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We have chosen �~�I� as constant of integration. since for small rvalues. 
cp must behave as �~�I�/�r�.� The charge �~�I� can now be calculated for instance 
by replacing in (31 a) the summation over the ions 2. 3 .... n by an 
integral over the total volume. By means of (33) and (35) we obtain in 
this way: 

�~� �~� 

1/" = �~�I�/�a�+� 4n �J�~�r�n� r2 dr= �~�I�/�a�- 4 n n �~�r�c�p�r� dr = 
o 0 

�=�~�I�/�a�-�4�n�~�1� �a�n�J�;�-�<�v�~�~� �d�r�=�~�I�/�a�- �~�I� V4nna 

o 

To the first approximation this gives: 

�~�I� = 1 + V4na3 n (36) 

For 4nan sufficiently smalI. the value of the integral is mainly determ
ined by a part of space which contains many spheres; this justifles our 
method of solving �~�I�'� 

We have now calcutated the right hand side of (30) for a random 
distribution of ions and for small concentrations. Since under these con
ditons the left hand side of (30) will be equal to An-I/An we find. using (25): 

An- I /An=[w(a3(n-I))]n-lj . 3 ',i/, . (37) 
[w (a3 n)] = 1/,. e-x 

n " 

Introducing again the abbreviation (26). we find from (30). (36) and (37) 
the following differential equation for w: 

(38) 

Substituing for w the solution (29) which holds for small x values. we 
obtain an equation which determines K: 

(39) 

Going back to the general case of N ions in a volume V we flnd 
from (17). (25). (26). (28) and (39): 

6, , = 1/2 N k T log nat w (x) 

(40) 

_ 3 _ (1'2 2)3 
X - a n - Dk Tn I niZi n 
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T 0 the flrst approximation the following formulae hold (x « 1) : 

(41) 

The last expression coincides exactly with DEBYE's and HUECKEL'S 
formula (1) in the limiting case of small ionic radie. 

lIl. Discussion o[ results. 

By means of (40) we will first calculate some important thermodyna~ 

mical quantities. 
For the logarithm of the coefficient of acti\;ity ([a)i of the ions of the 

kind i we find: 

log ([.)i= - --= - t l- zi --- 2 --log (1+3t) . 1 à,0,.C 3 ( 2 N ) 1 
kT àNi 2 I Ni Zj 2 

(42) 

If only two kinds of ions are present for which ZJ + Z2 = 0 (KCI. MgS04), 

the first term of the right hand member becomes equal to zero and we find: 

1 {. - - ---
·-VT+3t 

(43) 

For the decrease 6 p and 6'11' in the values of the osmotic pressure p 
and the thermodynamical potential V' due to the interionic forces we find : 

àV 2 (IJ dx x 2V (44) 
6 p=- à,0,.t; = l N k T~ dw V =_ NkIt\' 

6 V' = 6 C + V 6 p = - ~ N k T log (1 + 3 t) 

From the first of these formulae we obtain a simple interpretation of 
the quantity t. Since the osmotic pressure of the ideal solution is equal to 
NkT 

V ' the coefflcient with whichthis expression must be multiplied in 

order to obtain the osmotic pressure corrected for interionic forces , Le. 
the osmotic coefflcient [0' is given by: 

-(45) 

The maximum concentration for which our formulae still have a meaning 
corresponds, according to what has been said on p. 9, to t = 2/3 and is 
thus given by: 
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INiz? 
For D = 80. T = 300. a becomes equal to 6.9.10-8 ~- and we 

find consequently that the number of gramions in a litre at that concen~ 
tration is equal to: 

1000 n ( N )3 
6.06.1023 = 0.059 I Ni z7 (46) 

For an electrolyte of the KCI type this corresponds to a concentration 
of 0.03 mol. KCI per litre. for an electrolyte of the MgSO i type 
with 0.0005 mol. MgS01 per litre. etc. For this maximum concentra~ 
tion the osmotic coefficient is always equal to 2/3 = 0.67 whereas 
the logarithm of the coefficient of activity has become équal t~ . 

2 INiZ~ 1 
1 - Zi ~ -2[og 3. For KCI and MgS01 the coefficient of activity 

1 
itself has thus become equal to 1/3 = 0,58. 

It is certainly striking that our formulae have a physical meaning only 
in a relatively small range of concentrations. We might naturally ascribe 
this to the circumstance that we have neglected the finite dimensions of 
the ions. although the integral (7) which was our starting point. diverges 
for infinitely small radii. The mathematical expression for the compromise 
which has been made is obviously involved in formulae (8) and (14). 
As mentioned in the text these approximations involve the neglect of 
terms depending essentiallyon the ionic radii. The meaning of the 
peculiar behaviour of the function w would then be as follows. Considering 
an isothermal compression of the system where we start from a very 
big volume V i. e. from very sm all concentrations. statistical distributions 
of the ions will. at the beginning of the process. be possible. which are 
continuously connected with the random distribution at very small con~ 
centrations. This might also be expressed by stating that. for sufficiently 
small concentrations. an "atmosphere of free ions" can exist. At larger 
concentrations. however. the tendency of ions with opposity charges to 
"associate" becomes so preponderant (large fluctuations of the quantity A 
in (15)). that at concentrations larger than our critical concentration. no 
distribution of ions can exist which is independent of the dimensions of 
the ions. Obviously this does not yet mean that these dimensions will 
not play a part even at smaller concentrations (partial "association" of 
the ions). 

It will therefore be clear that a comparison of the theory with the 
experiments is rather useless so long as the influence of the ionic radii 
has not been investigated more closely. We hope to return to this 
question on a later occasion. Meanwhile 1 think we may conclude al ready 
that it is illegitimate. from a theoretical point of view. to treat the state 
of a mixture of ions. at greater concentrations and without neglecting 
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the ionic radii, in the way proposed by DEBljE an HUECKEL. In fact it 
seems that the considerations of these authors are based too much on 
the picture of an atmosphere of free ions. The beautiful investigations 
of BjERRUM (loc. cito p. 2) point in the same direction. In this work the 
electrolyte is considered as a mixture of "free" and "associated" ions 
(not chemical association in the sense of the old theory, of course) and 
in many cases more plausible values for the ionic radii are found than 
in DEBljE'S and HUECKEL's theory. 




