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INTRODUCTION

The purpose of the present investigations was to gain a better
insight into three problems in the field of electrolyte solutions;
these problems concern the "structure" of water, the hydration of
ions and the interpretation of optical refraction measurements on
electrolyte solutions.

One of the most promising techniques for this purpose, apart from
the measurements of the optical refraction, seemed to be the applica
tion of X-ray diffraction methods. These are much more often applied
to crystalline matter than to liquids since crystals are charac
terized by a regular arrangement of the constituent atoms, whereas
such a regular arrangement is lacking in liquids. However, a certain
regularity is also found in liquids owing to the impossibility of
interpenetration of the atoms and to the fact that certain configura
tions of atoms with respect to their neighbours are more probable
than others.

It is, in principle, possible to obtain from X-ray diffraction
measurements information about the distances between the atoms and
about the frequency with which these distances occur. In this thesis
an attempt has been made to interpret X-ray diffraction measurements
on liquids in terms of these two quantities. For this purpose it was
necessary to consider in some detail the theory on which the inter
pretation of the measurements is based.

Several attempts have been made to describe the "structure" of
water in terms of a quasi-crystalline model. The most important of
the proposed models are the widely accepted tetrahedral model (Bernal
and Fowler ) and the octahedral model (van Panthaleon van Eck, Mendelo oand Boog ; van Panthaleon van Eck, Mendel and Fahrenfort °). An
experimental basis for the tetrahedral arrangement was provided by
the X-ray diffraction measurements of Morgan and Warren . The results
of more recent work on the X-ray diffraction of water however,
are in favour of an octahedral arrangement. One of the aims of our
X-ray diffraction measurements on water at various temperatures was
to examine whether a detailed analysis of the results makes it possible
to decide on a model for the "structure" of water.

As it possible to obtain from X-ray diffraction measurements
information about the frequency with which interatomic distances occur,
this technique should, if used on concentrated electrolyte solutions.
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in principle provide a method for the determination of hydration num
bers of ions in solution. The hydration numbers of ions obtained from
other experimental methods vary widely. This is mainly due to the fact
that with most methods no sharp distinction can be made between primary
and secondary hydration. In this thesis it is attempted to derive from
X-ray diffraction measurements on KOH solutions at different concen
trations a hydration number for the potassium ion. KOH was chosen be
cause the OH"-ion is comparable in size and scattering power to the
water molecule.

The results of the optical refraction measurements will be inter-5preted in terms of the Onsager-Böttcher theory . This theory provides
a method for the calculation of the polarizabilities and the radii of
ions from the refractive indices and the densities of electrolyte
solutions. An important quantity to be used in these calculations is
the radius of the water molecule. It is not possible to calculate this
radius from measurements of the optical refraction of water as in this
case deviations from the Onsager-Böttcher theory occur. In this thesis,
these deviations are attributed to the "structure" of water. The radius
of the water molecule used until now for the calculation of the pola
rizabilities and the radii of ions was mainly based upon its value in
the solid state. The value for the radius of the water molecule used
in this thesis is based upon the X-ray diffraction measurements and
upon the measurements of the optical refraction of water carried out
by Tilton and Taylor

Optical refraction measurements on electrolyte solutions were
carried out in order to calculate the polarizabilities and the radii
of a number of ions. Apart from this, it was decided to investigate
whether the Onsager-Böttcher theory provides a basis for the study of
the formation of complexes in solution.

A discussion of the theory on which the interpretation of the
X-ray diffraction measurements is based is given in chapter I. Special
attention is paid to the problem of the conversion of the observed
intensities into absolute values.

The first part of chapter II describes the experimental technique
of the X-ray diffraction measurements. Results are given for the X-ray
diffraction of vitreous SiC^; this example was chosen in order to test
the experimental and the calculating technique. The results and the
interpretation of the X-ray diffraction measurements on water and KOH
solutions are given in the second part of this chapter.

Chapter III deals with the theory of the optical refraction of
electrolyte solutions. Arguments are put forward for the introduction
of the radius of the water molecule used in this thesis for the cal
culation of the polarizabilities and the radii of ions from optical
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refraction measurements.
After a description of the experimental technique, the results of

the measurements of the optical refraction of sodium nitrate, potassium
nitrate and silver nitrate solutions and of solutions of potassium
iodide + mercuric iodide in water are discussed in chapter IV.
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CHAPTER I

X-RAY DIFFRACTION OF LIQUIDS

I.1. The distribution functions

This section deals with the basic concepts of the X-ray diffrac-7 8 9tion of liquids * • . A derivation will be given of the fundamental
equations on which the interpretation of the X-ray diffraction measu
rements described in chapter II is based.

We shall consider a medium with a mean electron density Pq, where
the electron densities in the volume-elements dVj and dVg, determined
by the position vectors p and p + r, are given by p(p) and p(p + r).
Let Tq be the unit vector in the direction of the primary beam, 1 that
in the direction of the scattered beam and A. the wave-length of the
X-rays (fig. 1.1).

f i g u r e  1 . 1 .

The path difference between the waves scattered by the electrons in
these two volume-elements is given by

d = r. (T - Tq) = 2rsin# cos a (I* 1)

and the corresponding phase difference by

<t> = ^rsinflcos a = srcosa> (i.2)
k

where s = 47Tsln^ .A.
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The intensity of the scattered beam is given by

I /0(p)dVx
2 f _ \2

+ p(P + r)dV2 + 2/0(p) p (p + r)cos0 dVjdVg. .3)

This holds for one specified position of dV2 on the surface of a sphere
with radius |r| and centre at p. By averaging over all positions of
dV2 on the surface of this sphere, assuming p(p + r) to depend on |r|
but not on r, the following expression is obtained:

Ï = 2
^(PldVj ♦ p( P + r)dAdr

2
+ 2p(p)p(p + r) sinsr dV.dAdr, (1.4)

sr

where dA = surface-element on the sphere.
In order to obtain the total intensity of the coherently scattered
radiation of a sample of volume V, expression (1.4) has to be inte
grated over all possible values of r, combined with an integration
over the surface of a sphere with radius r and over all possible po
sitions of the volume-element dV,:

co
Icoh(8) “ I f f  P<P)P(D + r) 8lsnrsr dAdVdr, (1.5)

O V A

J dA means the integration over the surface of a sphere with radius
A
Ir| and origin at p and f dV the integration over the volume V of the
irradiated sample.

For a sample consisting of N atoms, numbered 1,2,..,i,..,N, ex
pression (1.5) leads to:

co
Icoh(8) = ƒ ƒ ƒ + ?) - ^ f ^ dAdVdr. (1.6)

0 V A 1 1

where /Oj(p) is the contribution from atom i to the electron density
at the point p.
By introducing a pair distribution function cr (r) defined by

cr(r)= ƒ J £  pt(5) X p t d  + r) dAdV, (1.7)
V A 1 1

* the unit scattered amplitude is taken as the amplitude scattered by
a single classical electron under the same conditions.
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the  ex pr ess io n  fo r  the i n t e n s i t y  of  th e  c o h e re n t ly  s c a t t e r e d  r a d i a t i o n
becomes:

oo

Icoh<8 > -  . (1 .8)

A p a r t  o f  I coh( s )  a r i s e s  from d i s t a n c e s  w i t h in  the  atoms; t h i s  cohe
r e n t  background s c a t t e r i n g  i s  given by:

co
ï B(s )  = J J J 2 a (p ) P A P  + r )  dAdVdr = I  f ? ( s )  , (1 .9)

0 V A i  1 s r  i 1

where f j ( s )  i s  the  atomic form f a c t o r  of  atom i .
I f  a p a i r  d i s t r i b u t i o n  f u n c t i o n  <r . ( r ) ,  involv ing  only d i s t a n c e s  w i th in
the  atoms, i s  in t rod uced ,  expr es s i on  (1 .9)  can be w r i t t e n  as

oo
I B<*> * 0A * . < r > £ i 5 F l : d r ^  ^ - 10>

The remaining  p a r t  o f  I coi,(s ).  which i s  due t o  order phenomena in th e
sample,  i s  given by

co

I M(S> = W 8) • I B<8 ) = / /ƒ  + ?) t̂  ̂dAdVdr.

( 1 . 11)

Here we in t r o d u c e  a p a i r  d i s t r i b u t i o n  f u n c t i o n  ^ ( r ) , inv o lv in g  only
d i s t a n c e s  between th e  atoms:

a M( r )  "  / / ♦  ?)dAdV* (1 .12)

The exp re s s io n  f o r  I M(s )  now becomes:

ï M(s)  = J j ^ ( r )  - ° a t s i d  s r  j f  /-r / \ s i n  s r  j  /▼— s r  dr  = J crM( r ) -----— dr. (1.13)

A pp l ic a t io n  of  F o u r i e r ’ s i n t e g r a l  theorem t o  e qua t i on  (1 .13)  leads  t o

co
<ru  ( r ) 2 r—Sp— m-fr J s l 11( s ) s i n ( s r ) d s  . (1 .14)

Knowing I . . ( s )  one can c a l c u l a t e  the  d i s t r i b u t i o n  f u n c t i o n  c r ^ r ) .
I M(s ) can be o b t a i n e d  from our X-ray d i f f r a c t i o n  measurements .
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(1 .15)

except fo r  th e  z e ro  (and very  sm a ll )  ang le  s c a t t e r i n g  I q (s ):

I k ( B)  = iJJ(B) *  I 0 C >  .

Ewhere I M(s )  is th e  p a r t  o f  I g ( s )  t h a t  can be determ ined e x p e r im e n ta l ly ,
g iv ing  i t  th e  v a lu e  ze ro  in  th e  r e g io n  of th e  z e ro -a n g le  s c a t t e r i n g .
Equation (1 .14) can now be w r i t t e n  as

(r (r)’ °° 00
— *7— = j f  ƒ s l 0 ( s ) s i n ( s r ) d s  J  s l ^ ( s ) s i n ( s r ) d s .

(1 .16)

The z e ro -a n g le  s c a t t e r i n g  i s  th e  s c a t t e r i n g  from th e  whole i r r a d i a t e d
sample, a c t in g  a s  one p a r t i c l e  w ith  uniform mean e l e c t r o n  d e n s i ty  p^:

co
I 0 (s)  = f  47Tr2p 2V ^— ^ d r  . (1 .17)

A p p lica t io n  of F o u r ie r ’ s i n t e g r a l  theorem to  eq u a t io n  (1 .17) and su b 
s t i t u t i o n  of th e  r e s u l t  in to  e q u a t io n  (1 .16) g ives

oo
° W r)  = 4m pgV  J  s i j j j ( s ) s in ( s r ) d s  . (1 .18)

EAs I j j( s )  can be determ ined e x p e r im e n ta l ly ,  i t  i s  p o s s ib le  t o  c a l c u l a t e
th e  d i s t r i b u t i o n  fu n c t io n  cr..(r) from t h i s  formula.

Equation (1 .12 )  can be w r i t t e n  in  an a l t e r n a t i v e  form by i n t r o d u 
c ing  th e  d e v i a t io n  of th e  e l e c t r o n  d e n s i ty  /Oj(p) from th e  mean e l e c 
t ro n  d e n s i ty  per atom:

/yp) ( 1 . 19)

and consequen tly :

^(P )  = P0 + A p(p)  = pQ + Z A p t (p) . ( I .  20)

Making use of th e  e q u a t io n s  (1 .1 9 )  and (1 .2 0 )  we o b ta in  from formula
( 1 . 12 ) :

(P + r)dAdV = 477ï 2/OqV + A c r ^ r ) ,

( I .  21)
°M( r > *nr*p*\ + J  J  I  IA/^(p) Api
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Comparison of formulae (1.18) and (1.21) leads to:

a|l(r) ƒ  slw(s)sin(sr )ds J ƒ 2 l A n  (p) A/J. (p + r)dAdV.
r 77 o “ r v A i£j 1 J (1.22)

For r values equal to interatomic distances of frequent occurrence
Aoj.(r) will show a maximum.

A method for the interpretation of X-ray diffraction measurements
on liquids containing more than one kind of atoms, used throughout the
literature, involves the introduction of a factor K^, the effective
number of electrons around atom i, defined by:

fi(s)
K i = fe(s) '

(I. 23)

where f (s) is the average scattering factor per electron, given by:e '

zf^s)
fe(s) I z.

(I. 24)

(Z^ = atomic number of atom i).
In this method is assumed to be a constant but it is in fact a
function of s and may therefore not be treated as a constant in the
evaluation of the Fourier transform. A further disadvantage of this
method is the use of "point" atoms instead of the atoms with their
actual electron distribution as this is bound to give rise to spurious
diffraction ripples in the transform. These show up in the first part
of the distribution functions as can be seen for example from the work
of Warren. Krutter and Morningstar Brady and Krause ̂  and Brady
Therefore the results obtained from analysis of distribution functions
calculated by this method must be considered with due reserve.

1.2. The scaling factor
The intensity of the radiation originating from the sample, IA (s)

on an absolute scale, is built up of several parts:

IA(s) = IB (s) + I„(s) + Ic (s) + Ipl(s) , (1.25)

I (s) = coherent background scattering,
I (s) = coherent scattering due to order phenomena,
Ic (s) m incoherent background scattering (Compton radiation),



Ipl(s) = fluorescence radiation.
Ipl(s) can be eliminated experimentally by selective filtering,

leading to:

IM(S) = IA(S) * ^ B (s) + IC(8)‘* ' (1.26)

IB (s) and Ic (s) can be calculated on an absolute scale from the che
mical composition of the sample. In order to calculate I..(s) from
equation (1.25), IA (s) has therefore to be known on an absolute scale.
The experimentally observed intensity originating from a sample con-
taining N atoms equals NI (s) which is related to I.(s) in the fol
lowing way:

IA (s) = <XNIE(s) + I0(s), (1.27)

where a is a factor which will bring the experimentally observed in
tensity to an absolute scale and where I„(s) is defined by (1.17).

In the present thesis, the method of Krogh-Moe 13 and Norman ^
has been followed for the determination of the scaling factor a. By
applying this method, all the information obtainable from the X-ray
diagram is used in the calculation of the scaling factor. Its basic
principles are outlined in the following part of this section.

Substitution of equation (1.27) into (1.26) leads to

IM(s) = aNIE (s) + IQ(s) - [lB(s) + Ic(s)]. (1.28)

Multiplication of both sides with ssin(sr) and integration between
the limits 0 and s, where s is the highest experimentally accessible
value of s, gives

s s s
^ slM (s)sin(sr)ds= J aNsIE (s)sin(sr)ds + fsIQ (s)sin(sr)ds

s
-J s[lB (s) + Iq (s)] sin(sr)ds . (1.29)

As Iq(s) has a value different from zero over a very limited range of
s-values only, the upper integration limit in the second term on the
right-hand side of equation (1.29) can be replaced by infinity. Appli
cation of Fourier’s integral theorem to equation (1.17) gives:

s ooJ sln (s)sin(sr)ds » J sln (s)sin(sr)ds = 2rr2rp~\ . (1.30)0 0 u
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Combining equations (1.29) and (I.JO) and introducing the mole frac
tions of the atoms results, after rearrangement, in

* ƒ sin sr
sr

sin sr

- f s 2 In, [f?(s) + l‘( s ) ] 4 f t w  ds ( (I.31)
0 i 1 1 c sr

z

mole fraction of atoms i,
ImjZj, with zl = number of electrons of atom i,

li(s) = incoherent scattering of atoms i.

The next step is to consider the limiting case for r -• 0. It can easily
be seen from equation (I.11) that if there is no overlap of the elec
tron shells of atoms i and j the first term on the left-hand side of
equation (1.31) will be zero for r - 0 and thus

The assumption that there is no overlap of the electron shells will be
the better fulfilled the higher the value of the upper integration
limit and therefore the usefulness of equation (1.32) for the calcu
lation of the scaling factor depends upon the convergence of the dif
ference between the two integrals on the right-hand side of this
equation with increasing s. This point will be discussed in more
detail in the following section.

1.3. Discussion

In using formula (1.32) for the calculation of the scaling factor,
we have neglected the term

,2 N -2 a s^I®(s)ds - J s^Ziij [f?(s) + Ip(s)]ds .(1.32)
0 0 i

IM (s)ds .

18



This results in an error 8a in a, given by

i / s2lM(s)ds8a=_°_________
J s2IE (s)ds0

(I. 33)

14This error has been calculated for cellulose by Norman . His results
show (table 1.1) that even in the case of such a regular arrangement
6a can be neglected at the higher values of the upper integration
limit.

Table 1.1

8a for cellulose (Norman " )

s ^ 1 0 0  %

3 30

5 5

7 < 3

The applicability of formula (1.32) for the calculation of the
scaling factor depends on the convergence of a with increasing upper
integration limit. By way of example table 1.2 gives the scaling,fac
tors, as a function of the upper integration limit, for the X-ray
diffraction of water at 0°C and of a KOH solution (concentration 5.0
mole/litre).

Table I. 2

Convergence of the scaling factor

s a (H20, 0°C) a (KOH, 5.0 mol/1)

2 1. 48 1. 85
4 1. 68 1. 66
6 1. 70 1. 67
8 1. 69 1. 68
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It can be seen from these examples that there is a rapid convergence
of a with increasing upper integration limit. The scaling factors
adopted in these two cases were 1.69 and 1.68.

Another method for the conversion of the observed intensities into
absolute values uses only a small part of the information obtainable
fromthe X-ray diagram. For high enough values of s. IM<s) can be taken
as zero. I„(s) + Ic(s) can be calculated as a function of s and this
curve can be matched with the experimental I (s) curve at the hig
values of s. A serious disadvantage of this commonly applied method
is that the accuracy required for a reliable determination of a is
difficult to obtain at the high values of s, making the final choice
of a somewhat arbitrary.

20



CHAPTER II

RESULTS AMI DISCUSSION OF X-RAY DIFFRACTION MEASUREMENTS

II. 1. Experinental

The experimental technique used for the X-ray diffraction measure-
-* 9ments has been described by van Panthaleon van Eck, Mendel and Boog

and therefore only a short description will be given here.
In all experiments Cu Ka -radiation was used and consequently the

diffraction patterns were obtained up to s = 8. The X-ray beam was
monochromatized by the (200) reflection of a flat LiF crystal. The
diffraction patterns were recorded on a film (Kodak Definix) fitted
in a cylindrical camera (radius 2.9 cm). The film was protected from
light on the inner side by an aluminium foil (thickness 25 n) which
was sandwiched between two Kel-F foils,(-C2F3CI-)n> (thickness 200 fi
each).These latter foils absorb the fluorescence radiation originating
from the samples used in this investigation.

The scattering registered on the film should originate from the
sample only. This was achieved by using a liquid jet (diameter about
0.04 cm) as a specimen. This liquid jet could be centered accurately
along the axis of the camera. The liquid,circulating through a closed
system,was kept at a constant temperature.To eliminate air scattering
helium was pumped through the camera,Exposure times were in the range
of 12-20 hours.

The values of the film blackenings were converted into intensities
by a calibrated, automatic recording, microphotometer.The non-exposed
part of the film was taken as zero level.From the photometer diagram,
intensity readings were taken at intervals of A s = 1/8; these inten
sities were corrected for absorption and polarization *®.

The Fourier transforms were evaluated on an electronic computer;
an interval of Ar = 0.0625 X was taken. The functions f^(s) and Iq (s )
were taken from the sources compiled in table II.1.

Table II. 1
References for f^(s) and I^(s)

f^s) ^ ( 8)
H 16 -
0 17 18
K+ 17 19
Si 20 15
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The exper imental  r e s u l t s  wi l l  be given in terms of  the t o t a l  d i s 
t r i b u t i o n  func t io ns

r e p r e s e n t i n g  t h e  d i f f e r e n c e  between th e  a c t u a l  t o t a l  d i s t r i b u t i o n
funct ion and t h a t  cor responding to a uniform medium.

In or de r  to t e s t  the  experimenta l  and the  c a l c u l a t i n g  techniques,
X-ray d i f f r a c t i o n  measurements were made on v i t r e o u s  S i 0 2> This  sub
s ta nce  was chosen because the  i n te r a to m ic  S i - 0  d i s t a n c e  in  the  va r io us
m o d i f i c a t i o n s  o f  q u a r t z  i s  a c c u r a t e l y  known and because  i t  i s  a l s o
known t h a t  in  S i 0 2 each s i l i c o n  atom i s  su r ro u n d e d  by f o u r  oxygen

The s c a t t e r i n g  curve shown in f i g u r e  I I . 1 was ob t a in ed  by us in g  a
c y l i n d r i c a l  rod o f  v i t r e o u s  S i0 2, d iameter  0.048 cm, as a specimen.

This  s c a t t e r i n g  curve  was c o r r e c t e d  f o r  a b s o r p t i o n  and p o l a r i z a t i o n
and from the  r e s u l t i n g  curve  th e  d i s t r i b u t i o n  fu n c t i o n  f o r  v i t r e o u s
S i 0 2 was c a l c u l a t e d .  This  func t ion  i s  r epr e se n te d  in  f i g u r e  I I . 2.

D(r) = 7T°'M( r ) ( I I .  1)r

and in  terms o f  the  d i s t r i b u t i o n  fu nc t io ns

A<7„(r)
A D(r) ( I I .  2)

atoms.

400

200

O 2 4 6 a

F i g u r e  I I . 1 .  O b s e r v e d  i n t e n s i t y  f o r  v i t r e o u s  S i 0 2
( u n c o r r e c t e d ,  a r b i t r a r y  s c a l e ) .
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too

F i g u r e  1 1 . 2 .  D i s t r i b u t i o n  f u n c t i o n  f o r  v i t r e o u s  S10 2 .

The first maximum in this curve, at 1.56 ± 0.06 8, obviously gives the
Si-0 distance in vitreous Si0o. We can now compare this interatomica 21
distance with the Si-0 distances given in the literature for Quartz
and for vitreous Si0o, the latter having been investigated by meansa io ,
of X-ray diffraction (Warren, Krutter and Morningstar ) and by means

22\of neutron diffraction (Milligan, Levy and Peterson ).

Table II. 2
Silicon-oxygen distances

rSi-0 ^
low Quartz * 1. 61

21low cristobalite 1. 58-1. 69
vitreous SiOg ® 1. 62

vitreous SiOg ^ 1. 58
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I t  can be seen from t a b l e  I I .  2 t h a t  ou r  va lue  o f  1.56 8 f o r  the S i -0
d is ta n c e  i s  in  good agreement with the v a lu es  given in  the  l i t e r a t u r e .
The p o s i t i o n s  o f  the remaining maxima in  ou r  d i s t r i b u t i o n  curve agree
with  th o se  in  the  d i s t r i b u t i o n  curve  o b ta in e d  from neu tron  d i f f r a c 
t io n  s tu d ie s  on v i t r e o u s  SiO„, ex cep t  fo r  the f a c t  th a t ,  owing to  the
l im i te d  re s o lv in g  power o f  the X-ray d i f f r a c t i o n  measurements, no s e 
p a ra te  maxima a re  observed corresponding  to  the  s h o r t e s t  s i l i c o n - s i l i 
con and to th e  s h o r t e s t  oxygen-oxygen d is ta n c e s .

I t  i s  p o s s ib l e  to  c a l c u l a t e  from the  t o t a l  d i s t r i b u t i o n  fu n c t io n
fo r  v i t r e o u s  SiO» th e  number o f  oxygen atoms, n, around each s i l i c o n
atom a t  th e  d i s ta n c e  o f  1. 56 8. The r e le v a n t  p a r t  o f  the t o t a l  d i s t r i 
bu tion  fu n c t io n  fo r  v i t r e o u s  SiOg i s  shown in f ig u re  I I . 3.

F i g u r e  1 1 . 3 .  T o t a l  d i s t r i b u t i o n  f u n c t i o n  f o r
v i t r e o u s  S I 0 „ .

The t o t a l  d i s t r i b u t i o n  fu nc tion  o f  an oxygen atom and a s i l i c o n  atom
a t  a d i s ta n c e  r* a p a r t  i s  given by:

8
DS i - 0 ( r )  =Qf  2f0 ( s ) f s l (s )  - ^ s i - ’ s s i n l s r l d s  . ( I I .  3)

This func tion ,  fo r  r '  = 1.56 8, i s  shown in  f ig u re  I I . 4.

In f i r s t  approx im ation  n can be c a l c u l a t e d  f ro m th e p e a k  h e ig h ts  o f
th e  fu n c t io n s  D(r) and D g i - ( / r  ̂ r  = 1*56 8:

mS in DS i-0 * r * = to r  r  = 1,56 ( I I . 4)
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F i g u r e  I I .4. D,. . ^ trl for r s j — 0 =

This results in a value of 4.2 for n; sence we have neglected the
overlap due to other interatomic distances, the true value of n will
be somewhat lower than 4.2. Another method for the calculation of n
uses, instead of the peak heights, the areas under the curves D(r) and
Dg. o<r). This calculation gives a value of 3.8 for n. However,due to
the overlap it is not possible to determine the area under the curve
in figure II. 3 unambiguously. The values calculated for n are in fair
agreement with the expected value of 4.0. This example shows that a
reliable interpretation of the X-ray diffraction measurements in terms
of interatomic distances and coordination numbers is possible.

II.2. X-ray diffraction of water
Among earlier attempts to determine the "structure" of water is

that of Morgan and Warren who carried out X-ray diffraction measu
rements on water and interpreted their results in terms of a tetrahe
dral arrangement of the water molecules. More recent work on the X-rayodiffraction of water by van Panthaleon van Eck, Mendel and Boog and

3van Panthaleon van Eck, Mendel and Fahrenfort has led to a model in
which the water molecules are essentially sixfold coordinated.We car-

*
The author’s thanks are due to Miss P. J.M.A.Ekkers for her assistance
in carrying out the measurements.
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r i e d  o u t  X-ray d i f f r a c t i o n  measurements on w a te r  in  o rd e r  to  i n v e s t i 
ga te  whether a d e t a i l e d  a n a ly s i s ,  u s in g  the  methods o u t l i n e d  i n  the
p reced in g  p a r t s  o f  t h i s  t h e s i s ,  makes i t  p o s s ib le  to dec ide  on a model
fo r  the  " s t r u c tu r e "  o f  l i q u i d  water.

The X-ray d i f f r a c t i o n  o f  w ater was measured a t  0°, 25° and 45°C.
As an example, the  e x p e r im e n ta l  i n t e n s i t y  cu rve  o f  w a te r  a t  0°C i s
shown in  f i g u r e  I I . 5.

F i g u r e  1 1 . 5 .  Ob s e r v e d  i n t e n s i t y  f o r  w a t e r  a t  0 C
( u n c o r r e c t e d ,  a r b i t r a r y  s c a l e ) .

The observed i n t e n s i t i e s  were c o r re c te d  fo r  abso rp t io n  and pol a r i z a t io n
and the d i s t r i b u t i o n  fu n c t io n s  shown in f ig u re  I I . 6 were c a l c u la te d .
The main d i f f e r e n c e  between th e se  t h r e e  cu rves  i s  to  be found in the
th i r d  maximum; with r i s i n g  tem pera tu re  th e re  i s  a dec rease  in  the  he igh t
o f  t h i s  maximum and i t  becomes l e s s  well def ined .

The p o s i t i o n s  o f  th e  f i r s t  t h r e e  peak s  a r e  g iven in  t a b l e  I I .  3,
t o g e th e r  w ith  an e s t im a te  o f  the accuracy  with  which th e se  p o s i t io n ;
were de term ined .

Table  I I .  3
P o s i t i o n s  o f  the  maxima in  the  d i s t r i b u t i o n  fu n c t io n s  o f  w ater

t ° c l s ^  m ax im u m  (X) 2 n(* m axim um  ( 8 ) 3 rt* m axim um  (SI)

0 1 . 0 3  ±  0 . 1 5 3. 00 ±  0 .  10 4 .  2 9  ±  0 . 1 5

25 0 . 8 1 2. 97 4 . 38  , ,

45 0. 88  , , 3 . 0 6 4 . 2 6
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A D (r)

F i g u r e  I 1 . 6 .  D i s t r i b u t i o n  f u n c t i o n s  f o r  w a t e r  a t
v a r i o u s  t e m p e r a t u r e s *
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The s h o r t e s t  in te ra to m ic  d i s t a n c e  in  l i q u i d  water i s  the  0-H d i s -
23tan ce  w ith in  th e  w ater  m olecu les .  Mecke and Baumann o b ta in e d  from

the  a n a ly s i s  o f  the i n f r a r e d  spectrum o f  w ater vapour an 0-H d is ta n c e
o f  0 .96 8. P e te rso n  and Levy 24 r e c e n t ly  s tu d ie d  the neutron  d i f f r a c 
t io n  o f  heavy ice ;  th e  0-D d i s t a n c e  was found to  be 1 .01 8. The mean
p o s i t i o n  o f  the  f i r s t  maximum in  th e  d i s t r i b u t i o n  curves  o f  water, a t
0 .9 1  8, i s  c lo s e  to  th e  ex p e c te d  0-H d i s t a n c e  and t h i s  maximum i s
th e re fo re  a sc r ib ed  to the  0-H d i s t a n c e  w ith in  the  w ater molecules.

The shape o f  the  d i s t r i b u t i o n  cu rv e s  i n  th e  reg ion  up to 1 8 i s
r a t h e r  s e n s i t i v e  to  small v a r i a t i o n s  o f  the  s c a l in g  f a c t o r  as w i l l  be
d em o n s tra ted  in  th e  example i l l u s t r a t e d  in  f i g u r e  I I . 7. The f i g u r e
r e p r e s e n t s  the  f i r s t  p a r t  o f  th e  d i s t r i b u t i o n  curve o f  w ater a t  0°C
c a lc u la te d  with the  deduced s c a l in g  f a c t o r  o f  1.69 and w ith  th e  s l i g h t l y
d i f f e r e n t  s c a l i n g  f a c t o r  o f  1.66.

« * t ea

F i g u r e  1 1 . 7 .  I n f l u e n c e  o f  v a r i a t i o n  o f  t h e  s c a l i n g
f a c t o r *

With t h i s  v a r i a t i o n  o f  the  s c a l in g  f a c t o r  co rresponds  a s h i f t  in  the
p o s i t io n  o f  the  f i r s t  maximum from 1.03 8 to  0 .97  8, whereas the  p o s i 
t i o n s  o f  the f u r t h e r  maxima remain u n a l te red .

The second peak, a t  3 .0 8, has  to  be a s c r ib e d  to th e  average 0 . . . 0
d i s t a n c e  between n e ig h b o u r in g  w a te r  m o lecu les .  The p o s i t i o n  o f  t h i s
maximum i s  independent,  w i th in  the  experim enta l  e r r o r ,  o f  the  tempe
r a tu r e  in  the  range 0°-45°C. Prom t h e i r  X-ray d i f f r a c t i o n  measurements
Morgan and Warren 4 found fo r  th e  average  d i s t a n c e  between c l o s e s t
neighbours  in  l i q u i d  w ater  a value o f  2.90 8 a t  1 . 5°C r i s i n g  to  3 .05 8
a t  83°C; more re c e n t  work 2 ,2  has  given an 0 . . . 0  d i s t a n c e  o f  3 .1  8 in
the tem perature  range O°-60°C, Our value  o f  3 .0  8 ta k e s  a p o s i t i o n  in
between th e  v a lu es  quoted.
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The t h i r d  peak a t  about 4 .3  8 i s  due to  th e  d is ta n c e  between n ex t-
n e a r e s t  ne ig h b o u rs .  T h is  peak becomes l e s s  well d e f in e d  w ith  r i s i n g
tem pera tu re ,  which i n d i c a t e s  a dec rease  in  the degree o f  n e x t - n e a r e s t
neighbour o rd e r .

A q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  the d i s t r i b u t i o n  curves  o f  water
in  terms o f  c o o rd in a t io n  numbers i s  much more d i f f i c u l t  than i t  i s  in
the  case  o f  v i t r e o u s  S i0 2 owing to the  f a c t  t h a t  the peaks a r e  l e s s
well re so lv ed .  A rough e s t im a te  o f  n. the  number o f  n e a r e s t  ne ighbours
around each w a te r  molecule, can be o b ta in e d  by assuming th a t  the  value
o f  the  t o t a l  d i s t r i b u t i o n  fu n c t io n  a t  3 .0  8 i s  on ly  due to  oxygen atoms
a t  a d i s t a n c e  o f  3 .0  8 a p a r t .  The t o t a l  d i s t r i b u t i o n  fu n c t io n  o f  two
oxygen atoms a t  a d i s t a n c e  r 1 a p a r t  i s  given by:

8

D0 -0 ^ r  ̂ = J  2{q ( s ) -S^ r f r  s s i n ( s r ) d s .  ( I I .  5)

This fu n c t io n ,  fo r  r* = 3 . 0  X, i s  shown in  f ig u re  I I . 3.

F i g u r e  1 1 . 8 .  0 3. 0  x.<r> f o r  r*

The number o f  n e a r e s t  neighbours , n. can now be c a l c u l a t e d  from:

■̂ ■mQn Dq_q ( t) = D(r) f o r  r  = 3 .0  X, ( I I . 6)

n i s  found to  be 7.1 a t  0°C and 7 .2  a t  25° and 45°C. P r o .  t h i s  c a l c u 
l a t i o n  i t  fo l low s t h a t  th e  upper l i . i t  o f  n i s  about 7. The t r u e  value
o f n  w i l l  be lower a s  we have n e g le c te d  in  t h i s  c a l c u l a t i o n  th e  o v e r lap
from peaks  a t  d i s t a n c e s  l a r g e r  than 3 .0  8 and the c o n t r i b u t i o n s  from
oxygen-hydrogen d i s t a n c e s  s m a l le r  than o r  equal to  3 .0  X . To see  to
what e x t e n t  t h i s  l a t t e r  ap p rox im ation  can i n f l u e n c e  t h e  c a l c u l a t e d
value  o f  n, the  c a l c u l a t i o n  has  been rep ea ted  assuming a maximum num-
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ber of 0.,.H distances at 3.0 X (by placing the hydrogen atoms at the
positions of the oxygen atoms).
In this case n follows from:

nign D0_g(r) + 2mQn Do - H ^  = ®(r  ̂ ^or r = ^ > (II.7)

where 8
°0-H(r) = f  2f0 (s)fH (s) s sin(sr)ds with r» = 3.0 X.

(II.8)

The number of nearest neighbours is now calculated to be 5. 1 at 0 C and
5.2 at 25° and 45°C. This calculation clearly demonstrates that the
contributions from the 0, ..H distances can play an important part in
the calculation of n. In this connection it must be emphasized that
Mendel 25 in deriving from his X-ray data a coordination number of 6 ±
0.5 underestimated some of the possible errors. Morgan and Warren 4
calculated a value of 4.4 at 1. 5°C rising to 4.9 at 83°C for the num
ber of nearest neighbours. These values, however, are based upon an
interpretation of the X-ray diffraction measurements in which water
is treated as a one-atom substance, whereas the preceding calculation
has shown that 0. ..H distances can play an important part in the cal
culation of the number of nearest neighbours. The procedure followed
by Morgan and Warren can give rise to spurious diffraction ripples in
the transform and these will certainly show up in the first part of
the distribution curves. It is not possible to obtain any definite
information about this point, however, because their paper gives the
distribution curves for the region > 2 X  only.

The results of the X-ray diffraction measurements on water will be
further discussed in the following section where we shall examine the
various models proposed for the "structure" of water.

II.3. The "structure" of water

There have been made several attempts to explain the properties
of water on the basis of a quasi-crystalline model. Bernal and Fowler
suggested a model in which the water molecules are tetrahedrally sur
rounded by four others, whereas van Panthaleon van Eck, Mendel and
Boog 2 proposed an octahedral model in which the water molecules have
a sixfold coordination. It will be examined in this section which of
these two models gives the best agreement with the results of the X-ray
diffraction measurements described in the preceding section.
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a)  t e t r a h e d r a l  c o o r d i n a t i o n  b) o c t a h e d r a l  c o o r d i n a t i o n

F i g u r e  I I • 9 •

Bernal and Fowler 1 suggested  t h a t  th e re  a re  th r e e  c h i e f  forms o f  a r-
rangement o f  the m olecules  in  water!
1) i c e - l i k e  s t r u c t u r e  ( t r i d y m i t e  s t r u c t u r e ) ,  p r e s e n t  to  a c e r t a i n

degree a t  tem p era tu res  below 4°C only ,
2) q u a r t z - l i k e  s t r u c t u r e ,  p redom ina ting  a t  o rd in a ry  tem pera tu res ,
3) c lo se -packed  s t r u c t u r e ,  p redom ina ting  a t  h igh  tem p era tu res .
In ic e  each w ater  m olecule i s  t e t r a h e d r a l l y  surrounded by fo u r  o th e r s
a t  a d i s ta n c e  o f  2 .76 8. On p a s s in g  from ic e  to  w ater  th e re  i s  a dimi
n u t io n  o f  the  m olar volume from 19.7 to  18.0 ml. Th is  phenomenon i s ,
acco rd in g  to  Bernal and Fowler due to  a change o f  the  s t r u c t u r e  from
th e  t r i d y m i t e  to  th e  q u a r t z  p a t t e r n .  With a f ix e d  d i s t a n c e  between
n e a r e s t  neighbours t h i s  change in  s t r u c t u r e  co rresponds  to  a decrease
o f  15 % i n  the molar volume. However, t h i s  dec rease  cannot account f o r
th e  observed d im inu tion  o f  the molar volume o f  water i f  we take  in to
account th e  in c re a s e  in  the  n e a r e s t  neighbour d i s t a n c e  from 2.76  X to
3 .0  A. The f a c t  t h a t  th e  m e l t in g  o f  i c e  r e s u l t s  in  a d e c re a se  o f  the
molar volume a n d a t t h e  same time i s  accompanied by an in c re a se  o f  the
average  d i s t a n c e  between n e ig h b o u r in g  w ater  m olecu les  i n d i c a t e s  t h a t
th e  co o rd in a t io n  number in  w ater  i s  h ig h e r  than  t h a t  in  ic e  and th e re fo re
h ig h e r  than four. The upper l i m i t  o f  the  c o o rd in a t io n  number c a lc u la te d
from the  X-ray d i f f r a c t i o n  measurements was found to be 7. The c o o r
d i n a t i o n  number o f  6 f o r  th e  o c t a h e d r a l  a r ran g em en t  i s  w i th in  th e
l i m i t s  >4 and < 7.

The d i s t a n c e  between n e x t - n e a r e s t  n e ig h b o u rs  in  th e  o c t a h e d r a l
arrangement i s  c a l c u l a t e d  to  be 4 .25  ft. The X-ray d i f f r a c t i o n  measure
ments give i n d i c a t i o n s  f o r  a n e x t - n e a r e s t  ne ighbour d i s t a n c e  o f  4 .3 ft
which i s  in agreement w ith  the c a lc u la te d  d i s t a n c e .

Although no d e f i n i t e  v a lu e  f o r  th e  c o o r d in a t io n  number could  be
c a l c u l a t e d  d i r e c t l y  from the  X-ray d i f f r a c t i o n  measurements, a f u r t h e r
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interpretation of the distribution curves can be attempted. The fact
that the 0-H distance within the water molecules was detected, sug
gests that it should also be possible to find the 0...H distance in
the hydrogen bond between neighbouring water molecules. This dis
tance was found by substracting from the total distribution functions
the contributions by the oxygen atoms a distance of 3.0 X apart; this
has been carried out for values of the coordination number of 5 and 7
(figure II.10).

Figure 11.10. H^O, 0°C: total distribution function from
which have been substracted the contributions
by oxygen atoms 3*0 A apart.

In the difference curves thus obtained a maximum occurs at about 2.5
the same holds for the distribution curves of water at 25° and 45°C.
The position of this maximum somewhat depends on the value of n adop
ted but it is always in the range 2.45-2. 55 &. This maximum is ascribed
to the O...H distance in the hydrogen bond between neighbouring water
molecules. As the 0-H distance within the water molecules is in the
range 0.9-1.0 X, this 0...H distance provides evidence of non-linear
hydrogen bonding in liquid water (figure II.11).
With an 0...0 distance of 3.0 X, the angle a  is in the range 45°-54 .
The position of the maximum in the difference curves corresponding to
the 0...H distance, and hence the angle a, is very sensitive to small
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Figure I I . 11.

variations in the distance between the oxygen atoms. For example,
taking a value of 2.9 X for the average 0...0 distance between neigh
bouring water molecules, instead of 3.0 X, results in an angle a of
about 30 . The position of the hydrogen atoms in the hydrogen bond
between neighbouring water molecules has been evaluated here in a
rather indirect and not very accurate way. Therefore, not too much
weight must be attached to the values of a given here.

It is not easy to find the positions of the hydrogen atoms with
accuracy by means of X-ray diffraction techniques. This is mainly due
to the fact that the scattering power of the hydrogen atom is small
compared with that of the oxygen atom. The ratio f-/f„ equals 8 at zero
scattering angle and is still higher at higher scattering angles. A
more suitable tool for finding the positions of the hydrogen atoms
would have been the application of neutron diffraction techniques

26(Bacon °). As the scattering of neutrons by hydrogen atoms causes
a strong diffuse scattering better results are obtainable by replacing
the hydrogen atoms by deuterium atoms. The ratio of the scattering
power of oxygen and deuterium atoms is about 0.8 which compares
favourably with the ratio 8 for the scattering of X-rays.

The non-linear hydrogen bonding can be seen as further evidence
in favour of the octahedral arrangement. If we adopt this model for
the arrangement of the oxygen atoms, we are left with the problem of
fitting the hydrogen atoms into this model. In doing this, the first
condition that has to be fulfilled (Orgel ^*) is that the angle
within the water molecules must equal 104°. The octahedral model was
originally proposed with linear hydrogen bonding, involving Ó-H angles
of 90 . However, in using the concept of non-linear hydrogen bonding
it is possible to place the hydrogen atoms in an octahedral arrange
ment in such a way that the Ó-H angle equals 104° (for this a minimum
value of 7° is required for the angle a).

The arguments put forward in this section then are in favour of
an octahedral arrangement of the oxygen atoms with a non-linear hydro
gen bonding. It must be realized that the molecular arrangement of
liquid water has been discussed here on basis of a crystalline lattice.
The proposed model is an idealized one since in a liquid the structure
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w i l l  be much l e s s  r i g i d .  I t  can on ly  se rv e  a s  a d e s c r i p t i o n  o f  th e
average arrangement in  th e  immediate neighbourhood o f a w ater  molecule.

By ta k in g  in to  account th e  r e s u l t s  o f  in f r a r e d  s tu d ie s  on H20 and
H20 + D20 m ix tu re s ,  van Pan tha leon  van Eck, Mendel and F a h re n fo r t
suggested  a model in which each w ater  m olecules  i s  surrounded  by s ix
o th e r s  form ing  a d i s t o r t e d  oc tah ed ro n ;  th e  s i x  w a te r  m olecule  form
four a lm ost l i n e a r  0 -H . . . 0  bonds o f  2 .85  8 le n g th  and two 0 . . . 0  con
t a c t s  o f  about 3 .6  ü le n g th  w ith  th e  c e n t r a l  m olecule . The d is ta n c e
o f  2 .85  8 was o b ta in e d  from th e  p o s i t i o n  o f  th e  0-H s t r e t c h i n g  f r e 
quency a b s o rp t io n  band by ap p ly in g  a r e l a t i o n  between th e  frequency
o f  maximum a b so rp t io n  and the  0 -H . . . 0  in te r a to m ic  d i s t a n c e .  However,
t h i s  r e l a t i o n  i s  based upon a model which i s  incapab le  o f  hand ling  bent

28hydrogen bonds in  l i q u i d  systems (L ip p in c o t t  and Schroeder ) and in
t h i s  t h e s i s ,  t h e r e f o r e ,  the  " s t r u c t u r e "  o f  w ater  has  been d is c u s s e d
only in terms o f  the r e s u l t s  o b ta ined  from th e  X-ray d i f f r a c t i o n  mea
surements.

In  the  l a s t  few y e a rs  two o th e r  models have been proposed fo r  th e
s t r u c t u r e  of  w ater . Pople 29 d iscu ssed  th e  s t r u c t u r e  o f  w ater in  terms
o f  bending o f  hydrogen bonds only . He r e s t r i c t s  h i s  d i s c u s s io n  t o  a
model in  which n = 4 and ta k e s  the  r e q u i r e d  param eters  from th e  d i s -

4 . .t r i b u t i o n  curves o f  w ater  as o b ta in ed  by Morgan and Warren . The d i s 
cuss ion  o f  th e se  d i s t r i b u t i o n  curves in  s e c t io n  I I . 2 ha3 r e v e a l e d t h a t
th ev  have to  be c o n s id e red  w ith  due re s e rv e  and hence th e  same a p p l i e s

30to  th e  p a ram e te rs  used by Pople . R ecen t ly  P a u l in g  has  proposed  a
model fo r  th e  s t r u c t u r e  of water which i s  analogous to  th e  s t r u c t u r e
o f  c r y s t a l l i n e  gas h y d ra te s .  I t  may be d esc r ib ed  as  in v o lv in g  complexes
o f  21 water m olecules ,  20 o f  which l i e  a t  th e  co rn e rs  o f  a pen tagonal
dodecahedron , each  fo rm ing  t h r e e  hydrogen  bonds w i th  th e  a d j a c e n t
neighbours  in  th e  dodecahedron and th e  21^ forming no hydrogen bonds
a t  a l l  and occupying th e  c e n t r a l  p o s i t i o n  in  th e  dodecahedron. No f u l l
d e t a i l s  have been p u b l ish ed  y e t ,  but t h i s  s t r u c tu r e  would seem t o  con
t a i n  too  h igh a degree  o f  o rd e r  to  d e s c r ib e  th e  a c tu a l  arrangement in
l i q u i d  water.

I I . 4. X-ray d i f f r a c t i o n  o f  KOH s o lu t io n s

The main purpose o f  t h i s  i n v e s t ig a t io n  was to  examine whether from
th e  d i s t r i b u t i o n  curves o f  KOH s o lu t io n s  in fo rm ation  could  be o b ta ined
about th e  h y d ra t io n  number o f  the  potassium  ion. KOH was chosen because
th e  0H” - io n  i s  comparable in  s i z e  and s c a t t e r i n g  power t o  th e  water
molecule.

The measurements were c a r r i e d  ou t a t  t h r e e  KOH c o n c e n t r a t io n s ,  1 .5 ,
5 .0  and 7 .5  m o l e / l i t r e  s o lu t io n .  The s c a t t e r i n g  curves were c o r re c te d
f o r  a b s o r p t io n  and p o l a r i z a t i o n .  The f i n a l  c a l c u l a t e d  d i s t r i b u t i o n
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functions are shown in figure 11.12.

5 0  fr )

KOH, 1 5  m o t/litr e

KOH, 5.0 m o!/litre

KOH, 7 5  m o !/litre

F i g u r e  I 1 . 1 2 .  D i s t r i b u t i o n  c u r v e s  f o r  KOH s o l u t i o n s
a t  v a r i o u s  c o n c e n t r a t i o n s .
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In these distribution curves, as in the curves for pure water, indi
cations are found for the 0-H distance within the water molecules.
Increasing the KOH concentration results in an increase in the height
of the peak at about 3.0 X. This peak is mainly due to the 0...0 and
the K ...0 distances. The position of its maximum depends somewhat on
the KOH concentration, it changes from 3.0 X for pure water to 2.9 X
for the KOH solution with the highest concentration. Prom this the
K...0 distance is estimated to be 2.9 X which is slightly greater
than the sum of the radius of the water molecule (1.50 X) and the
crystallographic radius of the potassium ion (1.33 X).

For a quantitative interpretation, these curves have to be compared
with the distribution curve for pure water. The changes in the latter
curve due to the dissolved KOH have to be attributed to the ion-H20
distances and to a possible change in the "structure" of water. As a
first approximation we can attribute the increase in the value of the
total distribution function at 2.9 X to the K ...0 distances only
(0H*-ions and water molecules are comparable in size and scattering
power, the scattering power of the K -ion is about twice as high).
Starting with this approximation, we can calculate the number of oxy
gen atoms, n, at a distance of 2.9 X from a potassium ion from the
following formula:

mK+ n !\+_Q(r) = 0D(r) for r = 2.9 X , (II.9)

where §D(r) represents the increase in the value of the total distri
bution function compared with that of pure water and where

8
DK+-o(r) = ƒ 2fK+(s)fQ(s) S1snrisr's sin(sr)ds (II. 10)

0
in which r' = 2.9 X. The values of n calculated in this way are given
in table II. 4.

Table II.4
"Hydration number" of the K+-ion (t = 25°C)

cone. KOH, mole/litre n

1.5 7.2
5.0 6.8
7. 5 6.7
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The f ig u re s  in  t a b l e  I I . 4 give us, in f i r s t  approxim ation , the  number
of oxygen atoms around  each p o ta ss iu m  ion . F i r s t  o f  a l l  i t  must be
noted t h a t  th e  r e s u l t s  o f  th e  X-ray d i f f r a c t i o n  measurements do no t
enable  us to  d i s t i n g u i s h  between w ater m olecules and OH"-ions and con
seq u en t ly  no t between K+.. .O H 2 and K+...O H " d i s t a n c e s  e i t h e r .  The oxy
gen atoms around a potassium  ion can th e r e f o r e  e i t h e r  belong to  water
molecules o r  to  OH"-ions. In c re a s in g  th e  KOH c o n c e n tra t io n  r e s u l t s  in
a sm all  d e c re a se  o f  n but i t  i s  s t i l l  6 .7  a t  a KOH c o n c e n t r a t io n  o f
7 .5  m o l e / l i t r e .  In  t h i s  l a t t e r  s o lu t io n  th e r e  a re  only  6 .5  w ater  mole
c u le s  a v a i l a b l e  f o r  each KOH m olecule  and t h i s  makes i t  l i k e l y  t h a t
a t  t h i s  c o n c e n t r a t io n  some o f  th e  oxygen atoms around th e  po tass ium
ion be long  to  th e  OH“ - i o n s  ( i o n - p a i r  fo rm a t io n ) .  T h is  l a t t e r  e f f e c t
w i l l  be the  s m a l le s t  in  th e  KOH s o l u t i o n  w i th  th e  low est  c o n c e n t r a 
t io n  (1 .5  m o l e / l i t r e ) .  The r e s u l t  o f  th e  measurement on t h i s  s o lu t io n
i n d i c a t e s  t h a t  t h e  h y d ra t io n  number of  th e  p o ta ss iu m  ion i s  in  th e
range 6-8 .

This s ta tem en t  s i g n i f i e s  t h a t  on th e  average th e r e  a re  6 to  8 w ater
molecules su rround ing  each potassium ion . Our X-ray d i f f r a c t i o n  measu
rements cannot g ive  any in fo rm a tio n  about th e  a c tu a l  b in d in g  between
th e  ions and th e  w ater  m olecules  (or  OH - io n s ) .  This must be kept in
mind when one compares t h i s  h y d ra t io n  number w ith  th e  h y d ra t io n  num
b e rs  o b ta in e d  by o th e r  methods because  t h e s e  t o  a g r e a t e r  o r  l e s s
e x te n t  measure th e  number of  bonded w ater  m olecules .

As an i l l u s t r a t i o n  o f  th e  d iv e rg e n c e  o f  th e  r e s u l t s  from o th e r
methods, th e  h y d ra t io n  numbers o f  th e  po tassium  ion de te rm ined  in  v a 
r io u s  ways a r e  given in  t a b l e  I I .  5 (O’ II. Bockris ® ) .

Table I I .  5
31H ydration number o f  the  potassium ion (O’ H.Bockris )

method h y d ra t io n  number

m o b i l i ty 4

entropy 2

c o m p r e s s ib i l i ty 3

d e n s i ty 0

The h y d ra t io n  number o f  6-8  a s  d e r iv ed  from th e  X-ray d i f f r a c t i o n
measurements i s  h ig h e r  than  any o f  th e  va lu es  given in  t a b l e  I I . 5.
However, i t  i s  in  agreement w ith  th e  h y d ra t io n  number t h e o r e t i c a l l y
c a lc u la te d  by Verwey . According to  Verwey th e  h y d ra t io n  number w i l l
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not have a d e f i n i t e  value; i t s  average value  w i l l  g e n e ra l ly  d i f f e r  from
an i n t e g e r  and w i l l  p ro b ab ly  l i e  between 6 and 8 depending upon the
s iz e  of the  ion.



CHAPTER III

OPTICAL REFRACTION OF ELECTROLYTE SOLUTIONS

III. 1. Introduction

One of the main problems in the theory of electric polarization
is the calculation of the internal field ®, i.e. the electric field
acting on a particle (molecule, ion). As this thesis deals with elec
tric polarization at optical frequencies, we shall only consider the
case of non-polar, polarizable particles. In the following we shall
briefly review some aspects of the Lorentz theory and of the Onsager-
Böttcher theory on the internal field.

The older theories on the optical refraction of electrolyte solu
tions are all based on the Lorentz equation for the internal field ,
This equation leads to the Lorenz-Lorentz relation:

n2 - 1
n2 + 2 T w f  N ia i (III. 1)

n = Refractive index,

N. = number of particles of kind i per unit volume,
a, = polarizability of particles of kind i.

The Lorenz-Lorentz relation can be written in terms of the molar re
fraction [r ]:

Ja-’ J T 5 ! 7' NA* xia i (III.2)

x. = mole fraction of component i,

M = £x^M^ with m molecular weight of component i,

N, = Avogadro’s number.

Equation (III. 2) predicts that the molar refraction is an additive
quantity if the polarizability of the particles is not influenced by
the mixing process. The molar refraction of electrolyte solutions
turned out to be a non-additive quantity and in addition it was found
that the molar refraction of the solute depends upon the concentration.
Fajans tried to explain these phenomena by assuming that the pola-
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rizability of the particles depends upon the properties of the sur
rounding medium. However, his theory was incapable of giving a quan
titative explanation of the concentration dependence of the molar re
fraction of dissolved salts.

Onsager’s theory 35 on the internal field has been extended and
refined by Böttcher . In this theory it is shown that the internal
field has different values at the positions of different kinds of par
ticles whereas in using the Lorentz equation for the internal field
the assumption is made that this field has the same value at the posi
tions of different kinds of particles. The Onsager-Böttcher theory is
based upon a model in which the surroundings of a particle are treated
as a continuous, homogeneous medium. This theory leads, for spherical
particles, to the following formula:

(n2 - l)(2n2 + 1). = £  N q* , (III. 3)
127m2 i 1 1

where 1 1 . 1  2n2 - 2 (III.4)
* = Q _ O

a i a i ri 2n + *
and where r. represents the distance from the centre of the particle
to where the surrounding liquid begins; in the following this distance
will be called the radius of the particle. If the polarizability^and
the radius of the particle are molecular constants, a plot of 1/a.j as
a function of (2n2 - 2)/(2n2 + 1) will result in a straight line from3 *7 3 8 3 9which it is possible to calculate and r^. Böttcher ’ ’ ,
Scholte 43 and Joustra have shown that for a great number of ions
such a linear relation between l/a^ and (2n2 - 2)/(2n + 1) exists
and this makes Pajans’s assumption superfluous in these cases.

A solution of a binary electrolyte in water contains at least three
types of particles, i.e. water molecules, cations and anions. In order
to calculate the polarizabilities and the radii of ions with the aid
of formulae (III.3) and (III.4), it is necessary to know the polariza
bility and the radius of the water molecules and of one type of ions.
The following section deals with the calculation of a H^0 and rH20*
Assuming these two quantities to be known, we are left with the pro-
blemof finding the polarizability and the radius of one type of ions.
As the polarizability of the Li+-ion is extremely small compared with
that of most other ions, the method commonly adopted is to take the
polarizability of the Li+-ion equal to zero.

Prom the polarizability at different wave-lengths it is possible
to calculate the pure electronic contribution to the polarizability
at infinite wave-length. The values of are calculated in this thesis
with the extrapolation formula
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( I I I . 5)

which i s  based  o n - t h e  s im p le  model o f  a ha rm on ic  o s c i l l a t o r  5. By
P l o t t i n g  1 /a ^  as a fu n c t io n  o f  1/^2 a s t r a i g h t  l i n e  i s  o b ta in e d  which
c u ts  the  a x is  1/^2 = 0 a t  l / a t f

I I I . 2. The ra d iu s  o f  th e  w ater  molecule

B ö t tc h e r  3 7 *3 8 *3 9 . S c h o l t e  40 and J o u s t r a  41 haye U8ed f o r  th e
c a l c u l a t i o n  o f  the p o l a r i z a b i l i t i e s  and the r a d i i  o f  io n s  in  s o lu t io n
a va lue  o f  1.36 K f o r  th e  r a d iu s  o f  th e  water m olecule . This va lue  was
mainly based upon th e  r a d iu s  o f  the  w ater molecule in  i c e  42. The most
lo g ic a l  way to  de te rm ine  th e  value  to  be used in  th e  c a l c u l a t i o n s  would
be, as in d ic a te d  by B ö ttcher  43, to  apply formulae ( I I I . 3) and ( I I I . 4 )
to  pure  w ater .  To t h i s  end, we can e i t h e r  use th e  v a lu e s  o f  the  r e f r a c 
t i v e  index and d e n s i ty  o f  water a t  d i f f e r e n t  p r e s s u r e s  o r  a t  d i f f e r e n t
t e m p e r a tu r e s .  In  th e  f o l lo w in g  p a r t  o f  t h i s  t h e s i s  we w i l l  examine
th e se  two c a se s .

a) The v a r ia t io n  o f  the r e f r a c t i v e  index and the d e n s i t y  o f  w a ter  w i th
p ressure

Rosen 44 g iv e s  the  v a lu es  o f  the  r e f r a c t i v e  index and the  d e n s i ty
o f  w ater a t  fo u r  d i f f e r e n t  p r e s s u re s  and a t  a number o f  w ave-lengths .
His r e s u l t s  fo r  k  = 5798 % a r e  c o l l e c t e d  in  t a b l e  I I I . l .

Table I I I . l

R e f ra c t iv e  index and d e n s i ty  o f  water
a t  d i f f e r e n t  p r e s s u r e s  (Rosen 44)

t  = 25°C k  = 5798 8

p (atm) d n
1 0.9971 1.3330

500 1.0185 1.3401
1000 1.0381 1.3462
1500 1.0559 1.3516

The va lues  o f  1/a* and (2n2 -  2 ) / ( 2 n 2 + 1) as  c a l c u l a t e d  from th ese
d a t a  a r e  p l o t t e d  in  f i g u r e  I I I . l ;  f o r  o t h e r  w a v e - le n g th s  a s i m i l a r
r e s u l t  i s  o b ta ined .
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A-5798 A

0.63/0

06305

0.3550.345

*  2 2
F i g u r e  1 1 1 . 1 .  1 /0 . a s  a f u n c t i o n  o f  ( 2n  -  2 ) / ( 2 n  + I I

f o r  w a t e r  a t  d i f f e r e n t  p r e s s u r e s .

Obviously i t  i s  im poss ib le  to c a l c u l a t e  from t h e s e  d a ta  a r a d i u s  f o r
the  water  molecule .  No d e f i n i t e  c o n c l u s i o n s  can be drawn from t h e s e
r e s u l t s  as  t h e  number o f  e x p e r i m e n t a l  p o i n t s  i s  sm al l  and as i t  i s
d i f f i c u l t  to  ge t  an impression  of  the  accuracy  of  the  measurements.

& )  The v a r ia t io n  o f  the r e f r a c t i v e  index  and the d e n s i t y  o f  water  w ith
temperature

The r e f r a c t i v e  index o f  water  in  the te mp era ture  range 0°  - 60 C
a t  va r io u s  wave-lengths  has been measured with g r e a t  accuracy  by T i l t o n
and Ta y lo r  ®. The va lu es  of  1 /a  and (2n^ - 2 ) / ( 2 n ^  + 1) f o r  A. = 5893 X
as c a l c u l a t e d  * from t h e i r  d a ta  a re  p l o t t e d  in f i g u r e  I I I . 2.
I t  can be seen  from t h i s  graph t h a t  t h e r e  e x i s t s  no l i n e a r  r e l a t i o n
between t h e s e  two q u a n t i t i e s ;  th e  d e v i a t i o n s  from l i n e a r i t y  a r e  most
pronounced in  the  temp era ture  range 0°  - 30°C. For o t h e r  wave- lengths
a s i m i l a r  r e s u l t  i s  ob ta ine d .  An "apparent  r a d i u s "  of  the  water mole
cu le  has been c a l c u l a t e d  from the  s lope  of  the  curve;  t h i s  r a d i u s  i s
of  course  a f u n c t i o n  o f  t h e  tem pera tu re  ( t a b l e  I I I . 2).

The O n s a g e r - B ö t t c h e r  t h e o r y  i s  based upon a model in  which the
su r r o u n d in g s  o f  a p a r t i c l e  a r e  t r e a t e d  as a c o n t i n u o u s ,  homogeneous
medium. From our  X-ray d i f f r a c t i o n  measurements on water  i t  could  be
concluded t h a t  a c e r t a i n  s t r u c t u r e  e x i s t s  in  l i q u i d  water .  I t  could
a l s o  be con c lude d  t h a t  an i n c r e a s e  i n  t e m p e r a t u r e  c o r r e s p o n d s  to a

• The d e n s i t y  of  water  was taken from t a b l e s  g iv e n  by Dorsey .
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0.633

0.63/

0340 0343

F i g u r e  I I I >2> 1 /0 . a s  a f u n c t i o n  o f  ( 2n^  -  2 ) / ( 2 n ^  + 11
f o r  w a t e r  a t  d i f f e r e n t  t e m p e r a t u r e s .

Table I I I . 2

"Apparent radius" o f  the water m olecule

t°c r  (X)

5 0 . 78

10 0 .9 6

15 1 .0 9

20 1. 16

25 1. 23

30 1. 28

35 1. 33

40 1. 36

45 1. 39

50 1. 43

55 1. 45
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decrease in the degree of order in the liquid. The deviations from the
Onsager-Böttcher theory occurring in the case of water are possibly due
to the fact that this type of structure is not accounted for in the
model on which the theory is based. In agreement with this is the fact

• othat at higher temperatures the relation between 1/a and (2n - 2)/
o(2n .fl) is nearly linear, while at lower temperatures the deviations

from 1inearity are much more marked. This implies that the best estimate
for the value of the radius of the water molecule that can be obtained
from optical refraction measurements, is the radius calculated from
the measurements at the higher temperatures. The "apparent radius” of
the water molecule has a value of 1.45 R at 55°C and it seems to have
a limiting value at higher temperatures which is estimated to be about
1,5 X. Prom the X-ray diffraction measurements on water (chapter II)
a value of 3.0 <k for the average 0. ...0 distance between neighbouring
water molecules was found. This also corresponds to a radius of 1. 5 %
for the water molecule. It seems therefore appropriate to adopt the
value of 1.50 % rather than 1.36 ft for the radius of the water molecule
when carrying out calculations of the polarizabilities and the radii
of ions from the results of optical refraction measurements on aqueous
electrolyte solutions.

The results of our measurements of the refractive indices and the
densities of a number of aqueous electrolyte solutions are given in
chapter IV. Prom these are calculated the polarizabilities and the
radii of a number of ions, using the value of 1.50 ft for the radius of

41the water molecule. The results of the measurements of Joustra have
been used to calculate the polarizabilities and the radii of those
ions for which these values were needed in the calculations just men
tioned. Joustra’s original results, based upon the value of 1.36 ft for
the radius of the water molecule, are collected in table III.3 whereas
the results based upon the value of 1.50 ft for the radius of the water
molecule are collected in table III.4. It must be emphasized that if
the value of 1.50 ft is used the relation between 1/a of these ions
and (2n2 - 2)/(2n2 + 1) is again linear.
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Table III. 3

Radius and polarizability of the water molecule
and of a number of ions (r„ _ * 1.36 XlHoU

r (X) a (X3)
6678 X 5893 X 5461 X 4358 X

h20 1. 36 1. 29756 1. 30349 1. 30764 1. 32359

Na+ 1. 00 0. 210 0. 210 0. 210 0. 210
K+ 1. 17 0. 889 0. 891 0. 891 0. 894
Cl" 1. 82 2. 993 3. 013 3.029 3.094
I" 2. 52* 6. 566 6. 646 6. 708 6. 984

Table III. 4

Radius and polarizability of the water molecule
and of a number of ions (rH20 = 1.50 X)

€In'
a (X3)

6678 X 5893 X 5461 X 4358 X
h2o 1. 50 1. 35807 1. 36488 1. 36963 1. 38801
Na+ 1. 00 0. 215 0. 215 0. 215 0. 215
K + 1. 32 0. 948 0.949 0. 950 0. 953
Cl" 2. 10 3. 258 3. 283 3. 303 3. 385
I" 2. 70* 6.992 7. 085 7. 161 7. 477

As calculated from potassium iodide solutions.



CHAPTER IV

RESULTS AND DISCUSSION OF OPTICAL REFRACTION MEASUREMENTS

I V . 1. E x p e r i n e n t a l

The ex p e r im e n ta l  te c h n iq u e  has  r e c e n t l y  been d e s c r ib e d  in  g r e a t
d e t a i l  by J o u s t r a  41 and t h e r e f o r e  only  a s h o r t  d e s c r i p t i o n  w i l l  be
given h e re .

a) Chemiea Is

In tb e  p re s e n t  i n v e s t i g a t i o n s  use was made of th e  fo l low ing  c h e 
m icals :

Sodium n i t r a t e ,  po tassium  n i t r a t e ,  s i l v e r  n i t r a t e  and po tass ium
io d id e ,  p .a .  grade (Merck-Darmstadt).
M ercu r ic  io d id e  (M e rc k -D a rm s tad t) ,  tw ic e  r e c r y s t a l l i z e d  from
n-amyl a lc o h o l .

The s a l t s  were d r i e d  fo r  about s i x  hours in  a "dry ing  p i s t o l "  ( p r e s 
su re  10 mm Hg, te m p e ra tu re  200°C), u s in g  phosphorous p en to x id e  as  a
d ry ing  a g e n t .  The s o lu t io n s  were made up by d i s s o lv in g  e x a c t ly  known
q u a n t i t i e s  of  th e  d r i e d  s a l t s  in  w ater  and de te rm in in g  th e  weight of
the  s o lu t i o n s .  The w ater  was tw ice  d i s t i l l e d  from an a l l - q u a r t z  appa
r a tu s  and b o i le d  out befo re  making up th e  s o lu t i o n s  in  o rder  t o  remove
the  d is so lv e d  g ases .

b) Measurement o f  the d e n s i t y

The d e n s i t i e s  of  t h e  s o l u t i o n s  were d e te rm ined  w ith  th e  a id  o f
Aubry pycnom eters (volume about 10 m l) ,  which were c a l i b r a t e d  w i th
w ater .  A l l  measurements were made a t  a tem pera tu re  o f  25?00 ± 0.02 C.
The d e n s i ty  of each s o lu t io n  was de term ined  in  d u p l i c a t e .  The r e p r o 
d u c i b i l i t y  was two u n i t s  in  th e  f i f t h  decim al p la c e ,  excep t  f o r  the
c o n c e n tra te d  s i l v e r  n i t r a t e  s o lu t io n s  and fo r  th e  c o n c e n t ra te d  s o l u 
t i o n s  of  po tass ium  io d id e  + m ercuric  io d id e  where i t  was about f i v e
u n i t s  in  th e  f i f t h  decimal p lace .

c) Measurement o f  the r e f r a c t i v e  index

The r e f r a c t i v e  i n d ic e s  were de te rm in ed  w i th  th e  a id  o f  an Abbe
re f ra c to m e te r  ( p r e c i s io n  re f r a c to m e te r  manufactured by th e  Bausch and
Lomb Comp., type  3 3 .4 5 .0 3 ) .  Measurements were made a t  fo u r  d i f f e r e n t
w av e - le n g th s ,  v i z .  6678 8 (He c ) ,  5893 K (Na D), 5461 8 (Hg e)  and
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4358 X (Hg g). The temperature was maintained at 25?00 ± 0?02 C. The
reproducibility of the refractive index measurements depended some
what on the wavé-length due to the unequal sensitivity of the eye to
light of different wave-lengths. It was about three units in the fifth
decimal place for the wave-lengths 5893 X and 5461 X and about six
units in the fifth decimal place for the wave-lengths 6678 Xand 4358 X.

IV.2. Optical refraction of sodium nitrate and potassium nitrate solu
tions *

Optical refraction measurements on aqueous sodium nitrate solutions
were made in order to calculate the radius and the polarizability of
the nitrate ion. The nitrate ion, having a planar structure in the
form of a centred equilateral triangle 46, was chosen as an example
of a non-spherical ion. The derivation of formulae (III.3) and (III.4)
is based upon a model in which the particles are supposed to have
spherical symmetry. However. Scholte 40 has shown that in the case of
ellipsoidal particles, which is a fair enough approximation for the
nitrate ion. formulae (III.3) and (III.4) still hold. The polarizabi
lity calculated with the aid of these formulae equals, for ellipsoidal
particles, the mean value of the polarizabilities In the direction of
the three axes of the particle.

In order to examine whether the polarizability of the nitrate ion
is influenced by the cation, it has been calculated from measurements
of the optical refraction of aqueous potassium nitrate solutions as
well.

The experimental results for the sodium nitrate solutions are given
in table IV.1. In this and the following tables d denotes the density
of the solutions and m the concentration in mol/1000 g water.

In figure IV.1, 1/a Nq - is plotted as a function of (2n^ - 2)/
2 3

(2n + 1). The radius of the nitrate ion has been calculated from the
slopes of the resulting straight lines (table IV.2). The values of
aNOj 8iven in table IV.1 have been calculated with the average value of
2.20 X for the radius of the nitrate ion. The average value of a _-NOg
for each wave-length together with the extrapolated value for infinite
wave-length is given in table IV.2.

*
The author's thanks are due to Mr. J.A.C.M. van der Beek for his
assistance in carrying out the measurements.
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00 T ab le  IV. 1

P o l a r i z a b i l i t y  o f  t h e  N O j-ion  from NaNOg s o l u t i o n s  ( t  = 25°C)

m d
6678 X 5893 X 5461 X 4358 X

n a  (X3 ) n a  (X3 ) n a  (X3 ) n a  (X3 )

1.6233 1.08080 1.34372 3 .9 5 4 1.34595 3. 979 1.34760 4 .007 1.35397 4 .109

2 .0895 1.10260 1.34700 3 .950 ' 1 .34930 3 .979 1 .35098 4 .0 0 6 1 .35754 4 .110

2 .4294 1.11785 1.34927 3. 951 1.35161 3. 980 1 .35335 4 .009 1 .36002 4 .112

2 .9635 1.14116 1.35273 3 .950 1 .35515 3 .982 1 .35690 4 .008 1 .36374 4. I l l

3 .9634 1.18190 1.35858 3 .949 1 .36112 3 .982 1 .36298 4 .010 1 .37008 4 .109

4 .3893 1. 19807 1.36084 3. 949 1.36338 3.981 1 .36525 4 .007 1.37252 4. 109

5.0759 1.22339 1.36436 3 .948 1.36696 3. 980 1 .36887 4 .006 1 .37635 4. 108

5.6096 1.24210 1.36696 3 .949 1 .36954 3 .979 1 .37149 4 .005 1 .37914 4. 108

6 .4391 1.26984 1.37073 3 .949 1.37346 3. 980 1 .37543 4 .007 1.38331 4. I l l

6 .9756 1 .28664 1.37296 3 .950 1.37566 3 .980 1.37770 4 .007 1. 38567 4 .109

7 .9042 1.31465 1.37670 3.951 1 .37948 3 .982 1 .38153 4 .007 1.38971 4 .109

8 .9842 1.34478 1.38064 3 .952 1.38347 3 .983 1 .38566 4 .008 1.39401 4. I l l

9 .6632 1 .36273 1.38288 3. 950 1.38577 3 .982 1 .38789 4 .007 1 .39654 4 .111



0.220

X-6678Ji0.2/8

0.2/6

0.2/4

0.2/0

X =4358 A
0.208

0.350 0360 0.380 0.390

F i g u r e  I V . 1 .  R a d i u s  o f  t h e  n i t r a t e  i o n  f r o m
s o d i u m  n i t r a t e  s o l u t i o n s .

T able  I V .2

Radius and p o l a r i z a b i l i t y  o f  th e  NOj-lon

X  (X )
NaN0„ s o l u t  i  ons KNOg s o l u t i o n s

r  (X ) a  (X 3 ) a  (K 3 )

6678 2 .2 2 3 .9 5 0 3.951
5893 2 .1 6 3.981 3.981
5461 2. 22 4 .007 4 .010
4358 2 .2 0 4 .110 4 .112

00 3 .838
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The p o l a r i z a b i l i t y  of  th e  n i t r a t e  ion  has been c a l c u l a t e d  from
measurements of  th e  o p t i c a l  r e f r a c t i o n  of potassium  n i t r a t e  s o lu t io n s
as w e l l .  The experim en ta l  r e s u l t s  a re  g iven in  t a b l e  IV .3. The va lues
of <̂ mq~ g iv e n  in  t h i s  t a b l e  have been c a l c u l a t e d  w ith  th e  v a lu e  o f

_ 3
2.20  a f o r  th e  r a d iu s  of th e  n i t r a t e  ion; th e  average  va lue  fo r  each
wave-length  i s  given in  t a b l e  IV .2. From t h i s  t a b l e  i t  can be concluded
t h a t  t h e r e  i s  no d e te c t a b l e  d i f f e r e n c e  between th e  v a lu e s  of a Mri-  as" NO„
c a l c u l a t e d  from potassium  n i t r a t e  and from sodium n i t r a t e  s o l u t i o n s .
I t  must a l s o  be no ted  t h a t  in  b o th  c a se s  th e  p o l a r i z a b i l i t y  o f  th e
n i t r a t e  ion is  independent o f  th e  c o n c e n t ra t io n .

IV .3. O p t ic a l  r e f r a c t i o n  of s i l v e r  n i t r a t e  s o lu t io n s

Using th e  v a lu e s  of  a^Q- and r^Q- as c a l c u l a t e d  from th e  aqueous
3 3

sodium n i t r a t e  s o lu t i o n s ,  i t  i s  now p o s s ib le  to  c a l c u l a t e  th e  p o l a r i 
z a b i l i t y  and th e  r a d i u s  of  th e  s i l v e r  ion  from measurements o f  th e
r e f r a c t i v e  index and th e  d e n s i ty  of aqueous s i l v e r  n i t r a t e  s o lu t i o n s .
The e x p e r im e n ta l  r e s u l t s  a r e  g iv e n  in  t a b l e  IV .4. In f i g u r e  IV .2,
1 /a^  + i s  p l o t t e d  as  a fu n c t io n  of (2n^ - 2 ) / (2 n ^  + 1).

0.440

A -5893 A

0.420

(A )
0.410

A -4358A

0.400
0.375 0.385 0.39503650.355

F i g u r e  I V . 2 .  Ra d i u s  o f  t h e  s i l v e r  I on  f r o m
AgNO^ s o l u t i o n s .
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Tab le  IV .3

P o la r iz a b i l i t y  o f  th e  N O j- io n  from  KNOg s o lu t io n s  ( t  = 25°C)

6678 X 5893 X 5461 X 4358 X
m d

n a  (X3) n a  (X3) n a  (X3) n a  (X3)
1.5983 1.08724 1.34321 3.951 1.34543 3. 979 1.34711 4.013 1.35336 4.109

1.8668 1.10092 1.34508 3.952 1.64735 3.982 1.34902 4.012 1.35542 4.116

1.9789 1.10652 1.34585 3.953 1.34811 3.982 1.34977 4.009 1.35618 4.111

2.4625 1.12999 1.34895 3.948 1.35130 3.982 1.35296 4.006 1.35953 4.109

2.8152 1.14632 1.35109 3.948 1.35346 3.981 1.35521 4.010 1.36188 4.113

3.2290 1.16503 1.35362 3.952 1.35598 3.982 1.35776 4.011 1.36459 4.116



ui
CO

T able  I V .4

P o l a r i z a b i l i t y  o f  th e  Ag+- i o n  from AgNOg s o l u t i o n s  ( t  = 25°C)

m d
6678 X 5893 X 5461 X 435 8  X

n a  (X 3 ) n a  (X 3 ) n a  (X3 ) n a  (X 3 )

1.1819 1.15531 1.34969 1.611 1.35207 1 .624 1 .35375 1.632 1.36027 1.658

1.4809 1.19321 1.35427 1.611 1.35670 1.623 1.35844 1.632 1.36518 1 .659

1.9424 1.24979 1.36104 1.613 1.36356 1 .624 1.38536 1.631 1.37242 1 .660

2.5049 1.31622 1.36893 1.613 1.37159 1 .625 1.37345 1.831 1.38086 1.659

3.1630 1.39068 1.37777 1. 613 1.38052 1 .624 1.38249 1.630 1.39038 1.662

3. 4621 1.42322 1.38162 1 .614 1.38141 1 .625 1.38647 1.633 1.39452 1.663

3 .8994 1.46973 1.38706 1.613 1.38996 1 .624 1.39203 1 .630 1.40039 1.562

4. 3809 1 .51925 1.39288 1.613 1.39586 1 .624 1.39800 1.630 1.40667 1 .663

4.7629 1.55751 1.39739 1.613 1.40038 1.623 1.40257 1.629 1.41143 1.661

5.2616 1. 60582 1.40297 1.611 1.40611 1.622 1 .40835 1.629 1.41751 1.660



The radius of the silver ion has been calculated from the slopes of
the resulting straight lines (table IV.5). The average value of the
radius, 1.26 8,is exactly the same as the crystallographic radius
given by Pauling 47! The values of a A + given in table IV.4, calcu
lated with the average value of 1.26 8 for the radius of the silver
ion, clearly show that the polarizability of the silver ion is inde
pendent of the concentration of the silver nitrate solutions. The
average value of, cxA + for each wave-length together with the extra
polated value for infinite wave-length is given in table IV.5.

Table IV. 5

Radius and polarizability of the Ag+-ion

k(R) r (8) a(83)

6678 1.25 1.613

5893 1.27 1.624

5461 1.28 1.631

4358 1.23 1.661

00 1.580

In applying the Onsager-Böttcher theory to the optical refraction
of aqueous silver nitrate solutions, it has been assumed that this
electrolyte is completely dissociated. However, it is known from con-
ductivity measurements (Campbell and Kartzmark ) that the dissocia
tion is incomplete; at m = 3.4, for example, the degree of dissocia
tion is only 0.84. This incomplete dissociation does not show up in
the relation between 1/a! + and (2n2 - 2)/(2n2 + 1). The question as
to how far the Onsager-Böttcher theory can give information about the
association of ions in solution will be further examined in the fol
lowing section.

IV.4. Optical refraction of solutions of potassium iodide + mercuric
iodide

In solutions containing Hg2+-ions and halide ions a number of
mercuric-halide complexes can be formed. The distribution of the mer
curic ions over the various complexes depends strongly on the concen
tration of the halide ions. The equilibria existing between these com
plexes have been investigated by Sillen 4 . Prom his electrometric
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T able  IV. 6

P o l a r i z a b i l i t y  o f  t h e  H g I | “ - io n  from aqueous  s o l u t i o n s  o f  Hgl2 + KI ( t  = 25°)

“ KI “Hgl2 d
6678 £ 5893 A 5461 A 4358 A

n a  (A3) n a  (A3 ) n a  (A3 ) n a  (A3 )
0 .7847 0 .2845 1.18618 1.36170 29 .93 1 .36487 30. 51 1.36725 31.00 1 .37747 33. 33
0 .7955 0.2877 1.18836 1.36214 2 9 .97 1 .36529 30. 54 1 .36766 31.01 1 .37793 3 3 .34
1.3243 0 .2700 1.23569 1.37048 2 9 .98 1.37378 30. 54 1 .37630 31 .03 1 .38709 33 .38
1. 3310 0 .4881 1.30686 1.38200 29 .98 1 .38580 30. 54 1 .38874 31 .00 1.40211 33. 36
2 .3800 0 .3425 1.35619 1.39106 29 .99 1.39491 30. 57 1.39781 3 1 .02 1 .41073 3 3 .37
1 .8887 0 .5326 1.37102 1.39301 2 9 .98 1.39711 30. 54 1 .40029 31.01 1 .41484 3 3 .37
2.0088 0.6473 1.41591 1.40042 29 .97 1 .40483 30. 53 1.40825 30.99 1 .42426 3 3 .35
2 .3164 0 .5606 1.41601 1.40061 2 9 .94 1 .40494 30.51 1 .40828 30 .98 1 .42363 33. 34
2 .6048 0.7331 1.48930 1.41302 29 .98 1 .41777 30. 54 1 .42150 31 .00 1 .43914 33. 37
2 .7455 0.7138 1.49458 1.41392 29 .98 1 .41868 3 0 .53 1.42241 3 0 .99 1 .43993 33 .36
2.2451 0 .9 3 5 4 1.51830 1.41748 29 .96 1 .42258 30. 52 1 .42665 30 .98 1 .44623 3 3 .35
2.2761 1.0464 1.55169 1.42289 29 .93 1.42832 30. 50 1.43257 30.96 1 .45344 33 .33
3.2473 0.8430 1.56783 1.42635 2 9 .97 1 .43153 30. 53 1.43563 3 0 .99 1 .45507 33. 37
3 .4 1 3 4 1.0738 1.63965 1.43846 29. 99 1 .44423 30. 56 1 .44876 31.01 1 .47090 3 3 .39
3 .1135 1.1688 1.64407 1.43891 29.96 1 .44479 30. 52 1 .44944 30 .98 1 .47237 3 3 .35
3.4159 1.4943 1.74605 1.45623 2 9 .95 1 .46289 30. 51 1 .46819 3 0 .9 7 1.49486 33 .33
4 .3852 1. 2726 1 .75100 1.45751 29. 98 1.46391 30. 55 1 .46898 3 1 .00 1 .49406 33. 40
4 .7665 1.6983 1.87048 1.47791 2 9 .97 1 .48526 30. 53 1 .49119 31 .00 1.52096 33 .39
5.1759 2 .1878 1.99504 1.49938 29 .96 1 .50782 30. 53 1 .51458 3 0 .99 1. 54956 33. 38



i n v e s t i g a t i o n  i t  fo l lows  t h a t  a l l  th e  Hglj  i s  conve r t ed  i n t o  Hgl |
s o l u t i o n s  of  Hglg + KI in  which Cgj > 2Cj|g j ( c

ions  in
c o n c e n t r a t i o n  in

.2-m o l / l i t r e  s o l u t i o n ) .  The p o l a r i z a b i l i t y  and th e  r a d i u s  of  t h e  Hglf *
ion have been c a l c u l a t e d  from measurements of  the  r e f r a c t i v e  in d i c e s
and th e  d e n s i t i e s  o f  aqueous s o l u t i o n s  of  potassium iodide  + mercur ic
iod ide  in  which c ^ j  - 2cHgI > 0 .15  m o l / l i t r e .  The e x p e r i m e n t a l  r e 

s u l t s  a r e  g iven in  t a b l e  IV. 6.
A p l o t  o f  1/a* - 2 -  s s  a f u n c t i o n  of  (2n -  2 ) / ( 2 n ^  + 1) r e v e a l s

the  l i n e a r  r e l a t i o n  e x i s t i n g  between th e s e  two q u a n t i t i e s  ( f i g u r e  IV. 3) .
2 -The r a d i u s  of  the  Hgl |  - i o n  has been c a l c u l a t e d  from th e  s lo p e s  of  the

s t r a i g h t  l i n e s  ( t a b l e  IV.7) .  The va lue s  of  the  p o l a r i z a b i l i t y  of  the
2 -Hgl? - i o n  g iven in t a b l e  IV .6 were c a l c u l a t e d  wi th  t h e  average  va lue  of

3 .79  X f o r  r u„ T2- .  The average  va lue  of  t h e  p o l a r i z a b i l i t y  f o r  eachHgl^
w ave- l ength  t o g e t h e r  wi th  t h e  e x t r a p o l a t e d  v a lu e  f o r  i n f i n i t e  wave
length  i s  g iven in t a b l e  IV .7.

0027

0.026

A -6678 A

0.025

A -  5893 A

-0023

0.022

F i g u r e  IV«3« R a d i u s  o f  t h e  Hg I - i o n  f r o m
s o l u t i o n s  o f  HgI^ + KI .
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Table IV. 7
O  .

Radius and polarizability of the Hgl| -ion

A. (*> r (R) a  (X3 )

6678 3.79 29.97

5893 3.80 30.53

5461 3.81 31.00

4358 3.77 33.36

00 27.79

The structure of a number of mercuric-halide complexes in aqueous
solution has been investigated by means of X-ray diffraction (vanen
Panthaleon van Eck, Wolters and Jaspers ). The Hg-I distance in the
probably slightly distorted Hgl?" tetrahedron was found to be 2.78 R,
which value is almost equal to the sum of the covalent radius of Hg
(rHg = 1.48 £)and the covalent radius of I (r^ = 1.28 R) as given by
Pauling 7. An estimate of the radius of the circumscribed sphere of
the Hgl^'-ion is obtained by taking rHg + 2rj = 4.04 R. This radius
is, as must be expected, somewhat greater than the radius of 3.79 X
calculated from the optical refraction measurements. 2 •It must be noted here that the polarizability of the Hgl| -ion
(27.79 K?) is almost equal to the sum of the polarizability of the
Hg3+-ion (1.25 X3 according to Pauling) and four times the polariza
bility of the l"-ion (ajjg2+ + 4a^-= 27.92 J?3, all values at infinite
wave-length).

In applying the Onsager-Bb'ttcher theory to the optical refraction
of solutions it has to be known beforehand what kinds of particles and
how many of each are present in the solutions. The polarizability ando .the radius of the Hgl| -ion could be calculated from measurements of
the refractive indices and the densities of solutions of potassium
iodide + mercuric iodide in water because it was known from other
sources that in the solutions investigated, H„0-molecules, K +-, I--2 -  “and Hgl£ -ions were the only species present. However, it was thought
to be interesting to examine whether it is possible to decide, on the
basis of the optical refraction measurements only, on the type(s) of
complex(es) present in aqueous solutions of potassium iodide + mercuric
iodide. In order to do so, the experimental results were interpreted
in terms of the complex Hgll. According to the results of Sillen
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this complex is present in solutions of KI + Hgl2 at low KI concen
trations but not in the solutions investigated here: in these solutions( 0+ O.all the Hg -ions have formed Hglf -ions.

(2n‘
In figure IV.4,
1 ♦ 1). 1/aHgI- is plotted as a function of (2n^ - 2)/

A-S4&/
0.030

F i g u r e  I V •4. R a d i u s  of t h e  " H g i ~ - i o n " .

It can be seen from this graph that the Onsager-Bottcher theory leads,
in the case of the "hypothetical" complex HglT, to straight lines as
well and hence it is possible to calculate the radius and the polari
zability of this ion. These calculations lead to: r„_T- = 3.39 R and_ tig to**6

21.19 K (infinite wave-length). The results obtained for the
o -Hgl^ -ions and for the "HgIg"-ions clearly do not reflect the fact that

the former ions are the species actually present in the solutions
whereas the latter ions are, in our case, only fictively present. Prom
this example it can be concluded that the Onsager-Bottcher theory is
not suitable for ascertaining what types of complexes are present in
solutions.
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IV.5. Discussion
The Onsager-Böttcher theory gives a satisfactory explanation of

the non-additivity of the molar refraction of electrolyte solutions.
The assumption Pajans 34 had to make to explain this non-additivity
are therefore superfluous. This has been demonstrated by Böttcher
37,38,39^ Scholte 4d and Joustra 4 . These authors showed that the
polarizabilities of a great number of ions, as calculated with the
aid of the Onsager-Böttcher theory, are independent of the concentra
tion. The results presented in this thesis show that this essential
success of the Onsager-Böttcher theory is not invalidated if a value
of 1.50 X is used for the radius of the water molecule instead of
1.36 X as was done before. The new value for the radius of the water
molecule is based upon the X-ray diffraction measurements described in
chapter II and upon the optical refraction measurements carried out
by Tilton and Taylor .

The actual values for the polarizabilities and for the radii of
ions calculated from optical refraction measurements do depend upon
the value adopted for the radius of the water molecule. The results
for the potassium ion and for the chloride ion calculated from the
measurements of Joustra 41 by first taking rH^Q = 1-36 ^ and then
taking r„ n = 1.50 X are given as examples in table IV.8. It can be

H2°
seen from this table that an increase in r„ Q results in an increase
both in the calculated polarizabilities and in the calculated radii
of the ions.

Table IV. 8

Radius and polarizability of the potassium and the chloride ion

K+ C]L“

rH20 r (X) aco (X^) r (X) a® (83>

1.36 1.17 0.886 1.82 2.922

1.50 1.32 0.944 2.10 3.169

rc =1.33 rc =1.81

The radii of the potassium ion and of the chloride ion as calculated
from the optical refraction measurements are compared in this table
with the crystallographic radii, r_, of these ions. The agreement is
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excellent if for the radius of the water molecule we adopt a value of
1.50 A in the case of the potassium ion and a value of 1.36 R in the
case of the chloride ion. It must be emphasized, however, that in view
of the simple model on which the Onsager-Böttcher theory is based one
should not expect an exact agreement of the calculated radii with the
crystallographic radii of the ions. In connection with this, it is
useful to quote the final conclusion to which Stern and Amis 51 come
by comparing the radii of ions obtained with different methods (con
ductance, activity coefficients etc.):

"The ionic radius is an operational concept which has a
specific meaning and value only for specifled experimental
conditions and methods of calculation. It would appear that
ionic size can be thought as the volume influence exerted
by an ion under the particular conditions, the method of
measurements and the application of theory being used".

This quotation applies very well to the ionic radii as derived from
optical refraction measurements, i.e. these radii have to be regarded
as radii in their own right.

It is not possible to decide on the basis of the Onsager-Bottcher
theory on the kinds of particles present in a solution, as was shown
in the preceding section. In order to apply the theory to the optical
refraction of electrolyte solutions one has to know beforehand what
kinds of particles and how many of each are present in the solutions
and for this we have to rely on other data.
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SAMENVATTING

In dit proefschrift zijn enige onderzoekingen beschreven die ver
richt werden aan water en aan oplossingen van elektrolyten in water.
Het experimentele werk omvatte metingen van de röntgen-diffractie en
van de optische refractie. De röntgen-diffractiemetingen moesten die
nen om informatie te verkrijgen omtrent de in vloeistoffen voorkomen
de structuur. Deze structuur wordt juist buiten beschouwing gelaten in
de Onsager-Böttcher theorie, welke in dit proefschrift gebruikt werd
voor de interpretatie van de optische refractiemetingen. Uit metingen
van brekingsindices en dichtheden van elektrolytoplossingen kunnen met
behulp van deze theorie de polariseerbaarheid en de straal van ionen
berekend worden.

In hoofdstuk I wordt beschreven hoe uit röntgen-diffractiemetingen
aan vloeistoffen de verdelingsfuncties berekend kunnen worden. Speciale
aandacht wordt hier ook besteed aan de berekening van de schaalfactor
die gebruikt moet worden voor de omrekening van de waargenomen inten
siteiten op een absolute schaal.

In het tweede hoofdstuk worden de resultaten van de röntgen-dif
fractiemetingen besproken. Teneinde de experimentele techniek en de
rekenmethodiek te toetsen werden eerst metingen verricht aan amorf SiOg.
De uit deze metingen berekende Si-0 afstand blijkt in overeenstemming
te zijn met de uit de literatuur bekende waarden. Bovendien kon worden
berekend dat in amorf SiO» ieder siliciumatoom omgeven is door vier
zuurstofatomen.

De röntgen-diffractiemetingen aan water werden verricht bij 0 ,
25° en 45°C. Van de in deze vloeistof voorkomende interatomaire af
standen werd o.a. de 0-H afstand in de watermoleculen gevonden. Tevens
werden aanwijzingen gevonden voor het optreden van niet-lineaire wa-
terstofbruggen in water. Nagegaan werd met welk model voor de "struc
tuur" van water de resultaten het beste in overeenstemming zijn. Dit
bleek het model te zijn waarin ieder zuurstofatoom octa'édrisch om
ringd is door zes zuurstofatomen.

Verder werd nagegaan of het mogelijk is om met behulp van röntgen-
diffractiemetingen gegevens te verkrijgen over de hydratatiegetallen
van ionen in oplossing. Uit metingen aan KOH-oplossingen van verschil
lende concentraties werd voor het K+-ion een hydratatiegetal van 6-8
gevonden. Onder hydratiegetal moet hier dan worden verstaan het gemid
delde aantal watermoleculen dat zich om een K -ion bevindt; de rönt
gen-diffractiemetingen geven geen informatie omtrent de binding tus-
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sen de ionen en de watermoleculen (of OH*-ionen).
Een belangrijke grootheid nodig voor de berekening van de polari-

seerbaarheid en de straal van ionen uit refractiemetingen aan oplos
singen van elektrolyten in water is de straal van het watermolecule.
Door andere onderzoekers werd hiervoor steeds een waarde van 1.36 R
gebruikt, welke voornamelijk gebaseerd was op de straal van het water
molecule in ijs. In het derde hoofdstuk van dit proefschrift worden
argumenten naar voren gebracht om in plaats van 1.36 'k de waarde 1.50 X
voor de straal van het watermolecule te gebruiken. Deze argumenten
zijn gebaseerd op de in het tweede hoofdstuk beschreven röntgen-dif-
fractiemetingen aan water en op de temperatuur-afhankelijkheid van de
brekingsindex van water, zoals deze uit de literatuur bekend is. Bij
de berekeningen in dit proefschrift werd steeds de waarde 1.50 K ge
bruikt.

In het vierde hoofdstuk worden de resultaten vermeld van de ver
richte refractiemetingen. De polariseerbaarheid van het NOl-ion werd
berekend uit metingen aan NaNOg-en KNOg-oplossingen en bleek onafhan
kelijk van het kation te zijn. De uit deze metingen bepaalde polari-
seerbaarheid en straal van het NOg-ion werden gebruikt om uit refrac
tiemetingen aan AgNOg-oplossingen de polariseerbaarheid en de straal
van het Ag -ion te berekenen. Uit de literatuur is bekend dat de dis
sociatie van AgNOg in waterige oplossing onvolledig is, hetgeen echter
niet tot uiting kwam in de resultaten van de refractiemetingen. Dit
probleem van associatie in oplossing werd nader onderzocht aan oplos
singen van KJ + HgJg in water. Het is bekend dat in oplossingen waar
in de concentratie van het KJ tweemaal zo groot is als die van het
HgJ2, al het HgJg omgezet wordt in het complexe ion Hgj|*. De polari-
seerbaarheid en de straal van dit ion werden berekend uit refractie
metingen aan oplossingen van KJ + HgJ» die aan deze voorwaarde volde
den. Daarna werd nagegaan of de refractiemetingen zelf ook aanleiding
geven te concluderen tot de aanwezigheid van het HgJ?"-ion in de on
derzochte oplossingen. Dit bleek niet het geval te zijn; de resulta
ten van de metingen zouden even goed interpreteerbaar zijn als we zou
den aannemen dat in de oplossingen niet het HgJ?"-ion doch het "hypo
thetische" HgJg-ion aanwezig is. Teneinde de Onsager-Böttcher theorie
te gebruiken voorde berekening van de polariseerbaarheid en de straal
van complexe ionen moet dus langs andere weg eerst vastgesteld worden
welke ionen in de oplossingen voorkomen.

61



REFERENCES

1 .  J . 0 .  B e rn a l  and R .H .  F o w le r ,  d .C h e m .P h y s .  1, 515 11933••

2 .  C . L .  van P a n th a le o n  van  Eek , H. Mendel and W. Boog ,  D i s c u s s i o n s  F a rad ay
S oc .  24, 200 (19571*

3 . c . L .  van P a n th a le o n  van E ck ,  Hi Mendel and J ■ F a h r e n f o r t ,  P ro c .R o y « S o c •
(L ondo n )  A 247, 972 (1 9581 *

9 .  J .  Morgan and B .E .  W a r re n ,  d .C h e m .P h y s .  6 , 666 ( 1 9 3 8 ) .

5 .  C . d . F .  B o t t c h e r ,  T h e o r y  o f  E l e c t r i c  P o l a r i s a t i o n ,  E l s e v i e r  Pub I .C o m p . ,

A m s te rdam , 1 9 5 2 .
6 .  L.W. T i l t o n  and d . K .  T a y l o r ,  d .  R e se a rch  N a t l .  B u r .  S ta n d a rd s  2 0 ,  919

( 1 9 3 8 ) .

7 .  P. Debye , Ann. P h y s i k  4 6 ,  809 (19151*

8 . F. Z e r n i c k e  and d . A .  P r i n s ,  Z .  P h y s ik  41, 189 (1 9 2 7 1 .

9 .  R.W. d a m e s ,  The O p t i c a l  P r i n c i p l e s  o f  t h e  D i f f r a c t i o n  o f  X - r a y s ,
G. B e l l  and Sons L t d . ,  London , 1 9 9 8 .

1 0 .  B .E .  W a r re n ,  H. K r u t t e r  and 0 .  M o r n i n g s t a r ,  d .A m . C eram ic  Soc.. 19, 202
( 1 9 3 6 ) .

1 1 .  G.W. B rady  and d . T .  K ra u s e ,  d .  Chem. P hys .  27, 309 ( 1 9 5 7 ) .

1 2 .  G.W. B ra d y ,  d .C h e m .P h y s .  28, 969 ( 1 9 5 8 ) .

1 3 .  d .  K ro g h -M o e , A c ta  C r y s t .  9 ,  951 ( 1 9 5 6 ) .

1 9 .  N. Norman, A c ta  C r y s t .  10, 370 ( 1 9 5 7 ) .
1 5 .  K. S a g e l ,  T a b e l l e n  z u r  R ö n t g e n s t r u k t u r a n a  I y s e , S p r i n g e r  V e r l a g ,  B e r l i n ,

1 9 5 8 .

1 6 .  R. McWeeny, A c ta  C r y s t .  4, 513 ( 1 9 5 H  •
1 7 .  d .  B e r g h u i s ,  Y .M . H a a n a p p e l ,  M. P o t t e r s ,  B . 0 .  L o o p s t r a ,  C .H .  M a c G i l l a v r y

and A . L .  V e e n e n d a a l ,  A c ta  C r y s t .  8 ,  978  (1 9551 *

1 8 .  M.E . M i l b e r g  and A .D .  B r a i l s f o r d ,  A c ta  C r y s t .  11, 672 (1 -958).

1 9 .  A .H .  Compton and S .K .  A l l i s o n ,  X - r a y s  i n  T h e o ry  and E x p e r im e n t ,  D. van
N o s t ra n d  Comp.,  New Y o rk ,  1 9 9 8 .

2 0 .  H. V i e r v o l l  and 0 .  Ö g r im ,  A c ta  C r y s t .  2 ,  277 (1 9991 *

2 1 .  R.W.G. W y c k o f f ,  C r y s t a l  S t r u c t u r e s ,  vo lum e I ,  s e c t i o n  e ,  I n t e r s c i e n c e
Pub I . I n c . ,  New Y o r k ,  1 9 9 8 .

2 2 .  W .0 .  M i l l i g a n ,  H .A .  Levy and S.W. P e t e r s o n ,  Phys . Rev. 83 ,  226 ( 1 9 5 H *

23 . R. Mecke and W. Baumann, P h y s i k .  Z. 3 3 ,  833 (1932 )  •

2 9 .  S.W. P e te r s o n  and H .A .  Le vy ,  A c ta  C r y s t .  10, 70 (1 9 5 7 1 .

25 . H. M e n d e l ,  D i s c u s s i o n s  Fa ra d a y  S oc .  2 4 ,  235 ( 1 9 5 7 ) .

2 6 .  G .E .  B acon , N e u t ro n  D i f f r a c t i o n ,  O x f o r d ,  1955*

2 7 .  L .E .  O r g e l ,  R e vs .  Modern P hys .  31, 100 (1 9 5 9 * •

2 8 .  € . R .  L i p p i n c o t t  and R. S c h r o e d e r ,  d .C h e m .P h y s .  2 3 ,  1099 (1 9551 *

2 9 .  d . A .  P o p le ,  P r o c .  R oy .  S o c .  ( L o n d o n ) ,  A 205, 163 (1 9 5 1 * •

3 0 .  L.  P a u l i n g  In  "H y d ro g e n  B o n d in g "  ( e d i t e d  by D. H a d l i  and H. W .Thom pson),
Pergamon P r e s s ,  London ,  1959.

3 1 .  d . O 'M .  B o c k r i s ,  Q u a r t .  R e vs .  (L ondo n )  3, 173 ( 1 9 9 9 ) .

62



3 2 .  E .J .W .  Ver wey ,  Ree.  t r a v .  c h i m .  61 , 12 7 ( 1 9 4 2 ) .

33» H.A.  Lo r e - n t z ,  T h eo r y  o f  e l e c t r o n s ,  L e i p z i g ,  1909.

3 9 . K. Fa j  a n s , Z . E I e k t  r oc  hem. 34 ,  502 ( 1 9 2 8 ) .

35. L. O ns age r ,  J . Am.Chem.Soc. 58 , I 4 8 6  ( I936 1.
3 6 .  C . d . F .  Bö’t t c h e r , PhyS i ca 9, 937 and 945 ( 1 9 4 2 ) .
3 7 .  C . d . F .  B ö t t c h e r , Rec . t r a v . c h im . 62 ,  325 ( 1 9 4 3 ) .
38*  C . d . F .  B ö t t c h e r , Rec . t r a v . c h i m .  62 ,  503 ( 1 9 4 3 ) .
3 9 .  C . d . F .  B ö t t c h e r , Rec . t  ra v • c h i m .  65 ,  19 ( 1 9 4 6 ) .
40 .  Th .G.  S c h o l t e ,  T h e s i s , Le ide n,  19 50 .
4 1 .  H.W. d o u s t r a ,  T h e s i s , Le i den , 19 59 .
4 2 .  K. L o n s d a l e ,  Proc • Roy • Soc • (London)  A 2 4 7 ,  424 ( 1958 ) .
4 3 . C . d . F .  B ö t t c h e r , Rec • t  ra v . c h i m .  65 ,  14 ( 1 9 4 6 ) .

4 4 .  d . S .  Rosen ,  J . O p t . S o c . Am. 37 ,  932 ( 1 9 4 7 ) .

45 .  N.E.  D o r s e y ,  P r o p e r t i e s  o f  O r d i n a r y  W a t e r - S u b s t a n c e ,  R e i n h o l d  P u b l .
Comp. ,  New Y o r k ,  1 9 4 0 .

4 6 .  d . P .  M a t h i e u  and M a ck en z i e  L o u n s b u r y ,  D i s c u s s i o n s  F a r ad av  S oc .  9 .  146
( 1 9 5 0 ) .

47 .  L.  P a u l i n g ,  The N a t u r e  o f  t h e  Ch em ic a l  Bond,  C o r n e l l  U n i v e r s i t y  Press
1 o u r  '  1 '

Camp be l l  and E.M.  K a r t z m a r k ,  Can.  d .Chem.  3 3 ,  887 (1955).
Si l i e n ,  Acta Chem.Scand. 3 ,  539 ( 1 9 4 9 ) .

van  Pa n tha  I eon van  Eek,  H .B .M.  W o l t e r s  and W.d . M.  J a s p e r s ,
t r a v .  c h i m .  75,  802 { 1956 ) .

S t e r n  and E . S .  Amis, Chem. R ev s .  5 9 ,  1 ( 1 9 5 9 ) .

48 .  A . N.

4 9 .  L.G.

5 0 .  C . L .
Rec .

51. K.H.

63



ACKNOWLEDGEMENT

I wish to express my gratitude to Dr Ir E.L. Mackor for his in
terest in the work and for the stimulating discussions, and also to
Dr H. Mendel for his valuable advice concerning the chapters I and II.

I am very much indebted to the Management of the Koninklijke/Shell-
Laboratorium, Amsterdam, for having given me the opportunity to perform
this work and for the permission to publish the results of the X-ray
diffraction measurements as part of this thesis.

64



S T E L L I N G E N

1

Bij de berekening van de polariseerbaarheden en de stralen van ionen
uit nntische refractiemetingen aan oplossingen van electrolyten in
water verdient het aanbeveling de waarde 1.50 voor de straal van
het watermolecule te gebruiken.

Dit proefschrift. Hoofdstuk III.

2
Het is niet te verwachten dat de door Higuchi afgeleide formule voor
de berekening van de diëlectrische constante van dispersies uit de
diëlectrische constanten van de componenten betere resultaten zal ge
ven dan de door Böttcher afgeleide formule.

W.I. Higuchi, J. Phys. Chem. 62, 649 (ïgSB'l-
C.J.P. Böttcher, Theory of Electric Polarisation,

Chapter XI.
3

De resultaten van de door Tourky en Rizk uitgevoerde metingen ter be
paling van het dipoolmoment van het SnCl4-molecule rechtvaardigen niet
hun conclusie dat dit molecule een pyramidale structuur heeft.

A.R. Tourky en H.A. Rizk, J. Phys. Chem. 61, 231
(1957).

4

Het door Blackadder en Hinshelwood voorgestelde reactiemechanisme voor
de ozydatie van hydrazobenzeen in alkalisch milieu is op grond van de
door hen gegeven experimentele resultaten niet aanvaardbaar.

D.A. Blackadder en C. Hinshelwood, J. Chem. Soc.
1957, 2898.

5

De interpretatie die Mitra en Atreyi geven nan de electrometrlsche
titratiecurve van ureum-formaldehydehars is aan bedenkingen onder
hevig.

R.P. Mitra en M. Atreyi, Naturvlssenschaften 45,
286 (1958).





6
De conclusie van Hall dat geluidsrelaxatie tengevolge van het "stoel-
bed" evenwicht in methylcyclohexaan bij lage frequenties (< 100 KHz)
optreedt is onjuist; relaxatie tengevolge van dit evenwicht moet juist
bij zeer hoge frequenties (> 100 MHz) worden gezocht.

D.N. Hall, Trans. Faraday Soc. 55, 1319 (1959).

7

McCusker en Ostdick hebben niet aannemelijk gemaakt dat bij de eerste
stap in de reactie tussen BClg en een hexa-alkylcyclotrisiloxaan drie
moleculen BClg betrokken zijn.

P.A. McCusker en T. Ostdick, J.Am. Chem. Soc.
80, 1103 (1958).

8
Het is niet noodzakelijk dat de bromering van tropon tot 2,7-dibroom-
tropon via het door Nozoe et al. voorgestelde tussenprodukt verloopt.

P.L. Pauson, Chem. Revs. 55, 41 (1955).
T. Nozoe, T. Mukai, K. Takase en T. Nagase, Proc.

Japan Acad. 28. 477 (1952).

9

Het is niet zonder meer in te zien dat de verklaring, die Carrington,
Dravnieks en Symons geven voor de verandering met de tijd van het
electronenspinresonantiespectrum van het mono-negatieve ion van anthra-
ceen juist is.

A. Carrington, F. Dravnieks en M.C.R. Symons, J.
Chem. Soc. 1959, 947.

10
Het is ongewenst om de "spin-only" waarde van het magnetisch moment op
te geven als n/^, waarin n het aantal ongepaarde electronen en het
Bohr-magneton is.

W.L. Roth. Phys. Rev. 110, 1333 (1958).
J. B. Goodenough, D. G. Wickham en W.J. Croft, J.

Phys. Chem. Solids 5, 107 (1958).

J. Heemskerk, 17 december 1959.
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