diffraction it cannot be 

distinguished from water72). For all these reasons, we consider aqueous 

solutions of ammoniumchloride as solutions of Cl- in water, and there

fore, the first term of equation (52), aNH Wis put equal to aWW: 
4 

with 

m' • m + m 
W NH41 

a WW is calculated as described in 4. 2 arid so we can derive a Cl W if 

the total electron product f'unction aNH Cl is known. This f'unction is 

calculated for three solutions of differ~nt concentration. The data of 

the solutions and of water are summarized in table 2. 

table 2 

conc.:.1 d n /n K solution gr,cm-3 m m 11 mol.l a w w,sol w 

NH
4

c1 1 3.03 1.042 0.0553 0.889 0.937 71.17 2.331 

NH
4

c1 2 2.02 1.028 0.0367 0.926 0.959 69.41 1.956 

NH{l 3 0.998 1.013 0.0181 0.964 0.980 67.59 1. 

H2o 55.3 0.997 0.0000 1.000 1.000 65.79 1.202 

Column 7 and 8 of this table give the constants of Krogh Moe {see the 

appendix), and the lineair mass absorption coefficients of the solu

tions for A= .7107 i, re.spectively. The e.p.f. 's aClW ·of the three 

ammoniumchloride solutions, labeled 1, 2 and 3, are shown in fig. 16. 

From the partly resolved peak at the expected chloride-water distance 

3.2 i, we shall determine a coordination number. From the figu.re, it is 

clear that the chloride-water e.p.f. does not change in the range of 
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16. The e.p.f. oClW obtained from solutions of NH

4
c1. 

concentrations measured. The differences between these functions ma;;r 

be considered not to be signifjcant and connected with the 

uncertainties of the methods used. 

b. Solutions of magnesiumchloride 

As the ammonium ion resembles a water molecule very much, and has 

only a very little influence on the water structure, an e.p.f. o ClW 

could be determined. We can do this for other chloride solutions too, 

if we know the o t. t and if the condition, that o '"'·' should ca ion, wa er "" 
not deviate much from the e.p.f. of pure water, is fulfilled 

sufficiently well. 

W. Bol et ai. 6) have determined the a.d.f. of water molecules 

around some special ions in solutions of about 1 molar by means of 

the method of isomorphous substitution. For the hydrated Mg2+ ion the 

first hydration shell contains six water molecules, and at a larger 

distance, a second shell of 10 to 14 water molecules ma;;r be discerned. 

For the a.d.f. of a hydration shell he used the adaptation formula73): 

(57) 
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In this formula r 0 is the location of the top of the a.d.f, and a is 

a measure for the width. The following parameters for the first, 

respectively the second hydration shell were found: 

n1 = 6.2 r 071 = 2.11 a 1 .106 

n2 ~ 12 r
072 

= 4.2 a2 2.00 

We have calculated an e.p.f. oMgW from this a.d.f. by means of 

equation (45). We assume, that this function is not influenced by 

changes in concentration. This assumption is supported at least for 

the first hydration shell of the magnesium ion by evidence from its 

Raman spectrum (see section 4.1 ). We can now calculate a ClW from 

The data of the magnesium chloride solutions are tabulated in table 3. 

table 3 

solution conc,,:.1 d 
n /n K gr.cm-3 m m 11 mol.l a w w,sol w 

MgC1 2 1 2.40 1.168 0.0808 0.879 0.943 80.01 3.313 

MgC1 2 2 2.02 1.143 0.0687 0.897 0.953 77.81 2.982 

MgC1 2 3 1.51 1.109 0.0521 0.922 0.968 74.96 2.538 

MgC1 2 4 0.992 1.071 0.0347 0.948 0.979 71.80 2.079 

MgC1 2 5 0.484 1.036 0.0173 0.974 0.992 68.89 1.636 

After subtraction of Il\ia WW from the total e.p.f. and normalisation to 

one chloride ion the function aClW + 1zaMgW results. This is shown in 

fig.17 (dotted line) for solution MgC1 2 4. After subtraction of 

1zaMgW' aClW is obtained. 
For clearness' sake in fig.18 the a ClW's of only three solutions 

of MgC1 2 are shown. As distinct from solution MgC1 2 4 the measurements 

have been repeated only a rather limited number of times. As a 

consequence, the a 01w•s show some physically irrelevant maxima. How

ever, it is clear that the chloride peak is essentially constant in 

all solutions. 
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Fig.18. The e.p.f. aClW obtained from solutions of MgC1 2• 
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c. A solution of hvdrogenchloride 

By measurement of the e.p.f. of an aqueous solution of hydrogenchloride 

we have another possibility to obtain a aClW. In this case, we can 

make use of the fact that the proton is invisible in X-ra,y diffraction, 

so aHW O. Equation (52) is reduced to: 

However, aqueous solutions of strong acids show propertie~, which are 

very different from those of their corresponding salts. This is caused 

mainly by the stronger hydrogen bonding between the water molecules. 

Therefore, we ma,y expect that the structure of pure water is lost to 

a high degree and that it is not allowed to approximate a WW by 

equation (53). In spite of this, we will apply this approximation, 

hoping that the results shall yield some valuable information. 

To protect the apparatus against the aggressive solution, we 

have measured it only in one concentration. The data of the solution 

are given in table 4. The function aClW is shown in fig.19. 

table 4 

I solut~on conc:.1 d 
nw,sol/nw K gr.cm-3 m m µ mol.l a w 

HCl 1.032 1.014 0.0183 0.963 0.980 67.71 1.596 

In fig.19 we compare the electron product functions a ClW from 

the aqueous solutions of ammonium-, magnesium- and hydrogenchloride 

solutions respectively. We note, that the functions determined from 

the solutions of ammonium- and magnesiumchloride agree very well. We 

conclude that the coordination number of the qhloride ion is the same 

in both solutions. 

Some attention mu.st be paid to the fact that the chloride-water 

peak at r = 3.2 i is only partly resolved. In terms of atomic dis

tribution functions a well defined coordination shell is present, if 

there is a well resolved nearest-neighbour peak. If electron product 

functions are used the resolution of such a nearest-neighbour peak 
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Fig.19. The e.p.f. oClW determined from solutions with different 

cations. 

will be less. The poor resolution of the nearest...neighbour peak of 

oClW cannot be explained by this effect only. Therefore, we conclude 

that the chloride ion has not a well-defined coordination shell. 

In fig.19 it can be observed that a ClW' determined from the 

solution of hydrochloric acid, shows large deviations from the corre

sponding electron product functions of the other solutions. If we 

assume that the oClW is identical in the solutions under considera

tion the deviations of the HCl system can be explained very well. 

The most striking deviation is the increase of the electron product 

function at about r = 2.5 i. Probably this is caused by the ocourence 

of shortened water-water distances, which are not present in pure 

water. In oWW(r), as calculated by equation (53) these distances are 

not accounted for and therefore, they show up in o Cl'W after subtrac

tion of ~o WW from the total electron product function. An indication 

for the ocourence of these shortened distances is found from the 

crystal lattices of the hydrates HC1.2H20 and HC1.3H20 in whiCh the 

nearest neighbour distances 0-0 va:ry from 2.41 R to 2.75 i 74,75). Our 
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interpretation is in agreement with the results of Narten 76) and 

Lee et al.77). They have investigated solutions of hydrochloric acid 

of various concentrations. Al though at a concentration of 1 molar the 

resolution of these shortened distances is poor, they become clearly 

visible at higher concentrations. We believe that the better resolu

tion in our measurement can be ascribed to the different method of 

data reduction used. 

The measurements of Licheri at al. 78) (who measured solutions.up 

to 4.3 molar) and Terekhova79) are in contradiction with these results. 

They did not find these shorter distances. 

The curves a ClW obtained from solutions with different cations. 

and with different concentrations a.re nearly equal. This result can 

be explained by the assumption that a WW is described by equation (53) 

Here we want to discuss the validity of this assumption. To this 

purpose we ,compare the evidence obtained from other methods with our 

results. In order to study the concentration dependency of the 

coordination number, we have to select a method which is based on the 

interaction of an ion with its nearest-neighbour water molecules only. 

a. Raman spectroscopy provides a mean for this. WalrafenBO). found that 

the intensity associated with the libration of water molecules in 

electrolyte solutions is proportional to electrolyte concentration. 

He concludes that the lineair intensity increases result primarily 

from the increasing concentration of water-electrolyte units. 

Because only information about the primary hydration is obtained 

from the librational bands, the primary hydration number is indepen

dent of concentration. Furthermore in the solutions investigated, 
' ' the mole fraction of water hardly changes. Therefore, we ma;v conclude 

that also the coordination number is independent of concentration 

b. Another subject, which ma;v provide valuable information is the 

volume of one grammolecule electrolyte solution (Navogadro parti

cles). We have calculated this volume as a function of the mole 
fraction of the anion for a series of salts. For the calculation 

we have used the densities of the solutions tabulated as a 

function of concentration81 ). From fig.20~ - 20c we ma;y.conclude 
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Fig.20. The volume of a grammolecule solution as a function 

of the mole fraction of the anion. 
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that the influence of the ions on the volume of the solutions is 

rather specific, that is independent of the counter ion. In 

table 5 some data are given for manion = .05. The numbers tabulated 

represent the differences in volume AV per grammolecule solution 

for the pairs of solutions indicated. If the contribution of the 

individual ions would be additive, the corresponding values AV 

should be constant (i.e. independent of the cation M for all pairs 

V(MX') - V(MX'') with X = anion and independent of the anion for 

all pairs V(M'X) - V(M"X)). 

Table 5 

~ ~ l2i i:Q ~ g:j ~ 

~ ~ ~ ~ 
~ l2i 

~ / ~ ~ a ~ Oti 

~ ..... ..... 
-l=>-1::.d 'i -1=>-!?i 

,,..... 
..... ..... 'i 'i VJ ~ VJ 

[\) 'i [\) 0 VJ 
VJ VJ .._, 

[\) 

-40 -90 -91 -94 32 :x: :x: :x: :x: 54 :x: :x: :x: :x: NH
4
cl 

-50 -51 -54 :x: 33 :x: :x: :x: :x: 58 :x: :x: :x: KCl 

-1 -4 :x: :x: 34 :x: :x: :x: :x: 52 :x: :x: MgC1 2 
-3 :x: x x 32 :x: :x: x :x: 58 :x: NaCl 

:x: :x: :x: :x: 29 x :x: :x: :x: 53 HCl 

-39 -88 -91 -97 22 :x: :x: :x: :x: NH
4
Br 

-49 -52 -58 :x: 25 :x: :x: :x: KBr 

-3 -9 x :x: 18 :x: :x: MgBr2 
-6 :x: :x: :x: 26 :x: NaBr 

:x: :x: :x: x 24 HBr 

-36 -92 -87 -95 NHl03 
VA- VB ; -56 -51 -59 KN03 
The difference in volume 5 -3 Mg(N03) 2 
per grammol ecul e solution in .01 cm 3 -8 NaN0

3 
for m anion = .05 

. 

There are indeed only small deviations. At infinite dilution the 

apparent molar volumes of the ions are additive. Apparently, at 

higher concentrations this feature is maintained reasonably well. 



This is an indication that the number of water molecules in the 

first hydration sheath of an ion is independent of the counter 

ions in the solutions selected, 

This evidence is in accordance with the behaviour of the e.p.f.'s 

obtained. Therefore, we believe that the approximation (53) can be 

used to evaluate the e.p.f.'s aion, water' 
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Fig.21. An adaptation curve for the nearest-.neighbour peak of a ClW. 

( dotted line: the difference between the experimental 

and theoretical e,p,f,). 

Fig.21 gives the result of a curve fitting procedure, applied to 

the nearest-neighbour peak of a ClW' determined from the solution 

NH
4

c1 2. The adaptation curve is described in equation (55). Depicted 

is the curve with parameters a= .15 r
0 

= 3.10 and n = 7, The 

maximum of the curve for n = 6 and n = 8 is also given, A coordination 

number of 7 ± 1 seems to be a reasonable estimate for the Cl- ion, 
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If the fitted cu.rve is subtracted from the experimental one, we 

get a curve, initially oscillating around the zero level and rising 

at larger values of r, owing to more distant chloride-water and 

ion-ion interactions. 

A comparison with coordination numbers obtained by other investi

gators is possible only to a certain extent, because of the uncertainty 

in the definition of this number and a different treatment of data. 

The coordination numbers obtained from X-ray diffraction data vary 

between 6 and 982-84,72127}. From the calculations of Kistenmacher 

et al. 67} (see section 4.6} the coordination number is estimated to 

be between 7 and 8. 

For the discussion of the binding in chloride-water complexes 

we refer to the calculations of Kistenmacher et al. 67>. They come 

to the conclusion that in the minimal energy configuration, which 

is reached for the temperature t = o°K, h;ydrogen bonding of the 

Cl- ion with the coordinating water molecules is important. From 

Monte Carlo calculations for higher temperatures it is clear, that 

many configurations occur, which differ only very little in energy. 

Additional information about this is obtained by Wyss and Falk85J, 
who observed the OD-stretching vibration of HDO in a mixture of 

NaCl/H2o/HDO/D20. If the h;ydration shell of the Cl- ion is strongly 

ordered, this should give rise to resolvable subbands in the spectrum 

of HDO in a Cl- solution. However, these bands are not found and this 

may be an indication for a wide distribution of chloride-water inter

actions. 

According to Samoilov86), the Cl- ion is h;ydrated slightly 

negatively. This means that the residence time of a water molecule at 

the surface of a Cl- ion is shorter than the residence time of a 

water molecule in an environment of water molecules. This is in 

accordance with the negativ viscosity B-coefficient of the Cl- ion87). 

So, most data lead to a •soft' coordination sphere for the Cl- ion. 

The electron product functions "ClW are in accordance with these 

interpretations. 
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5.2 The bromide ion 

a BrW is deduced from: 

The treatment is analogous to that of the magnesiumchloride solutions. 

Tlru.s "Mgw is calculated from equation (57) and (45) and "ww from 

equation (53). Fig.22 shows some results of solution Mg13r2 3. The 

dotted line represents iaMgW +aBrw• The bromide-water pea.k is larger 

than the chloride-water pea.k1 because of the larger number of electrons 

of the bromide ion. The parameters of the adaptation curve, according 

to (55) a.re: a= .15 r = 3.20 and n = 8. The coordination number is 

estimated to be 7.5 ± 1~ F'rom LiBr solutions Licheri et a1. 84) 
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Fig. 22. An adaptation curve for the nearest....neighbou.r pea.k of a Brw· 

( dotted,line: the difference between the experimental 

and theoretical e.p.f.). 
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Fig.23. The e.p.f. aBrW obtained from solutions of MgBr
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estimated its value between 7.4 and 9.5. Fig.23 shows that aBrW is 

concentration independent for the solutions investigated. For reasons 

of clearness only the e.p.f.'s of solution 11 3 and 5 arelgiven. 

Table 6 records the data of the solutions of MgBr2• 

table 6 

solution conc.:.1 d -3 m m n /n K µ mol.l gr.cm a w w,sol w 

MgBr2 1 2.54 1.373 0.0880 o.868 0.907 103.8 33.79 
' 

MgBr2 2 2.04 1.302 0.0707 0.894 0.930 95.95 27.28 

MgBr2 3 1.54 1.231 0.0540 0.919 0.949 88;39 20.99 

MgBr2 4 1.02 1.153 0.0359 0.946 0.969 8'0.55 14.24 

MgBr2 5 0.518 1.079 0.0184 0.972 0.986 73.30 7.845 

The coordination number of the Br- ion is somewhat larger than the 

coordination number of the Cl- ion. This result is acceptable. When we 

are dealing with ions, which do not have specific interactions with 
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water molecules (i.e. a soft coordination sphere) we ma;y expect that 

the coordination number increases with the radius of the ion. 

At the moment, no Monte Carlo or molecular dynamics studies on 

the Br- ion in liquid water are available. 

5.3 The sodium ion 

As appeared from section 5.1 aClW is independent of the cations NH; 

and Mg2+ • With respect to many properties, which are closely connected 

to the structure of the solution {e.g. viscosity B-coefficient, partial 

molar volume) the sodium ion has an intermediate position between these 

two ions. Therefore, we assume that oClW in a solution of sodiumchlo

ride is not different from oClW' obtained from a solution of ammonium

chloride. so, we can use this function together with the approximation 

for o WW (section 4. 2) to determine aNaW from: 

The e.p.f. 's oNaW are shown in fig.24 for three solutions of different 
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Fig.24. The e.p.f. oNaW obtained from solutions of NaCl. 
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concentration. In this figure, it can be seen that spurious fluctuations 

in the curves become increasingly important, according as the solutions 

are more diluted. These irregularities represent the error in a. t ion, wa er 
which is larger at lower concentration. The surface of the nea.:rest-

neighbour peak is much smaller than for the other ions measured (the 

sodium ion has a smaller number of electrons than Cl-, Br- and K+ and 

apparently a smaller coordination number). This makes the ripples more 

conspicuous too. Licheri et al. 84) using the method described in 

section 2.4 could not satisfactorily resolve the sodium-w;ater peak. The 

adaptation curve, seen in fig.25 has the parameters n = 5, a= .15 and 

r
0 

= 2.25 (see equation 55). We estimate the coordination number, which 

is independent of concentration, between 4 and 5. The calculations of 

Kistenmacher et al. 67) indicate a value between 5 and 6. 
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Fig. 25. An adaptation curve for the nearest-neighbour peak of a Naw· 

( dotted line: the difference between the experimental 

and theoretical e.p.f.). 
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table 7 · 

solution conc.:,.1 d 
n /n K gr.cm-3 m m µ mol.l a w w,sol w 

NaCl 1 2.02 1.079 0.0353 0.929 0.964 72.11 2.126 

NaCl 2 1.34 1.053 0.0236 0.952 0.977 70.07 1.817 

NaCl 3 0.881 1.035 0.0156 0.969 0.987 68.71 1.608 

5.4 The potassium ion 

a KW ca.n be derived from the e.p.f. of aqueous solutions of potassium 

. chloride, in the same wey as we derived aNaW from the e.p.f. of 

aqueous solutions of sodiumchloride. As many properties of the 

potassium ion (e.g. equivalent conductivity, viscosity B-coefficient, 

partial molar entropy) are nearly the same as for the ammonium ion, 

we assume that aClW is the same in their chloride solutions. aClW 

is taken from the solution NH
4

c1 2. aWW is taken according to 

equation (53). A model e.p.f; is constructed by means of equation (55) 

with the parameters n 5, a= .15 a.nd r = 2.62 i. The position of 
0 

the top is at 2.77 i. Fig.26 shows aKW for solutions of different 
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Fig.26. The e.p.f. aKW obtained from solutions of KCl. 
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concentration. The estimated coordination number, which is independent 

of concentration is n = 5 ± .5. Braay83) has obtained a value n = 4 
from solutions of KOH. Kistenmacher et al. 67) estimate the value 

between 5 and 7. 
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Fig. 27. An adaptation curve for the nearest-neighbour peak of a KW. 

( dotted line: the difference between the experimental 

and theoretical e.p.f. ). 

table 8 

solution conc.:.1 d n /n K gr,cm-3 m m 11 mol.l a w w,sol w 

KCl 3.06 1.133 0.0543 0.891 o.9o8 79.15 4.221 

KCl 2 2.04 1.088 0.0366 0.927 0.938 74.64 3.222 

KCl 3 0.965 1.041 0.0173 0.965 0.972 69.99 2.156 
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APPENDIX 

Derivation of (\oj (r) and o 0 (r) 

The e.p.f. a~. (r) represents the electron product :f'unction of the 
l.J 

particles of kind i with respect to the particles of kind j, if the 

charge of the particles j should be distributed homogeneously in 

space. It can be derived by considering that the fluctuations in 

a .. (r) vanish at large values of r (see fig.5). So, for r- oothe 
l.J 

relation a . . (r) = o .0 . (r) holds. 
l.J l.J 

We start with equ.ation 45: .... 
'•J m - , I 2 l"I u ~·j ( •o i:; ( u.- 'l) du 

q. .... 

Substituting u = r + r' we get: 

(a) 

For large values of r, 

(see the definition of 

o .. (r) equ.als the mean particle density p0
J. l.J . 

p .. (r), section 2.4), for which we can write: 
l.J 

(b) 

d is the density of the solution, Nav the number of Avogadro and M 

the average molecular weight. So, for large values of r: 

.;:; ( 'l) =- 2 n 'l ~: T c ,. u>"r.} c n d ,. (c) 
1··--

The integral can be divided into 2 parts, the first of which vanishes 

because the integrand is an odd :f'unction of r': 

... 
J 'l'T,jt'l') d'l' - () (d) 
, ....... 

The second part: 

'l T Ti; ('l') d.'Z' 
'fl·-- (e) 

can be simplified further by noting that Tij(r') is defined as the 

Fourier transform of f.(s)f.(s) , see equ.ation 46: 
. J. J 

f.ts)~ISl =- f j"''-r.jt'Z'I coscn'> d2' 
t"·--

(f) 
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Putting s = 0 we get: 

f T.i c i'i di'= 2. z,zi 
1· ...... (g) 

The combination of (c), (d) and (g) gives: 

(h) 

The total e.p.f. is given by (see equation 23): 

• \ \ • 4 'd -i~ N - 'J - .!. • 6C?)'*'r-S-1111 &1jtit)=- rn 10 ovCZ) M•nK! (i) 

in which K = 2 n2 d 10-24 N (z') 2/i is the constant of Krogh Moe 22 ) , av 
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SUM\VIARY 

The purpose of the investigation, described in this thesis, is to 

obtain information about the structural aspects of the hydration of 

the ions Na+, K+, Cl- and Br- in aqueous solution. 

This information can be obtained in a very direct way from the 

intensity of X-rays, scattered by the solution. In chapter 2 the 

theoretical background is given. Dependent on the nature of the 

liquid, the reduction of the intensity data leads to different 

distribution functions: 

.ii!:• In the case of mono-atomic liquids a distance statistics function 

or atomic distribution function (a.d.f.) is obtained. 

:2• In the case of mixtures an electron product function o(r) 
(e.p.f.) results. This e.p.f. is a sum of various components, each 

containing information about distances between two kinds of 

particles. 

In chapter 3 a description of the experiments is given. Further, we 

describe the procedure, which is used to calculate the e.p.f. from the 

measured intensity, We have measured one solution of HCl and solutions 

of NH4c1, NaCl, KCl, MgC1 2 and MgBr2 of various concentrations. 

In order to isolate from the electron product function the information 

about ion-water distances ( a t. t and o . t ) , the ca ion, wa er anion, wa er 
e.p.f. has to be split up in its components. The separate components 

cannot be obtained directly by X-ray diffraction or by other methods. 

To this purpose, the following assumptions have to be made: 

1. The component, describing the distances between the ions, 

2. 

a. can be neglected for distances smaller than 4 i. This ion, ion' 
means, that contact ion pairing must be absent (section 4.1). 
o t t can be calculated from the e.p.f. of pure water. wa er, wa er 

This implies, that the structure of water in the solution must 

not be too different from the structure of pure water (section 4.2). 

Both assumptions are discussed extensively. To this purpose, we have 
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especially made use of knowledge obtained by spectroscopical methods 

(infrared, Raman spectroscopy). We state that both approximations hold 

for all solutions measured, except for the solution of HCl. 

After elimination of the terms mentioned under 1 and 2 , the terms 

a t. t and a . t have to be separated, We have made· use ca 1on,wa er anion,wa er 

of the following facts: 

a. The ammonium ion in aqeous solution behaves nearly like a water 

molecule. Using the X-ra;y diffraction method, it can hardly be 

distinguised from a water molecule. Therefore it is possible to 

determine a aanion,water from solutions of an ammonium salt 

(section 5.1a). 

b. Because the coordination of the magnesium ion in aqeous solution is 

known by the method of isomorphous substitution, it is possible to 

determine a a . t from solutions of magnesium salts anion,wa er 
(section 5.1b). 

a ClW appears to be equal for solutions of ammonium- and magnesium

chloride, and independent of concentration (c < 3 molar). In the case 

of a solution of HCl a slightly different a ClW is found, but the 

deviations are probably not real. They can be interpreted (qualitatively) 

by the presence of H
3
o+ ions, which can form short hydrogen bonds with 

surrot).Ilding water molecules. 

Qn the basis of aClW we have determined the corresponding functions for 

the sodium and the potassium ion from solutions of NaCl and KCl. The 

coordination of the bromide ion has been determined from solutions of 

Mg'Br
2

• All f'unctions appear to be independent of concentration. 

The coordination numbers obtained from the e.p.f. aion,water are for 

the chloride ion 7 ± 1, for the bromide ion 7,5 ± 11 for the sodium ion 

4.5 ± 0.5 and for the potassium ion 5 ± 0.5. However, these numbers are 

dependent on the assumptions about the shape of the nearest-neighbour 

peak of the a.d.f. (see section 4.4). 

The discussion of errors mainly deals with the approximations made in 

the scattering model and the assumptions 1 and 2 for the identification 
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of the various components of the e.p.f. Although with our present 

knowledge the discussion can be only qualitative, the assumptions made 

are strongly supported by evidence from other methods. 

The correlation functions, determined by X-ray diffraction are a test 

for structure models of the liquid. At the moment, new advanced 

calculations (Monte Carlo, Molecular Dynamics) for the construction 

of these models, are becoming available. In turn, these methods may give 

an important contribution to the interpretation of the correlation 

functions determined by X-ray diffraction. 
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SAMENVATTING 

Het doel van het onderzoek, dat beschreven is in dit proefschrift, is 

het verkrijgen van informatie over de strukturele aspekten van de 

h,ydratatie van de ionen Na+, K+, Cl- en Br- in waterige oplossing. 

Uit de intensiteit van de door een oplossing verstrooide rtlntgen

straling kan deze informatie op een zeer direkte wijze worden verkre

gen. In hoofdstuk 2 wordt de theoretische achtergrond hiervan gegeven. 

Afha.nkelijk van de aard van de vloeistof leidt de uitwerking van de 

intensiteitsgegevens tot verschillende distributie funkties: 

.i!:• Voor mono-atomaire vloeistoffen wordt een afstandenstatistiek of 

atomaire distributie funktie (a.d.f.) gevonden. 

12.· Voor mengsels resulteert een elektronen produkt funktie a (r) 

(e.p.f.). Deze e.p.f. is een som van verschillende komponenten, die 

elk informatie bevatten over de afstanden tussen twee soorten 

deeltjes. 

In hoofdstuk 3 wordt een beschrijving gegeven van de experimenten. 

Tevens wordt beschreven, op welke manier de elektronen produkt funkti~ 

uit de gemeten intensiteit wordt berekend. De metingen zijn verricht 

aan een oplossing van HCl en aan oplossingen van NH4c1, NaCl, KCl, 

MgC1 2 en MgBr2 in verschillende koncentraties. 

Om uit de elektronen produkt funktie de informatie over d.e ion-water 

afstanden ( akation, water en aanion, water) te kunnen afzonderen, 
dient deze in zijn komponenten te worden opgesplitst. De afzonderlijke 

komponenten kunnen niet op een direkte wijze met behulp van rtlntgen

verstrooiing of andere methoden worden verkregen. Daarom moeten de 

volgende aanna.men worden gemaakt: 

1. De komponent, die de afstanden tussen de ionen beschrij~, 

a . . , is verwaarloosbaar voor afstanden kleiner dan ca. 4 R. ion, ion 
Dit houdt in, dat er geen kontaktionparing mag optreden (para-

graaf 4.1). 
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2. o ... ... . kan berekend worden uit de e.p.f. van ruiver water. wa.er, wa.er 
De waterstruktuur in de oplossing mag daarom niet al te veel van 

die in ruiver water afw.ijken (paragraaf 4.2). 

Beide aannamen worden uitvoerig bediskusieerd. Hierbij is vooral ge

bruik gemaakt 'van kennis, verkregen uit spektroskopische methoden 

(infrarood en Ramanspektroskopie). Met uitzondering van de oplossing 

van HCl kan worden gesteld, dat beide aannamen mogen worden gebruikt 

voor de gemeten oplossingen. 

Na eliminatie van de termen onder 1 eng vermeld, dienen de termen 

o ka.... ... en o . ... te worden gescheiden. Hierbij is .• ion, wa.er anion, wa.er 
gebruik gemaa.kt van de volgende feiten (zie hoofdstuk 5). 
a. Het ammonium ion gedraa.gt zich in een waterige oplossing bijna als 

een watermolekuul en is met r6ntgendiffraktie er nauwelijks van te 

onderscheiden. Dit geeft de mogelijkheid om een o . ... te anion, wa.er 
bepalen uit oplossingen van een ammoniumzout (paragraaf 5.1 a). 

b. Omdat de ko6rdinatie van het magnesium ion in waterige oplossing 

bekend is door de methode der isomorfe substitutie, is de 

bepaling van o . ... ook mogelijk uit oplossingen van anion, wa.er 
magnesiumzouten (paragraaf 5. 1 b). 

oClW blijkt voor oplossingen van ammonium- en magnesiumch1oride 

hetzelfde te zijn en onafhankelijk van de koncentratie (c < 3 molair). 

Voor een oplossing van HCl wordt weliswaar een iets gewijzigde o ClW 

gevonden, doch de afw.ijkingen zijn waarschijnlijk niet rel!el. Zij kunnen 

(kwalitatief) verklaard worden als gevolg van het aanwezig zijn van 

H
3
o+ ionen, die een korte waterstofbinding met hun waterburen kunnen 

aangaan. 

Op basis van de bepaaJ.de oClW werden de overeenkomstige funkties be

paaJ.d voor het natrium ion en het kalium ion uit oplossingen van 

NaCl en KCl. De omringing van het bromide ion werd bepaaJ.d uit oplos

singen van MgBr2• Alle :funkties blijken onafhankelijk te zijn van de 

koncentratie. 

De ko6rdinatie getallen, bepaald uit o. ... zijn voor het ion, wa.er 
chloride ion 7 ± 1, voor het bromide ion 7,5 ± 1, voor het natrium 
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ion 4,5 ± 0,5 en voor het kalium ion 5 ± 0,5. Deze get8.llen zijn echter 

afhankelijk van de veronderstellingen, die gemaakt zijn over de 

vorm van de naaste burenpiek van de a.d.f. (zie paragraaf 4.4). 

De foutendiskussie speel t zich voornamelijk af rond de benaderingen, 

die gedaan zijn in het verstrooiingsmodel en de aannamen,1! en ,g ter 

identifikatie van de verschillende komponenten van de elektronen 

produkt funktie. Hoewel met onze huidige kennis de diskussie rond 

deze benaderingen slechts kwalitatief van aard kan blijven, wordt een 

duidslijke ondersteuning voor de gemaakte aannamen verkregen uit andere 

methoden. 

De uit r6ntgendiffraktie bepa.alde korrelatief'unkties zijn een test voor 

struktuurmodsllen van de vloeistof. Op het moment komen nieuwe 

geavanceerde rekenmethoden (Monte Carlo en Molecular Dyna.mies) voor het 

opzetten van deze modellen ter beschikking. Deze methoden kunnen op hun 

beurt een belang.rijke bijdrage leveren bij het interpreteren van de met 

r6ntgendiffraktie bepa.alde korrelatief'unkties. 
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STELLINGEN 

1. De betekenis van de hydratatiegetallen, door McCabe en 

Fischer afgeleid uit infrarood spektra van waterige 
elektrolytoplossingen is zeer twijfelachtig. 

W.C.McCabe, H.F. Fischer, J. Phys, Chem,!...!!:. 2990 1970, 

2. De konklusie van Lawrence en Kruh, dat het chloride ion 

is omgeven door meerdere geed gedefinieerde hydratatie
mantels is ongegrond. 

R.M. Lawrence, R.F. Kruh, J. Chem. Phys. 47 4758 1967. 

3. Het bevestigen van een plakette aan de Pioneer 10, met 

behulp waarvan vreemde buitenaardse beschavingen de 
herkomst van het ruimteschip kunnen bepalen, had beter 
achterwege kunnen blijven. 

4. De konklusie van L. Bahe, dat uit het rantgen-diffrak

tiepatroon en de aktiviteitsko~fficienten van waterige 
1:1 elektrolietoplossingen volgt, dat de ionen zich 
rangschikken in een soort van f.c.c. rooster, is onvol

doende gefundeerd. 

L.W. Bahe, J. Phys. Chem. 76 1062 1972. 

5. De .interpretatie van de chemical shift van oplossingen 
va.n natriumchloride door G. J. Templeman en A. L. van 
Geet, is aan bedenkingen onderhevig. 

G.J. Tempfeman, A.L. van Geet, J. Am. Chem. Soc, 94 

5578 1972. 

6. Bij de opleiding van sportmensen wordt vaak te veel ge
let op technische kwaliteiten en te weinig op mentale 
.i:nstelling. 



7. Het aantal publikaties over klusters in vloeibaar water 

is opmerkelijk groot gezien het feit, dat in geen enkel 

experiment het bestaan ervan positief is aangetoond. 

8. De door A.H. Narten opgestelde modellen ter verklaring 

van de door een vloeistof verstrooide r8ntgenstraling, 

worden door de auteur te weinig kritisch benaderd. 

A.H. Narten, J. Phys. Chem. 4 765 1970. 

A.H. Narten, M.D. Danford, H.A. Levy, Disc. Far. Soc. 

43 97 1967. 

9. De experimentele opzet van een onderzoek naar "de invloed 

van de verkorting van de expositietijd van een bal op de 

juistheid van een respons bij tennis" rechtvaardigt niet 
de konklusies die getrokken worden over de werkelijke 

spelsituatie in deze sport. 

P.S. Blitz in : Sport, lichamelijke opvoeding en weten

schap, uitgeverij Meander, Leiden 1972. 
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