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PHYSICAL PROPERTIES OF MIXTURES OF 
ACETONE AND BROMOFORM.

B y  V io l e t  Co r o n a  G w y n n e  T r e w .

Received i 6th February, 1932.

A reference to the literature dealing with physical properties of binary 
mixtures of organic liquids shows that while considerable work has been 
done on mixtures of acetone and chloroform, very few physical properties 
have been determined for mixtures of acetone and bromoform. Quali
tative determination shows that a considerable heat change results on 
mixing acetone and bromoform.

The following investigation was carried out to determine if similar 
deviations from the mixture law occurred to those obtained by previous 
investigation for mixtures of acetone and chloroform. The following
represent the results obtained for the properties ; • density heat
change on mixing, specific heat, viscosity and refractive index, for a 
series of mixtures of acetone and bromoform.

Experimental.
Preparation of Mixtures.—The purest specimens of acetone and 

bromoform obtainable were procured and were both submitted to further 
purification, by careful drying and fractional distillation until a constant 
boiling fraction was obtained. The density was then determined as 
a further test of purity, the following values being obtained.

Acetone =  07847.
Bromoform =  2-8794.

Throughout the experiments the bromoform was kept in the dark 
and as far as possible out of contact with the air in order to prevent 
decomposition.

A series of nine mixtures was then made up by starting with pure 
acetone at one end and adding increasing amounts of bromoform. A 
series was thus obtained having the approximate, compositions of lO, 
20, 30, moles per cent, of bromoform and ending with pure bromoform. 
The mixtures were made up by adding the approximate calculated 
volume of bromoform from a burette to a known volume of acetone to 
give the required composition, and the exact composition was then deter
mined by weight, weighings being taken to the nearest o-l milligram. 
The liquids were weighed in a small flask, by difference, so that the 
small buoyancy correction involved could be neglected, as being almost 
the same for all weighings. The mixtures were then sealed in small 
glass flasks of the exact capacity of the contained liquid and kept in the 
dark until required for the experiments.
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s r o PHYSICAL PROPERTIES G F ACETONE AND BROMOFORM

Table I. Column 2 gives the actual compositions in moles per cent, 
of bromoform in the mixtures used.

T A B L E  I . — A c e t o n e -B r o m o f o r m  M i x t u r e s .

Mixture.
Composition 

in Moles. 
P t r  Cent. 

Bromoform.

Experim ental
Density Density

Percentage
Deviation.

Viscosity
Experim ental

(X io 3).

Viscosity
Percentage
Deviation.

A cetone 0 0 - 7 8 4 7 0 3 -0 5 0
I. 9 -6 9 1 -0 2 4 3 -6 5 4 -0 7 I I  33
II . 2 0 -1 4 1 -2 7 0 4 -9 8 5 -2 9 1 5 -3 6

I I I a . 2 7 -2 7 1 -4 3 8 6 -0 5 — —
ID . 33-20 ------ — 6 -9 6  . 1 6 -3 5
IV . 4 2 -8 0 1 -7 8 4 6 -1 3 8 -4 7 1 4 -0 2
V. 4 9 -5 2 I -9 3 1 5 -9 8 9-54 1 2 -6 4

V I. 59-74 2 -1 2 7 4 4 7 I I - 3 1 9 -8 8
V II. 6 7 -6 6 2 -2 8 3 3 -6 8 1 2 -6 8 8 -1 2
V III . 7 9 .9 7 2 -5 0 7 1-95 15-03 4 -6 3
IX . 9 1 -6 6 2 -7 2 0 0 59 1 7 -3 0 1 -7 6

Brom oform 1 0 0 2 -8 7 9 0 1 8 -9 4 0

Determination of Density.—The density of the pure liquids and of 
the mixtures was determined at 25° C. A small pyknometer of 2 c.c. 
capacity was used, and the density calculated from the mean of three 
determinations. The theoretical value of the density had the Mixture 
Law been obeyed was calculated, and hence the deviation in density was 
determined by difference.

Table I. shows in column 3 the observed density values, and 
in column 4 the calculated percentage deviation.

If a curve of deviation against composition is plotted, it will be seen 
that the maximum deviation occurs between the 30 and 50 moles per 
cent, composition, a deviation of as much as 6 per cent, being obtained 
here.

V is c o s ity .—The viscosity coefficient was determined for each of the 
pure substances and for the mixtures, using a form of the Poiseuille 
viscosimeter as modified by Ostwald. The viscosimeter was chosen of 
such dimensions that the minimum time of flow taken by any of the 
liquids used was not less than 60 seconds, so that from the dimensions 
of the viscosimeter used, Reynolds’ criterion v <  1000 -rjlyjd for non- 
turbulent flow was well satisfied. All determinations were carried out 
at 25° C.

The viscosity of the pure liquids and the mixtures was calculated 
from the mean of three determinations differing by not more than
I  second from each other, using the formula 7]^ =  X 8-91 x  10“ ^
where rĵ  =  viscosity coefficient of the liquid, d  ̂ its density and the 
time of flow, and d and i represent the density and time of flow for water 
using the value 8-91 X lO " ® for the viscosity of water.

Table I. shows the experimental values in column 5. Column 6 
represents percentage deviations from the theoretical values that should 
be obtained if the Mixture Law were obeyed, calculated from the vis
cosity of the pure constituents. On plotting the deviations a maximum 
deviation of about 16 per cent, is obtained at just over 30 moles per cent, 
composition.
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Refractive Index.—The refractive index of the mixtures and the 
constituents was determined at 25° by means of a Pulfrich refrac- 
tometer, using sodium light. The angle of refraction was taken in all 
cases from the mean of three determinations differing from each other 
by not more than one minute of arc.

Table II. shows the experimental refractive index in column 2, 
while column 3 gives the percentage deviation. Here a maximum devia
tion is given at the 50 moles per cent, composition, the deviation being 
about 0-8 per cent, at this point.

T A B L E  I I .— A c e t o n e  B r o m o f o r m .

Mixture. Refractive Index 
Experim ental.

Refractive Index 
Percentage 
Deviation.

Sp. R efractivity. Mol. Refractivity.

Acetone 1 -3 5 6 5 7 0 •2 7 9 4 1 6 -2 1
I. 1 -3 8 3 4 2 0 -2 7 5 •2 2 8 0 1 7 -5 4
I I . i - 4 ” 43 0 -4 9 1 -1 9 9 4 1 9 -4 0

I I I .\ . 1 -4 3 0 4 6 0 -6 1 9 ■1798 19-99
IV . 1 -4 6 8 8 7 0 -7 2 0 •1 5 6 3 2 2 -0 8
V. 1 -4 8 5 5 8 0 -7 6 0 •1 4 8 7 2 2 -9 8
V I. 1 -5 0 8 3 8 0 -6 4 7 •1 4 0 1 24-43
V II. 1 -5 2 6 3 7 0 -5 8 8 -1344 2 5 -5 2

V III . 1-55251 0 -3 6 8 •1 2 7 4 2 7 -2 3
IX . 1-57705 0 -1 4 6 •1 2 1 9 2 8 -8 2

Brom oform 1-59445 0 •1 1 7 9 2 9 -8 0

From the refractive index values the specific and molecular refrac- 
tivities were calculated using the Lorentz and Lorenz formulae

and I
ju.2 +  2

I

d ’
m

where r is the specific and R the molecular refractivity, /x the refractive 
index, d the density and m the molecular weight. In the case of the 
mixtures a mean molecular weight was calculated from the proportions 
of each constituent present.

Table II. columns 4 and 5 show the values obtained for these. On 
plotting the specific refractivity against the percentage composition in 
grams per cent, a straight line was obtained, and similarly on plotting 
the molecular refractivity against the composition in moles per cent, 
only a very slight positive deviation was obtained, the curve being very 
slightly above the straight line joining the two pure constituents.

The straight line obtained on plotting the specific and molecular 
refractivities against composition in grams and moles per cent, respec
tively does not indicate that the mixture is ideal for these properties. 
If the refractive index and density, calculated from the Mixture Law,
for each mixture are substituted in the equation r =  —- • -, and the2 d -
results obtained plotted against compositions in grams per cent, a curve 
is obtained lying slightly above the straight line joining the pure con
stituents. Hence the experimentally obtained straight line represents 
an actual deviation. That this deviation is not merely due to the density
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deviation may be shown by using the theoretical refractive index and 
experimental density values in the above equation when again a curve 
results slightly beloW the straight line. Hence the experimental de
viation is an actual, though small, deviation in refractive index.

Heat of Mixing-.—The heat change, on mixing, was determined by 
the usual calorimetric method, using a silver-plated copper calorimeter. 
All readings were corrected for radiation. The usual precautions, i.e. 
use of double-walled thermal vessels, etc., were taken to prevent loss of 
heat by cooling during the experiments. The heat change on mixing 
was calculated from the equation

H =
c{m^ -f U

where H  =  heat change in
h  +  Wg

calories, c specific heat of the mixture.
and the weights of the two constituents, Yg the final temperature 

at the time of mixing. and the two initial temperatures and w the 
water equivalent of the calorimeter and thermometer.

The specific heat for each mixture, required in this calculation, 
was determined by the method of mixtures, using a known weight of 
pure silver heated to 60° C.

Table III. shows in column 2 the specific heat of each of the first 
set of mixtures. Column 3 gives the compositions of the mixtures used 
for the heat change on mixing, while column 4 shows the values of the 
quantity of heat evolved in calories per gram for each mixture.

T A B L E  I I I .— ^ A c e to n e  B r o m o f o r m .

Mixture. Specific Heat.

Composition for 
Heat of 

Mixing Only. 
Per Cent. Bromo

form in Moles.

Specific Heat for 
Heat of Mixing 

Calculation. 
(From Specific 
Heat Curve.)

Heat of Mixing 
in Calories 
Per Gram.

Acetone •5 1 3 0 0
I . •4 0 2 9  01 •4 0 6 1 -0 6

I I . •3 2 3 2 0 -6 8 .3 2 0 1-93
I I I . •2 5 7 2 9 -9 6 •271 2 -2 7

I I I b . — 3 7 -1 5 -2 4 4 2 -3 2
IV . •2 2 5
V. •2 1 6 49-52 •2 0 8 2 -4 0
V I. •1 8 2 5 9 -4 8 •1 8 3 1-99
V II. ■169 6 7 -4 5 •1 6 8 i-6o

V III . •1 4 5 8 0 -0 4 •1 5 0 1 -0 9
IX . •1 3 2 9 2 -8 7 •131 0-55

B rom oform •1 2 8 1 0 0 0

Theoretical.
From a consideration of the results obtained, it is evident that mix

tures of acetone and bromoform show marked deviations from the Mixture 
Law. In the case of every property investigated a deviation was obtained. 
Even in the case of the refractive index a maximum deviation of nearly 
0-8 per cent, was obtained.

This result is similar to those of Zawidski  ̂and Hubbard  ̂who found
I Zawidski, Z . physik. Chem., 35, 129. 1900. 
“ H ubbard . Z. physik. Chem., 74, 207, 1910.
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for mixtures of acetone and chloroform a deviation of the refractive index 
values, from the ideal values.

Quite a number of mixtures of organic liquids have been shown to 
give considerable deviations for some properties and yet exhibit none 
in the case of the refractive index. The deviation obtained in the case 
of this pair of liquids, as in the case of acetone and chloroform, indicates 
that some very marked change takes place on mixing the two liquids. 
It has been suggested that in the case of acetone and chloroform there 
are two types of change going on. (i) A formation of a compound 
between one molecule of acetone and one of chloroform, when these are

Mev yO H
mixed in the solution giving a compound of the type /C<;

M e/ \ C  (Cy,
or (2) A gradual deassociation of the originally associated acetone mole
cules as these are more and more diluted by the addition of chloroform.

The experimental results obtained in the investigation would indicate 
the same two tendencies at work in the case of mixtures of acetone and 
bromoform.

The deviations are in general somewhat larger than those for mixtures 
of acetone and chloroform, which would be expected from the greater 
divergence in density and molecular weight of the molecules of the two 
constituents. If the changes that take place on mixing were solely 
due to compound formation (one molecule -f  one molecule) the per
centage deviation curves should be symmetrical about the 50 moles 
per cent. axis. That this is not the case can be seen on plotting the re
sults, when, for all properties, a decided bias to the right of this line is 
obtained, mixtures containing less than 50 moles per cent, bromoform 
showing a higher deviation than corresponding mixtures on the other 
side of the 50 moles per cent. line. This bias might be explained as due 
to the formation of a co-ordination compound containing the acetone 
and bromoform in proportions, other than equimolecular. The fact 
that a well-defined maximum is not obtained at the same point for all 
properties makes this appear unlikely. This shift to the side of the 
100 per cent, acetone concentration is explainable by considering that 
the acetone molecules which are known to be associated® undergo de
association on adding the bromoform.

Thus the mixtures containing the least bromoform have actually 
a greater proportion of unassociated molecules. The deviation curves 
therefore show a bias to the acetone end. In addition, then, to the pro
bable formation of a compound the deviations indicate that the pro
perties of the mixture are influenced by at least one other factor, pro
bably a gradual deassociation of the acetone.

The heat of mixing and density deviation curves show maxima 
at the same point, while the viscosity deviation curve gives one at a 
smaller, and the refractive index at a greater percentage of bromoform. 
The fact that the maximum deviation does not occur at the same point 
for every property appears to indicate that the factors causing deviation 
are considerably complex, some properties being more influenced than 
others. This would be expected as some properties are more truly 
molecular than others.

■ * B eckm ann, Z. physikal. Chem., 2, 715, 1888.
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Summary.
1. The density, viscosity, refractive index, heat of mixing and specific 

heat of a series of mixtures containing varying proportions of acetone and 
bromoform have been determined.

2. In all cases deviations from the mixture law that should govern the 
behaviour of ideal mixtures are obtained.

3. Such deviations are similar to those obtained by other investigators 
for mixtures of acetone and chloroform.

4. It seems probable that, as in the case of mixtures of acetone and 
chloroform, the deviations are due to molecular-compound formation 
between the two constituents, modified by other factors such as deassocia
tion of the one constituent in the presence of the other.

The author desires to express her thanks to Professor J. F. Spencer 
for his advice and interest during the course of this research, and to the 
Council of the Chemical Society for a grant from the Research Fund 
toward the cost of materials.

Laboratory for Physical Chemistry,
Bedford College for Women,

London.
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SOME PHYSICAL PROPERTIES OF MIXTURES 
OF CERTAIN ORGANIC LIQUIDS.

B y  V io l e t  C o r o n a  G w y n n e  T r e w  a n d  G e r t r u d e

M a r g a r e t  Cl a r e  W a t k i n s .

Received I2th October, 1933.

A number of physical properties of mixtures of certain alipahtic 
saturated alcohols have been investigated in order to compare the 
value of the various properties in studying deviations from the Mixture 
Rule and hence the conditions existing in liquid mixtures. The value 
of determinations of magnetic susceptibility in giving indications of 
such deviations was especially considered.

Four sets of mixtures were investigated each containing normal 
butyl alcohol as one constituent with normal propyl, isobutyl, isopropyl 
or y-amyl alcohols as the other constituent. These liquids are members 
of a closely related aliphatic series so would be expected to show only 
small deviations. For purposes of comparison, a fifth mixture was 
considered, in which the two constituents were widely dissimilar and so 
would probably show marked deviations on mixing. Acetone and trichlor- 
ethylene, which contains both an unsaturated linkage and the strongly 
electro-negative chlorine atoms, were chosen as the pair of liquids for 
this mixture. Hence it was hoped that a good indication would be 
obtained of the relative suitabilities of magnetic susceptibility and other 
properties for investigating deviations in liquid mixtures, both in the 
case of related and widely differing substances. The properties measured 
include density, refractive index, magnetic susceptibility, and for some 
sets of mixtures viscosity, specific heat and heat of mixing.

Experimental.
A  n u m b e r  o f m ix tu re s ,  in  so m e  c ases  se v e n  a n d  in  o th e r  cases n in e , 

o f  th e  tw o  c o n s t i tu e n t  liq u id s  w a s  m a d e  u p  a c c u ra te ly  a s  d e sc rib e d  in  a  
p re v io u s  c o m m u n ica tio n ,^  a f te r  rig o ro u s  p u rif ic a tio n  o f th e  c o n s t itu e n ts .  
T a b le  I .  g iv es t h e  p h y s ic a l  c o n s ta n ts  a s  d e te rm in e d  fo r  e a c h  o f th e  p u re  
liq u id s . M e a su re m e n ts  o f d e n s ity , re fra c tiv e  in d ex , v isc o s ity , spec ific  
h e a t  a n d  h e a t  o f m ix in g  w ere  m a d e  a s  d e sc rib e d  p r e v i o u s l y . D e n s i t y  
d e te rm in a tio n s  w e re  m a d e  to  th e  f if th  p lace  fo r  m ix tu re s  sh o w in g  s l ig h t  

À C C O t/(v T  d e v ia tio n s , to  t h e  f o u r th  p la c e  fo r  t h e  a c e to n e tr ic h lo re th y le n e  m ix tu re
 g — ^  > ^w hich  g a v e  m o re  m a rk e d  d e v ia tio n s . M e a su rem e n ts  o f  m a g n e tic  su s -

O E  f ^ c e p t ib ü i ty  w ere  c a r r ie d  o u t  b y  m ea n s  o f a  m o d ified  G o u y  m e th o d  u s in g
a p p a r a tu s  s im ila r  in  p rin c ip le  t o  t h a t  d e sc rib e d  r e c e n tly  b y  Sugden.®

r ------ ——  „ A  c o lu m n  o f th e  l iq u id  u n d e r  in v e s tig a tio n , o f c o n s ta n t  le n g th , w a s  su s-
15 A L Afh/Cc p e n d e d  v e r tic a l ly  so  t h a t  th e  lo w er e n d  w a s  in  a  m a x im u m  h o m o g en eo u s

m a g n e tic  field , a n d  th e  u p p e r  e n d  in  a  re g io n  o f n o  field . T h e  fo rce  F  
e x e r te d  a s  a  v e r t ic a l  p u ll  o n  a  m a te r ia l  of p e rm e a b il i ty  su s p e n d e d  in  
a  m e d iu m  of p e rm e a b i l i ty  /xg is  g iv en  b y

F  =  . A { H p  -  H f )

1 Trew , Trans. Faraday Soc., 28, 509, 1932.
* Sugden, J .C .S ., 161, 1932.
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T A B L E  I .— P h y s i c a l  C o n s t a n t s  o f  P u r e  L i q u i d s  U s e d .

Liquid. B.PL

Degrees
Centigrade.

III.

Density.

IV.

Refractive
Index.

V.

Viscosity.

t)25.

VI.

Specific
Heat.

Calories 
per Gram.

VII.

Mass
Suscept.

VIII.

Molecular
Suscept.

(Calc.)

IX.

Molecular
Suscept

Pascal’s
Values.

]y-butyl 
alcohol 

M-propyl 
alcohol 

Jso-propyl 
alcohol 

Jso-butyl 
alcohol 

Iso-y- 
m ethyl- 
bu ty l 
(y am yl 
alcohol) . 

Acetone . 
Trichlor- 
ethylene

117-25760

96-6„4
81-6745

107-5751

130-1749 
5 5 -8 0 7 8 0

86 -6 o , kb

0*80849

0*80236

0-78343
0*80041

0*81286
0-7847
1-4550

1-39748 

1-38343 
1-37538 

I 39387

I  40781
1-35730
1*47488

0*025641 

o 019666 

p 020087 

0-033556

0037563

0 * 5 9 1

0*650

0-513
0*227

07908

0*7870

0*7930

08094

o 8060 
0*5772

04961

58*58

47*22

47-63

59-89

7 0 - 9 3
33-52

65-15

58*3

46*4

46-4

58*3

702
33-9

67-9

where is the field a t the lower, H* at the upper end and A is the area 
of cross-section of the material. If is zero and n = . d where %
is the magnetic mass-suceptibility and d the density then

(% .+
(where I =  length of column, w the weight of liquid in the column, and. 
substituting for d =  wjlA). Of these quantities is =  0*03 x 10-*
V and w are directly measured, is constant for a given aperture of pole 
piece, I is constant for a  given length of material whence

_  r  o °3
W W

where a is a constant for the apparatus using a constant length of material. 
If F  is measured in milligrams, w in grams, v in cubic centimetres then

2I X 10® X 981 a =  — -------------- .X 1000
For the present investigation with liquids, a  balance of the Bunge 

type was used, sensitive to 0 01 of a milligram, modified so that the lever 
was worked from the right-hand side. The left-hand scale pan and support 
were replaced by a light aluminium support and a disc of the same dimen
sions as the right-hand pan, which carried on its lower side a hook. From 
the hook was suspended a  fine platinum wire which passed through a 
hole in the floor of the balance-case and bench. To the lower end of this 
wire was attached a copper stirrup from which was suspended the tube 
containing the liquid under investigation. The length of platinum wire 
was adjusted so that the inside meniscus of the bottom of the tube was 
exactly level with a mark on the centre of the pole pieces of an electro
magnet arranged so that the gap between the pole pieces came vertically 
beneath the hole in the bench. The pole pieces of the electro-magnet



1312 PROPERTIES OF MIXTURES OF ORGANIC LIQUIDS

w ere  d e ta c h a b le  so  t h a t  a  v a r ie ty  o f p o le  p ieces co u ld  b e  u se d  w ith  th e  sa m e  
m a g n e t.

S ince  sw itc h in g  o n  th e  e le c tro -m a g n e t c a u se d  a  c o n s id e ra b le  m o v e m e n t 
o f th e  p o le  p ieces to w a rd s  e ac h  o th e r , th e s e  w e re  m a in ta in e d  a t  a  c o n s ta n t  
d is ta n c e  b y  a  b ra s s  d is ta n c e  p iece  k e p t  in  p o s it io n  o n  th e  to p  of th e  po le  
p ieces b y  m e a n s  o f screw s, a n d  w ith  a  c irc u la r  h o le  in  th e  c e n tre  th ro u g h  
w h ic h  th e  tu b e  c o n ta in in g  th e  l iq u id  p a sse d  free ly . B y  h a v in g  a  n u m b e r  
o f d is ta n c e  p ieces o f v a ry in g  sizes th e  d is ta n c e  b e tw ee n  th e  po le  p ieces 
a n d  h e n ce  s t r e n g th  of th e  field  co u ld  b e  v a r ie d  o v e r  a  w id e  ra n g e .

E x p e r im e n ts  w ere  c a rr ie d  o u t  to  d e te rm in e  th e  b e s t  a p e r tu re  a n d  
s t r e n g th  of field  to  use , a n d  i t  w as fo u n d  t h a t  a  c u r re n t  o f  3 a m p e re s  a n d  
220 v o l ts  p a s s in g  th ro u g h  m a g n e t  co ils  o f 20 ,000 tu r n s  p ro d u c e d  a  field  
o f a b o u t  5000 gau ss, w h e n  th e  a p e r tu re  b e tw e e n  th e  po le  p ieces w a s  1*2 cm . 
T h is  a p e r tu re  a n d  field  g a v e  th e  la rg e s t  p u ll  fo r  th e  liq u id s  in v e s tig a te d . 
T h e  a p e r tu re  w a s  m a in ta in e d  a t  1 2  cm . th r o u g h o u t  th e  e x p e r im e n ts  w ith  
o rg a n ic  liq u id s , a lth o u g h  fo r  o th e r  su b s ta n c e s  o th e r  a p e r tu re s  m ig h t  be  
m o re  c o n v en ien t.

T h e  a m p e ra g e  w a s  c o n tro lle d  b y  m e a n s  o f a  v a r ia b le  rh e o s ta t ,  in  
series , a n d  w a s  re g is te re d  b y  a n  a m m e te r  in  th e  c irc u it . A  tw o -p o le  
sw itc h  w a s  e m p lo y e d  to  sw itc h  th e  c u r re n t ,  su p p lie d  b y  th e  m a in s , on  
a n d  ofi.

T h e  field  v e r tic a l ly  a b o v e  th e  p o le  p ieces w a s  th e n  e x p lo re d , in  a  
n u m b e r  o f e x p e r im e n ts  in  w h ic h  th e  tu b e  w a s  filled  w ith  w a te r  a n d  
g ra d u a lly  ra is e d  u s in g  a  s h o r te r  a n d  s h o r te r  su sp en s io n . A t  a  h e ig h t  of 
5 cm . a b o v e  th e  c e n tre  o f th e  p o le  p ieces , th e  p u ll  w a s  o n ly  i  p e r  c e n t, 
o f i t s  o r ig in a l v a lu e  b eco m in g  zero  a t  6 cm . a b o v e  th e  m a rk . H e n c e  in  
a ll  d e te rm in a tio n s  a  co lu m n  o f l iq u id  b e tw e e n  6 5 a n d  7*5 cm . in  le n g th  
w a s  u sed , a  m a r k  b e in g  e tc h e d  o n  th e  tu b e  a n d  th e  v o lu m e  d e te rm in e d  
to  th is  p o in t.  I n  th is  w a y  a  c o n s ta n t  le n g th  I a n d  v o lu m e  V  w e re  e n su red  
a n d  th e  u p p e r  lev e l of th e  liq u id  u n d e r  in v e s tig a tio n  w a s  w e ll w i th in  th e  
re g io n  o f zero  field . T h e  field  w as c o n s ta n t  fo r  0 4 cm . e ith e r  s id e  of th e  
c e n tre  m a rk  e n su rin g  th a t ,  e v en  w h e n  w e ig h in g  b y  o sc illa tio n s , th e  b o t to m  
o f  th e  l iq u id  w a s  a lw a y s  w e ll writhin th e  re g io n  of u n ifo rm  m a x im u m  field .

T h e  p u ll  o n  a  k n o w n  v o lu m e  o f liq u id  w as d e te rm in e d  in  th e  fo llo w in g  
w ay . T h e  tu b e  w a s  w e ig h ed  w ith  th e  m a g n e tic  field  off a n d  th e n  on , 
th e  liq u id  w a s  m e a su re d  o u t  b y  m e a n s  o f a  p ip e t te  c o n s tru c te d  to  d e liv e r 
th e  v o lu m e  o f liq u id  t o  fill t h e  tu b e  e x a c tly  to  th e  m a rk . T h e  tu b e  a n d  
liq u id  w e re  th e n  w e ig h ed  in  a n d  o u t  o f th e  field . T h e  v a lu e  fo r  th e  p u ll  
o n  th e  e m p ty  tu b e  w a s  re d e te rm in e d  d u r in g  th e  co u rse  o f  th e  e x p e r im e n ts  
a n d  w a s  fo u n d  to  b e  se n s ib ly  c o n s ta n t ,  h e n ce  a n  a v e ra g e  v a lu e  w a s  ta k e n  
a n d  u se d  th ro u g h o u t,  b e in g  s u b tr a c te d  in  e ac h  case  fro m  th e . to ta l  p u ll  
o n  th e  l iq u id  a n d  tu b e .

W eig h in g s  w e re  m a d e  to  0  01 m g . th e  l a s t  p lac e  b e in g  d e te rm in e d  
b y  th e  o sc illa tio n  m e th o d , u s in g  s ta n d a rd is e d  w e ig h ts  a n d  a llo w in g  o n ly  
sm a ll  a m p li tu d e s  o f sw in g  to  e n su re  t h a t  th e  tu b e  d id  n o t  sw in g  o u t  of 
th e  u n ifo rm  field . T h e  m a g n e t  a n d  a ll  a p p a r a tu s  be lo w  th e  b e n c h  w a s  
b o a rd e d  in  to  p re v e n t  d ra u g h ts .  I n  a d d it io n , th e  su sp en s io n  f ro m  th e  
b e n c h  d o w n  to  th e  to p  o f th e  s t i r r u p  w a s  su rro u n d e d  b y  a  c o p p e r  tu b e  to  
sh ie ld  fro m  d ra u g h ts  a n d  su d d e n  ch an g es  o f te m p e ra tu re .  T h e  re a d in g s  
in  a n d  o u t  o f  th e  . m a g n e tic  field  w e re  m a d e  v e ry  r a p id ly  so  t h a t  th e y  
sh o u ld  b e  m a d e  a t  th e  sa m e  te m p e ra tu re  a s  n e a r ly  a s  poss ib le . A  th e rm o 
m e te r  w a s  p la c e d  b e tw ee n  th e  p o le  p ieces, a n d  r e s u l ts  w e re  co n sid e red  
u n t r u s tw o r th y  if  th e  te m p e ra tu re  ro se  m o re  t h a n  i ° C .  d u r in g  th e  d e te r 
m in a tio n , a s  c o n v e c tio n  c u r re n ts  m ig h t  be  s e t  u p  w h ic h  w o u ld  a ffe c t th e  
re a d in g s . I n  o rd e r  to  a v o id  h e a t in g  e ffec ts th e  c u r re n t  w a s  k e p t  o n  fo r  
as s h o r t  a  t im e  a s  p o ss ib le . T h e  m a g n e t  coils w ere  coo led  b e tw ee n  re a d in g s  
b y  a n  e le c tr ic  fan . E v e n  w ith  th e s e  p re c a u tio n s  v a r ia tio n s  o f 0*05 m g rm s. 
w ere  so m e tim es  fo u n d , w h ic h  w ere  b e tw ee n  0-5-1 *5 p e r  c e n t, of th e  t o ta l  
p u ll. T o  m in im ise  th e se , e ac h  re a d in g  w a s  re p e a te d  s e v e ra l t im e s  a n d  a n  
a v e ra g e  v a lu e  ta k e n .
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Mixture.
Gram Mol. 
Per Cent. 
«-Butyl 
Alcohol.

Density Refractive 
Index at 25°.

Viscosity 
at 25°. *10.®

Mass 
Susceptibility 

a t 25°.
X  — 10®.

N B u ty l A lcohol—Ao P ropyl A lcohol.
Iso-propyl

alcohol 0 0-78343 1-37538 2-0087 0-7939
I. 10 26 0-78662 1-37810 2-0571 0-7936

II . 20-12 0-78946 138086 2-1048 0-7952
I I I . 30 20 0-79242 1-38325 2-1452 0-7947
IV . 40-45 0-79533 1-38560 2-2074 0-7963
V. 50-86 0-79776 1-38767 2-2686 0-7974

V I. 600 2 0-79991 1-38967 2-3274 0-7962
V II. 73-40 0-80318 1-39233 24017 0-7975

V III . 79-64 0-80462 1-39386 2-4371 07969
IX . 90-21 080675 1-39580 2-5059 0-7944

«-b u ty l
alcohol 100 0-80888 1-39747 2-5628 0-7916

N  B u ty l A lcohol—n-Propyl A lcohol.

A  B u ty l A lcoh o l—Zw B u ty l A lcohol.

N  B u ty l A lcohol—A o-y-M eth yl= B uty l-A lcohol (y-Amyl).

JV-propyl
alcohol 0 0-80236 138343 1-9666 -7870

I. 10-09 0-80331 1-38513 2-0241 -7874
I I . 20-00 0-80402 1-38674 20816 -7878

I I I . 30-13 0-80460 1-38820 2-1355 -7899
IV . 40-26 . 080544 1-38987 21945 -7905
V. 50-09 080605 1-39128 2-2540 -7926

V I. 60-55 0-80653 I 39259 2-3189 -7941
V II. 62-79 0-80663 139293 2-3261 -7941

V III . 79-83 0-80735 1-39504 2-4316 -7940
IX . 89-92 080792 I 39634 2-4941 -7933

« -b u ty l
alcohol 100 0-80841 1-39749 2-5750 -7916

Iso -b u ty l
alcohol. 0 0-80041 1-39387 3-5556 0-8094

I. . 9-82 0-80117 1-39426 3-2385 0-8102
II . 20-07 0-80219 1-39474 3-1106 08111

I I I . 30-10 0-80292 1-39518 3-0157 08112
IV . 40-46 0-80378 1-39548 2-9354 0-8x01
V. 50-26 0-80441 1-39584 2-8590 08080

VI. 62-61 0-80536 1-39638 2-7724 08069
V II. 70-24 0-80613 1-39658 2-7262 08025

V III . 80-01 0-80671 1-39690 2-6719 0-7995
IX . 91-78 0-80780 1-39719 2-6076 0-7925

« -b u ty l
alcohol . 100 0-80839 1-39749 25569 0-7900

y-am yl
alcohol 0 0-81286 1-40781 3-7563 0-8060

I. 10-33 0-81241 1-40706 3-6200 0-8056
II . 20-40 0-81x91 1-40625 3-4722 0-8057

I I I . 29-77 0-8x153 1-40538 3-3432 0-8031
IV . 40-26 0-81x12 1-40449 3-2105 0-8001
V. 50-05 0-8x067 1-40350 3-0928 0-7974

V I. 60-46 0-8x033 1-40216 • 2-9719 0-7965
V II. 69-96 0-80988 1-40128 2-8507 0 7945

V III . 80-15 0-80923 1-40010 2-7457 0-7868
IX . 91-72 0-80871 1-39871 2-6152 07833

« -b u ty l
alcohol 100 0-80827 1-39749 2-5617 0-7776
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T h e  m a g n e tic  su s c e p tib i l i ty  w a s  th e n  c a lc u la te d  fro m  th e  fo rm u la , 
th e  v a lu e  o f a  h a v in g  p re v io u s ly  b e e n  o b ta in e d  b y  a  se rie s  o f e x p e r im e n ts  
w ith  p u re  c ry s ta ll in e  so lid s, a n d  c e r ta in  p u re  o rg a n ic  liq u id s , o f w e ll e s ta b 
lish ed  su s c e p tib i l ity . C ry s ta ll in e  c o p p e r  su lp h a te , n ick e l a m m o n iu m  
su lp h a te ,  fe rro u s  s u lp h a te  a n d  fe rro u s  a m m o n iu m  s u lp h a te  w ere  u se d  
fo r  th e  so h d s  a n d  a ce to n e , b e n ze n e  a n d  c h lo ro fo rm  fo r  th e  liq u id s . T h e  
v a lu e s  o b ta in e d  fo r  a  u s in g  th e  so lid s  d iffe red  b y  a s  m u c h  a s  5 p e r  c e n t.,  
w h ile  th o se  o b ta in e d  fo r  th e  l iq u id s  d iffe red  a m o n g  th e m se lv e s  b y  o n ly  
0*5 p e r  c e n t.  T h e  m e a n  o f b o th  s e ts  o f re a d in g s  w as, h o w ev er, t h e  sam e,
i.e ., a  =  o 660. T h is  v a lu e  w a s  th e re fo re  u se d  th r o u g h o u t  th e  s u b s e q u e n t  
e x p e rim e n ts .

Results.
T a b le  I .  sh o w s  in  co lu m n s I I . - V I I .  th e  p h y s ic a l c o n s ta n ts  d e te rm in e d  

fo r  e ac h  o f th e  p u re  l iq u id s , w h ile  c o lu m n  V I I I .  g iv es th e  m o le c u la r  su s 
c e p tib il i tie s  w h ic h  a re  in  goo d  a g re e m e n t w i th  th e  th e o re tic a l  v a lu e s  in  
c o lu m n  I X . c a lc u la te d  fro m  P a s c a l’s a to m ic  s u s c e p t ib ih ty  d a ta .  T a b le s
I I .  a n d  I I I .  g iv e  th e  e x p e r im e n ta l  v a lu e s  o f th e  v a r io u s  p h y s ic a l p ro p e rtie s  
m e a su re d  fo r  e ac h  o f th e  m ix tu re s , a n d  T a b le s  IV . a n d  V . sh o w  th e  ca l
c u la te d  p e rc e n ta g e  d e v ia tio n s  o f  th e s e  f ro m  th e  th e o re tic a l  fig u re  re q u ir e d  
b y  th e  m ix tu re  law .

T A B L E  I I I .—A c e t o n e - T r i c h l o r e t h y l e n e .

Mixture.
Gram. Mol. 
Per Cent. 
Trichlor.

Density Mass 
Suscept. 
* — 10».

Gram. Mol. 
Per Cent. : 
Trichlor.

Refract.
Index.

Gram. MoL 
Per Cent. 
Trichlor.

Specific 
Heat in 
Calories 

per Gram.

Heat of 
Mixing ii 
Calories 

per Gram

Acetone 0 0-7847 0-577 0 1-35730 0 0-513
I . 11*55 0-8782 0-564 12-32 1-37489 12-10 0-453 0-43

I I . 27-04 0-9963 0-542 30-32 1-39876 29-64 0-390 1-05
I I I . 39*04 I-081 0-530 49-94 1-42393 46-76 0-337 1-20
IV . 48-07 1*143 0-523 63-93 1-43823 63-93 0-297 —

V. 59" 32 I-217 0-520 71-76 X-44605 72-36 0-283 0-86
V I. 75*53 1-316 0-513 79-78 ' 1-45488 79-78 0-285 —

V II. 88-74 1-392 0-503 89-38 1-46453 89-38 0-257 —
V III . —• — . — -- 89-86 — 0-34

Trichlor-
e thylene 100 1-454 0-496 lo o 1-47488 100 0-227

Discussion of Results.
iY-Butyl-/.JO-Propyl Alcohols. — If the percentage deviation is 

plotted against composition it is found that all properties show marked 
deviations from the mixture rule. Density, refractive index and viscosity 
give curves with a slight but clearly marked displacement of the point 
of maximum deviation toward the wo-propyl alcohol end. The magnetic- 
susceptibility curve, however, shows a shift of maximum towards the 

butyl alcohol end.
These deviations may probably be explained as due to a certain 

degree of co-ordination between the molecules of the two alcohols 
concerned, and secondly to alterations in the degree of association of 
each pure constituent by addition of molecules of the other. The density, 
viscosity and refractive index deviations would indicate deassociation 
of the fjo-propyl alcohol in presence of the normal butyl alcohol. The
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No of 
Mixture. Density. Refract.

Index. Viscosity, Mass
Suscept. Density. Refract.

Index. Vise. Mass
Suscept.

« .-b u ty l— tso-propylalcohols. « .-b u ty l— y-am yl alcohols.
P e r  cent. gm . mol. dev ia tion  from  

calculated .
P e r cent. gm . mol. dev ia tion  from  

calculated .
I. 0-073 0-033 0-41 0-00 0-002 0-029 0 3 6 0-30

II . 0-115 0-075 0-74 0-23 0-001 0-039 I - I 2 0-67
I I I . 0-165 0-087 I-4 I 0-19 0-005 0-046 1-68 0-70
IV . 0-203 0-093 1-14 0-43 0-013 0-053 1-98 0-97
V. 0-174 0-077 0-95 0-59 0-013 0-061 2 0 6 0-71

V I. 0-150 0-073 0-59 0-47 0-031 0-044 2-04 0-97
V II. 0-133 0-053 0-56 0-68 0-028 0-048 2-39 1-06

V III . 0-114 0-060 0-53 0-62 0-006 0-040 1-93 0-44
IX . 0-046 0-036 o-io 0 3 4 0-007 0-026 1-69 0-43

« .-b u ty l alcohol— «.-p ropy l alcoho. M.-butyl— iso-butyl alcohols.
P e r  cent. gm . mol. dev ia tion  from  

calculated.
P e r cent. gm. mol. dev ia tion  from  

calculated.
I. 0-042 0-020 0-19 0-00 0-000 0-003 1-18 0-33

I I . 0-056 0-036 0-32 0-00 0-002 o-oio 2 6 7 0-69
I I I . 0-052 0-041 0-65 0-23 0-001 0-016 3-16 0-94
IV . 0-079 0-055 0-72 0-27 0-001 O-OII 3-20 i-o 6
V. 0-076 0-057 0-76 0-48 — O-OII 3-22 1-04

VI. 0-063 0-046 0-70 0-61 0-001 0-017 2-91 I-IO
V II. 0-058 0-048 0-90 o-6o 0-001 0-012 2-44 0-91

V III . 0-020 0-029 0-82 0-51 0-001 0-016 1-64 0-70
IX . 0-015 0-019 0-78 0-39 0-001 0-000 0-56 o-oi

T A B L E  V.— A cE T O N E — ^Tr i c h l o r e t h y l e n e . P e r c e n t a g e  D e v i a t i o n  f r o m

C a l c u l a t e d .

No. of M ixture. Density. Mass Susceptibility. R efractive Index. , Specific H e a t

A cetone 0 0 0 0
I. 1 -8 8 0 - 7 0 4 0 -2 2 6 5 2 3

I I . 3 -1 8 2 34 0 -4 1 7 8 -8 8
I I I . 3-35 2*75 0-559 1 1 -0 9
IV . 3-35 2 -7 9 0 -4 0 2 1 0 -0 0

V. 3 -0 5 1 -7 0 0 -3 0 3 7 -5 2
V I. 2 -0 2 0 -5 7 0 0 -2 6 0 5 -6 1

V II. 0 -4 8 0 -3 7 0 0 -1 5 2 3-51
Trichlor-

e thy lene  . 0 0 0 0

magnetic susceptibility curve would indicate deassociation of the normal 
butyl alcohol. The fact that all properties do not show a shift in 
maximum to the same side would suggest that at least two effects are 
taking place, some properties showing the one more markedly than others.

AT-Butyl and AT-Propyl Alcohols.—In the case of all the properties 
investigated, deviations on mixing these two alcohols were less than 
those using iso-propyl alcohol. Deviations were, however, obtained, 
showing some degree of co-ordination between these two alcohols, but 
probably less than for the previous two. As before, the curves are
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not entirely symmetrical about the 50 moles, axis, density and refractive 
index curves showing a slight shift to the w-butyl alcohol end. This 
would again indicate that changes in the degree of association of each 
pure constituent are brought about on addition of the other.

N- and Ao-Butyl Alcohols.—In the case of these two alcohols 
density and refractive index curves show very small deviations, but 
viscosity and mass susceptibility show even larger deviations than in 
the case of either of the two former mixtures. The magnetic suscepti
bility curve is very nearly symmetrical. The viscosity curve shows a 
definite shift in the direction of mixtures containing a higher proportion 
of û(7-butyl alcohol, while the maximum of the refractive index curve is 
indefinite.

These results are difficult to correlate as the viscosity and magnetic 
susceptibility deviations would indicate a considerable amount of co
ordination, the density and refractive index curves indicating little or 
no co-ordination. This may be due to some fundamental difference 
in the extent to which the various deviations may be considered as due 
to the same causes. The evidence further indicates for this mixture 
that only slight changes in the degree of association of the original 
pure liquids result on mixing them.

iV-Butyl and /50-y-Methyl-Butyl Alcohols (y-Amyl Alcohol).— 
For this mixture all properties show deviation, the density and refractive 
index deviations being small as in the previous case. The viscosity 
deviations are large, being slightly less in magnitude than those of the 
last mixture. The mass susceptibility deviations are also of about the 
same magnitude as those for the two butyl alcohols. The susceptibility 
and density curves are almost symmetrical, mixtures having a higher 
proportion of the n-butyl alcohol showing if anything a slightly greater 
deviation. This tendency is considerably more marked with the vis
cosity curve which would indicate deassociation of the w-butyl alcohol 
on addition of the wo-amyl alcohol. The refractive index deviation 
curve, like that of the susceptibility is practically symmetrical. Here 
again, then, we find different maxima given by the different property- 
deviation curves.

Acetone-Trichlorethylene.—As would be expected, in the case 
of this mixture considerably greater deviations were obtained for all 
properties, even refractive index deviations being about five times 
greater. All properties investigated showed considerable deviations. 
There was a marked evolution of heat on mixing the two liquids as 
shown by the heat of mixing curve, whereas in the case of the mixtures 
of alcohols, determination of heat of mixing had to be abandoned owing 
to the very slight changes obtained. The most marked deviations 
of all properties investigated occurred with the specific heat. Mass 
susceptibility deviations were quite considerably larger than in the 
case of mixtures of the alcohols. On plotting the percentage deviations 
against composition all properties showed a displacement of the maximum 
to the acetone end. The position of the maximum was the same for 
all properties, being between 40-50 moles per cent, of trichlorethylene. 
These results would clearly indicate definite co-ordination between these 
two liquids on mixing, and secondly, deassociation of the associated 
acetone molecules on addition of trichlorethylene. Such results are 
in agreement with these previously found for mixtures of acetone and 
bromoform.^
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General Conclusions.

The alcohols investigated may be represented by the general formula 
R„—0 —H and belong to the class of hydroxy-compounds in which 
the oxygen atom is capable of donating two electrons to an adjacent

Rj R2
I I

hydrogen atom to give a co-ordination compound, i.e., H—0  H—0
Obviously the orginal pure alcohols will tend to be highly associated 
in this way, and a number of possibilities for co-ordination complexes 
arises on mixing two of the alcohols. The changes taking place are 
therefore somewhat complicated as is indicated by the experimental 
results given above. In the case of the mixture of acetone and tri
chlorethylene it would appear from the similarity of results given by 
the various physical properties that the changes are less complex, prob
ably deassociation of the constituents and a definite co-ordination
compound between the acetone and the trichlorethylene. The position
of the maximum would indicate this as either due to one molecule of 
acetone co-ordinated with one of trichlorethylene and a shift due to 
deassociation of the acetone or to two molecules of acetone co-ordinated 
with one of trichlorethylene.

If the latter is the case, i.e.,
2CHs . CO . CHs -b C . H . Cl ; CCI, ^  C(CH3)j(0H)—C(H) (Cl)—C—(CÎ )

C(CHg),(OH)

the maximum should be at 33 moles, per cent, trichlorethylene and 
the observed maximum at 40-45 moles, of trichlorethylene would indicate 
a shift due to deassociation of trichlorethylene. Deassociation of acetone 
may also have occurred but to a less extent than for the trichlorethylene. 
This latter would appear to be the most probable explanation.

A general consideration of the various properties investigated shows 
that density and refractive index give similar results and minimum 
deviations, and might be expected to be least suitable for investigating 
deviations from the mixture law. This, however, is somewhat offset 
by the ease with which accurate results to at least five decimal places 
can be obtained in both cases with simple apparatus. The variation 
in maxima shown by the different properties for the same mixture 
would appear to indicate that the properties do not necessarily depend 
on changes taking place in the mixtures in the same way. The results 
do not give any indication of a rule that may be applied to elucidate 
this.

Magnetic susceptibility and viscosity give similar high deviations, 
but in the case of viscosity measurements considerable care is required 
to ensure accurate results. In the case of magnetic susceptibility 
measurements, as described, the results can probably be considered 
as accurate to 0-5 per cent. As the maximum deviation for the mixtures 
of alcohols considered was only i per cent, it is perhaps not surprising 
that the curves show dissimilarities. That some of this may be due 
to experimental error is possible and would be supported by the agree
ment found in the case of mixtures having higher deviations. In general, 
however, the magnetic susceptibility gives clear indication of deviations 
from the mixture law and hence is a suitable property to consider with 
Others in investigating such deviations.
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Summary.
1. Every mixture investigated showed some departure from the 

additive mixture law, so that none of these pairs of liquids can be regarded 
as ideal.

2. The deviations obtained indicate co-ordination between the two 
constituents, together with deassociation of previously associated molecules 
of the pure constituent.

3. All properties investigated are not necessarily equally modified by 
changes occurring on mixing the two liquids as is indicated by the varia
tion in the position of the maximum.

4. Density and Refractive Index give similar low deviations but are 
not very susceptible to unavoidable experimental error.

5. Viscosity and Mass Susceptibility give similar high deviations, 
but in the methods used the experimental error is higher than for the other 
two properties. Magnetic mass-susceptibility measurements are equally 
suitable for considering with other properties in measuring deviations from 
the mixture law.

The authors desire to express their gratitude to the Council of the 
Chemical Society for a grant from the Research Fund toward the cost 
of materials.

Laboratory for Physical Chemistry,
Bedford College for Women,

London.
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MAGNETIC SUSCEPTIBILITY AND OTHER PRO
PERTIES OF BINARY MIXTURES OF ORGANIC 
LIQUIDS.

By V. C. G. T r e w  a n d  J. F. S p e n c e r .

Received igth February, 1936.

In a previous investigation,^, it was shown that the physical properties 
of mixtures of liquids of a chemically dissimilar type, between which there 
is the possibility of combination, exhibit more marked deviations from

1 "  Some Physical P roperties of M ixtures of C ertain  Organic L iqu ids,” Trew 
an d  W atk ins, Trans. Faraday Soc., 1933.
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the mixture law than mixtures of chemically similar liquids such as the 
members of an homologous series, but that even in the latter case con
siderable deviations do occur. In the present communication, some 
further binary mixtures are considered, in order to determine whether 
any general rule can be deduced connecting such deviations with differ
ences in chemical constitution of the liquids mixed. It was thought that 
differences in molecular weight, and hence size of molecule, of the con
stituents might be a factor causing deviations from the mixture law. 
In addition, the presence of positive and negative groups might also 
contribute to such deviations.

Two groups of mixtures were investigated, the first consisting of 
mixtures of the aromatic hydrocarbons, benzene and toluene with meta- 
cresol and, for purposes of comparison, a set of mixtures of benzene and 
toluene. In the second group, mixtures of aniline with me/a-cresol, 
nitrobenzene with meta-cresol and aniline with nitro benzene were in
vestigated. Measurements of density, specific heat, heat of mixing, 
refractive index and magnetic mass susceptibility were made.

Experimental.

A.R. materials were employed throughout, and these were then care
fully dried and fractionated until a constant boiling fraction was obtained.

The density of the
TABLE I.—B o i l i n g - P o i n t s  a n d  D e n s i t i e s  o f  pure liquids was de- 

P u R E  L i q u i d s . termined, using a
s ta n d a rd  pykno
meter, and was used 
as a criterion of pur
ity, the values being 
compared with those 
given in the Interna
tional Critical Tables. 
Table I. shows the 
physical constants 
obtained for each of 

the constituent liquids.
A series of mixtures was then made up, as previously described, con

taining varying weights of the two components, the proportion of each being 
expressed as moles per cent, of the total composition. The methods 
employed for the determination of the density, refractive index, and thermal 
properties were as described previously. The molecular refractivity was 
calculated from the refractive index, using the Lorentz and Lorenz formula

 -----   ^  where m is the molecular weight of the constituent liquid
The

Liquid. Pressure. Boiling-Pt. D ensity  D4®.

B enzene . 7 5 8  m m . 80-5° C. 0-8708
Toluene . 753 .. 1110° C. 0-8565
A niline . 760 184-0° C. 1-0148
N itrobenzene . 762 210-6° c . I - I 937
M eta-creso\ 760 ,, 202-4° c . 1-0292

R  =
when pure, or in the case of a mixture, the mean molecular weight, 
molar magnetic mass susceptibility was calculated from the magnetic 
mass susceptibility measured by the method previously described.i The 
results are summarised in the following tables. Tables II. to IV. give the 
values obtained for the various properties, while in Table V, the maximum 
percentage deviation has been recorded for each property investigated, 
with the exception of the specific heat which ,was not measured to a suf
ficient degree of accuracy to give comparative values.

z "  Physical P roperties of M ixtures of A cetone an d  B rom oform ,” Trew, 
Trans. Faraday Soc., 1 9 3 2 .
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T A B LE I I .— D e n s i t y ,  D -® , R e f r a c t i v e  I n d e x  a n d  M o l e c u l a r  R e f r a c t i v i t y .

Mixture.
Composition. 

Mois. Per Cent, of 
Second Constituent.

Density D®*. Refractive Index
”K- Mol. Refractivity.

B en zen e— T o lu e n e .

B en zen e— »i-C reso l.

Benzene 0 0-8702 1-49591 26-16
I. 8-5 0-8676 X-49519 26-63
II . i 8-2 08670 1-49422 27-05

I I I . 26-4 0-8656 1-49384 27-48
IV . 35-7 0-8636 1-49327 27-95
V. 45-5 0-8606 1-49277 28-49
V I. 55-8 0-8592 1-49213 28-98

V II. 65-9 08586 1-49161 29-46
V III . 76-8 0-8582 1-49098 29-98

IX . 88-1 0-8570 1-49074 30-53
Toluene 100-0 0-8563 I  49030 31-07

Benzene 0 0-8702 1-49591
I. 8-8 0-8878 1-50044
II . 17-6 0-9026 1-50525
I I I . 26-3 0-9177 1-50934
IV . 35-6 0-9350 1-51419
V. 45-1 0-9497 1-51869

V I. 56-0 0-9672 1-52319
V II. 66-1 0-9806 1-52629
V III . 76-8 0-9977 1-53150
IX . 88-0 I-OI42 I -53491

Cresol 100-0 1-0293 1-53812

T o lu en e— m -C reso l.

T oluene 0 0-8562 I  49030
I. 12-5 0-8786 1-49663

I I . 16-1 0-8847 1-49937
I I I . 31-0 0-9111 1-50620
IV . 41-5 0-9307 1-51133

• V. 4 7 4 0-9401 1-51430
V I. 5 7 6 09570 1-51920
V II. 68-6 0-9754 1-52441

V III . 77-6 0-9906 1-52787
IX . 89-1 1-0082 1-53329

Cresol 100-0 1-0292 1-53812

A n ilin e— N itro b en zen e .

A niline 0 1-015 1-58170
I. 8-7 1-031 1-57832

I I . i 8 -2 1-048 1-57458
I I I . 27-7 1-068 1-57117
IV. 37-6 1-086 1-56778
V. 47-0 1-104 1-56478

V I. 58-6 1-123 1-56102
V II. 66-1 1-136 1-55875

V III . 78-1 1-157 1-55518
IX . 89-1 1-176 1-55365

N itro- lO O -O 1-194 1-54928
Benzene

26-16
26-75
27-38
27-97
28-57
29-22
29-95
30-63
31-34
32-05
32-84

31-07
31-29
31-38
31-61
31-77
31-91
32-10 
32-32
32-45
32-74
32-84

30-57
30-79
31-03
31-16
31-42
31-61
31-88
32-04 
32-32 
32-61
32-73
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TA B L E  I I .  {continued).

M ixture.
Composition. 

Mois. Per Cent, of 
Second Constituent.

D ensity  D®®. R efractive Index  
n ^ . Mol. R efrac tiv ity .

A n ilin e— m -C reso l.
A niline o 1-0147 1-58170 30-57

I. 12*2 1-0187 1-57577 30-80
II . 13-7 1-0x92 1-57502 30-85
I I I . 22 O I-02I 2 1-57117 30-99
IV. 37-1 1-0232 1-56431 31-33
V. 45-4 1-0273 1-56075 31-45

V I. 57*3 1-0278 1-55579 31-77
V II. 66-2 I-D281 1-55187 31-96
V III . 77-6 1-0287 1-54692 32-27
IX . 88-6 1-0290 1-54228 32-52

w-Cresol TOO O 1-0293 1-53812 32-84

N itro b en zen e—m -G resol.
N itro 

benzene O I-I94 1-54928 32-73
I. lO-I I-I77 1-54794 32-78

• I I . 19 3 1-162 1-54685 32-76
I I I . 29 3 I-I44 1-54560 32-82
IV . 39-2 1-128 1-54503 32-83
V. 51*5 . I IO 8 1-54387 32-85

V I. 59-1 1-097 1-54282 32-80
V II. 6 9 2 I-08I 1-54166 32-76
V III . 78 8 1-063 1-54029 32-85

• IX . 89-9 1-045 1-53860 32-81
Cresol lOO-O 1-029 1-53812 32-84

T A B L E  I I I .— T h e r m a l  D a t a  ( S p e c i f i c  H e a t ,  H e a t  o f  M i x i n g ,  M o l e c u l a r
H e a t ) .

M ixture.
Composition. 

Mois. P er Cent, of 
Second C onstituent.

Specific H eat.
H ea t of Mixing 

(Absorbed). 
Calories per Gram.

M olecular H eat.

B e n z e n e ^ T o lu en e .
B enzene 0 0-474 — 37-1

I. 19-6 0-449 0-119 36-3
I I . 37-6 0-426 0-228 35-5

I I I . 52-9 0-415 0-279! 35 5
IV. 69-3 0-413 0-228 36-2
V. 85-0 0-410 0-145 36-9

Toluene 100-0 0-383 35-3

B en zen e^ -m -G reso l.
B enzene 0 0-474 — 37-0

I. 24-3 0-455 2-05 38-8
I I . 40-4 0-452 2-53 40-7

I I I . 69-8 0-479 2-39 47-4
IV . 76-7 0-487 2-28 49-2
V. 88-9 0-464 1-60 48-7

Cresol 100-0 0-515 0-00 55-6
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T A B L E  I I I .  (continued).

70s

M ixture.
Composition. 

Mois. P er Cent, of 
Second Constituent.

Specific H eat.
H ea t of Mixing 

(Absorbed). 
Calories per Gram.

M olecular H eat.

T o lu en e— m -G resol.
Toluene 0 0-383 — 35 3

I. 21-3 0*408 1-68 3 9 0
II . 38-6 0-425 2-02 41-8
I I I . 56 9 0-436 2-05 44-1
IV . 72-7 0-441 1-45 45-7
V. 87 I 0-456 0-80 48-3

Cresol 100 0 0-515 — 55-6

A n ilin e— N itr obenzene.
A niline 0 0*448 — 41-71

I. 23-5 0-443 0-85 44-36
II . 43 9 0*426 1-24 45-28

II I . 61 4 0-394 1-22 43-92
IV. 75-8 0-383 I - i i 44-35
V. 90 0 0-367 0-55 44-08

N itro  100 0 0-355 — 43-69
benzene

A n ilin e —m -G resol.
A niline 0 0-448 --— 41-7

I. 17 I 0-462 1-97 * 44-2
I I . 39 9 0-473 3-88* 46-5
I I I . 52 9 0-463 4-85 * 46-8
IV . 68*7 0-463 4-66 * 4 7 9
V. 84-8 0-463 3-06 * 48-9

Cresol 100*0 0-515 55-6

N itrobenzene^—m -G resol.
N itro 

benzene 0 0-355 — 43 7
I. 13 8 0-381 I -00 46-0

II . 26 3 0-395 1-27 47-0
I I I . 42 5 0-416 1-30 48-5
IV. 60 4 0-449 1-03 51-2
V. 79-0 0-490 0-57 54-5

Cresol 100*0 0-515 55-6

* H e a t evolved.

T A B L E  IV.— D e n s i t y  D |® ,  M a g n e t i c  S u s c e p t i b i l i t y , M o l e c u l a r  S ü s c e p t i -
B ILIT Y î

M ixture.
Composition. 

Mois. P er Cent, of 
Second C onstituent.

D ensity
D r -

M agnetic 
Susceptibility 

-  io« X .

M olecular 
Susceptibility 
- 10® X M .

B en zen e — T o i u en e.
Benzene 0 08722 0-710 55 4

I. 6-40 0-8710 O-711 56-2
II. 15-35 0-8692 0-714 57-3
III. 34-17 0 -8668 0-719 59-6
IV. 45-44 0-8640 0-720 60-6
V. 52-58 0-8630 0-721 61-6
VI. 59-80 0-8626 0-723 62-5

V II. 67-77 0-8616 0-724 63-4
Toluene 100-00 0-8586 0-728 67-0
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T A B L E  IV. {continued).

M ixture.
Composition. 

Mois. P e r C ent, of 
Second C onstituent.

D ensity
D r -

M agnetic 
Susceptibility 

-  io« X .

M olecular 
Susceptibility 

-  lo* X M .

B en zen e— Tw-Cresol.

A n ilin e  N itro b en zen e .

N itro b en zen e— wi-Cresol.

B enzene o 0-8722 0-710 55-4
I. 10-65 0-8916 0-705 57-3

I I . 26-04 0-9182 0-696 59-8
I I I . 40-73 0-9422 0-692 62-5
IV . 46-78 0-9510 0-689 63-5
V. 58-06 0-9670 0-685 65-4

V I. 73-64 0-9892 0-677 67-8
V II. 88-67 1-0051 0-671 70-2

Cresol 100-00 1-0302 0-672 72-6

T o lu en e— m -G resol.
Toluene 0 0-8586 0-728 67-0

I . 11-32 0-8788 0-718 67-4
II . 22-24 0-8978 0-710 67-9

I I I . 33-94 0-9186 0-705 68-7
IV . 45-06 0-9386 0-699 69-4
V. 54-66 0-9556 0-694 69-9
V I. 76-12 0-9922 0-683 71-2
V II. 87-74 I-0120 0-675 71-6

Cresol 100-00 1-0302 0-672 72-5

A niline 0 1-018 0-662 61-6
I. 12-18 1-040 0-641 62-0
I I . 26-55 1-066 0-614 62-0
I I I . 39-85 1-092 0-588 61-8
IV . 50 37 1-111 0-571 61-8
V. 59-00 1-127 0-561 62-1

V I. 72-83 1-150 0-537 61-7
V II. 87-83 1-177 0-520 62-0

N itro  100-00 1-198 0-502 61-8
benzene.

A n ilin e— »i-G reso l.
Aniline 0 1-0182 0-662 61-6

I. 12-05 1-0214 0-663 62-9
I I . 26-79 1-0250 0-665 64-5
I I I . 42-75 1-0273 0-668 66-4
IV . 47-88 1-0282 0-669 66-9
V. 57-46 1-0309 0-670 68-1

V I. 75-13 10315 0-671 70-0
V II. 87-62 1-0303 0-671 71*3

Cresol 100-00 1-0302 0-672 72-6

N itro 
benzene 0 1-198 0-502 61-8

I. • 12-98 1-176 0-522 63*2
I I . 27-20 1-152. 0-543 64-6
I I I . 41-48 1-128 0-566 66-1
IV . 47-90 1-117 0-578 67-0
V. ■ 57-78 1-103 0-593 67-8

V I. 73-20 1-075 0-620 69-5
VII.; 87-86 1-051 0-650 71-3

Cresol 100-00 1-030 0-672 72-6
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T A B L E  V.— M a x im u m  P e r c e n t a g e  D e v i a t i o n .
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Mixture.

.»■
cT

1
o '
.51

^ 9

«

IIII 1 r t

B enzene— Toluene — 0-2 —0-3 —0 06 — 0-2 +  0-26 <0*1 —0-36
B enzene— Meta-cvesdl + 0-5 + 0-9 + 0-25 +  0-5 +0*26 <0*1 — 2 '8 o
Toluene— Meta-cxeso\ + 0-3 + 0-3 +  0-13 +  0-4 ± 0 +0-1 — 2 -o 8
A niline— N itrobenzene +  0-2 + 0-4 —0-15 +  1-8 + 0-13 - 0 -1(5) —Ï -25
Aniline— Metra-cx&so\ 
N itrobenzene— M eta-

+ 0-4 + 0-5 —0 10 — O 'l —0-39 <0*1 + 4-80

cresol . ± 0 ± 0 + 0-05 + I - I ± 0 <0-1 — 1-30

D iscussion of R esults. 

1. Binary M ixtures from Benzene, Toluene and m Cresol.

Examination of Table V. shows that, for all properties, slight deviations 
from the mixture rule are obtained, even for such chemically similar 
pairs of liquids as benzene and toluene. Density deviations at 28° C., 
were for all mixtures greater than for the lower temperature, 25® C. The 
results for these three mixtures show a close similarity in the direction of 
the deviation obtained in the case of most of these properties. The 
deviations in density, refractive index and magnetic mass susceptibility 
for the mixtures of the hydrocarbons with m-cresdl are all of the same 
sign, indicating that the causes of deviation are probably similar for these 
properties, in both mixtures. Benzene and m-cresol mixtures show 
greater deviations in all properties than do toluene and w-cresol. This 
suggests that when other factors, such as chemical dissimilarity, are 
absent, the deviations are smaller the closer the molecular weights of the 
components are to one another. It seems also likely that the smaller 
deviation on mixing toluene and meta~cxeso\ can be accounted for by the 
greater similarity of their molecular structure, that is, the presence of 
the methyl group in both. The shape of the toluene molecule would 
thus be more like that of the cresol, than would that of benzene.

2. Binary M ixtures from  Aniline, Nitrobenzene and m-Cresol.

A marked change of colour was observed on mixing aniline and 
nitrobenzene, even in the absence of light, suggesting that some con
siderable change had taken place on mixing these liquids. The devia
tions obtained, however, were no greater than for other mixtures, in
dicating that any change is due to association, rather than to a definite 
chemical combination. The nitrobenzene—m-cresol mixture appears 
to be nearly ideal, a somewhat unexpected result in view of the nature 
of the constituent molecules. Unlike the first group of mixtures, there 
seems in these three sets of mixtures to be no simple common factor 
causing deviations since Table V. shows no relationship between the 
direction of the deviations for the properties investigated. It must 
therefore be concluded that deviations here are due to more than one 
determining factor.
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General.
The most important general result brought out by a consideration 

of columns 4 and 6 of Table V. is that for the six sets of mixtures the 
molar magnetic susceptibility is more nearly an ideal property than the 
mass susceptibility from which it is calculated. This is fully in keeping 
with the theoretical view that dianiagnetic susceptibility is a fundamental 
atomic property.

Sum m ary.
(1) The density, refractive index, heat of mixing, specific heat and 

magnetic mass susceptibihty of a series of mixtures of the liquids benzene, 
toluene, m-cresol, aniline and nitrobenzene have been measured.

(2) None of the pairs of liquid mixtures can be considered as ideal with 
the possible exception of the nitrobenzene—m-cresol mixture which showed 
least deviation from the mixture law.

(3) Similar deviations were obtained for different properties for mixtures 
of benzene and toluene, respectively, with m-cresol, the wider apart the 
molecular weights of the constituents the more marked the deviation.

(4) For mixtures of nitrobenzene and aniline, respectively, with meta- 
cresol, no general rule governing the deviation of the properties investigated 
could be discovered.

(5) The molar magnetic mass susceptibility proved to be a more nearly 
additive property than any other property investigated.

The authors desire to express their thanks to Miss J. Cattermole, 
for carrying out the measurements of refractive index, density at 28°, 
specific heat and heat of mixing recorded in this paper.

One of us (V. C. G. T.), desires to express thanks to the Council of 
the Chemical Society for a grant which partially defrayed the cost of 
materials.
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Regent's Park, N.W . i.

A B ER D EEN  : TH E U N IV ER SITY  PRESS



2 ) .  S c .

{ R e p r i n t e d  f r o m  N a t u r e , Vol .  1 3 7 .  p a g e  7 0 6 ,  A p r i l  2 5 ,  1 9 3 6 . )

Diamagnetic Susceptibility of Heavy Water
M b .  F . E . H o a b b  h a s  d ire c te d  a tte n tio n ^  to  th e  

d iv e rg e n ce  in  th e  m ass  su s c e p tib i l ity  v a lu e s  fo r 
h e a v y  w a te r  fo u n d  b y  h im se lf, C a b re ra  a n d  F a h le n -  
b ra c h , a n d  Selw ood  a n d  F ro s t .  T h e  m ass  s u s c e p t
ib i l i ty  o f  d e u te r iu m  o x id e  h a v in g  b e en  d e te rm in e d  in  
th is  la b o ra to ry  in  co n n ex io n  w ith  o th e r  w o rk , i t  m a y  
be  o f  in te re s t ,  in  v iew  o f  H o a re ’s re m a rk s , to  re c o rd  
o u r  v a lu e  fo r  c o m p a riso n  w ith  th e  v a lu e s  a lre a d y  
p u b lish e d .

W e f in d , u s in g  a  m o d ified  G o u y  b a la n c e  w^hich 
h a s  b e e n  c a l ib ra te d  w ith  a  n u m b e r  o f  h ig h ly  p u rif ie d  
o rg a n ic  liq u id s  (b en zen e , a c e to n e , ch lo ro fo rm ) a n d  
in o rg an ic  s a l ts  (so d iu m  c h lo rid e , c o p p e r  su lp h a te ,  
n ick e l s u lp h a te  a n d  n ick e l a m m o n iu m  su lp h a te )  a n d  
w ith  p u re  d is til le d  w a te r ,  t h a t  th e  m ass  su s c e p tib i l ity  
o f  h e a v y  w a te r  is 0-637 ±  0-001 a t  20°. T w o  sp ec im en s 
o f  h e a v y  w a te r  o f  d e n s i ty  1-1049 a n d  c o n ta in in g  
99-2 p e r  c e n t  d e u te r iu m  o x id e  w e re  u se d . I t  w as 
m e a su re d  in  tw o  d iffe re n t c o n ta in e rs , o n e  o f  w h ic h  
h e ld  4 -0 8 1 0 ± 0-0014  gm . a n d  th e  o th e r  3 -7 7 6 0 ±  
0 -0025  gm . ; th e  m e a n  m ass  su s c e p tib i l i ty  in  th e  
tw o  tu b e s  b e in g  re sp e c tiv e ly  0 -6 3 9 ± 0-001 a n d  
0 -6 3 8 ± 0-001 u n i ts  o f  10~®.

T h ese  v a lu e s  w h e n  c o rre c te d  fo r  0 -8  p e r  c e n t  o f  
o rd in a ry  w a te r ,  w h ic h  is t a k e n  a s  h a v in g  a  m ass  
su s c e p tib i l ity  o f  0 -720  u n i ts  o f  10-®, g iv e  a  v a lu e  fo r  
d e u te r iu m  o x id e  o f  0 -637 ± 0-001 a n d  a  m o le c u la r  s u s 
c e p tib il i ty  o f  12-76 u n i ts  o f  10 ® o n  th e  a s su m p tio n  
t h a t  D2O h a s  a  m o le c u la r  w e ig h t 2 0 -0 27 . T h is  v a lu e  
is in  c o m p le te  a g re e m e n t w i th  t h a t  o f  C a b re ra  a n d  
F a h le n b ra c h .

V . C. G . T b e w .
B e d fo rd  C ollege, J a m e s  F . S p e n c e b .

L o n d o n .
. M arch  25 .

1 n a tu r e ,  137, 497 (1936).
* Trans. Faraday Soe., Dec. 1933.
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Diamagnetic Susceptibility of Heavy Water 
S in c e  o u r  co m m tm ic a tio n  in  N a t u r e  o f  A p ril  25 

(p . 70 6 ), w e h a v e  re p e a te d  th e  d e te rm in a tio n  o f  th e  
m a ss  su s c e p tib i l ity  o f  d e u te r iu m  o x id e  u s in g  tw o  
sp ec im en s  o f  p u r i ty  99-95 p e r  c e n t . O u r m e a n  
r e s u l t  n o w  o b ta in e d  is 0-638 x  10“®, w h ich  ag ree s  
e x c e lle n tly  w i th  o u r  p re v io u s  v a lu e , o b ta in e d  w ith  
a  s lig h tly  less p u re  sp ec im en , a n d  a lso  w ith  th e  v a lu e  
o b ta in e d  b y  C a b re ra . T h is  th e re fo re  m a y  b e  ta k e n  
to  e s ta b lish  th e  v a lu e  o f  th e  m ass  su s c e p tib il ity  o f  
d e u te r iu m  o x id e  a t  o rd in a ry  te m p e ra tu re  a t  th e  
fig u re  n a m e d .

V . C. G. T b e \^ . 
B e d fo rd  C ollege, J a m e s  f ! S p e n c e r .

L o n d o n .
M ay  22 .
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( l i e p r i n l e d  f r o m  N a t u r e , Vol .  i j 8 .  p a g e  9 7 4 ,  D e c e m b e r  5 ,  1 9 3 6 .

Diamagnetism of Mixtures of Organic Liquids
CERTAIN m e a su re m e n ts  o f  th e  m a g n e tic  su s c e p ti

b i l i ty  o f  b in a ry  m ix tu re s  o f  o rg a n ic  liq u id s  m a d e  b y  
u s \  w h ich  a re  a t  v a r ia n c e  w ith  th e  d e te rm in a tio n s  
o f  se v e ra l in v e s tig a to rs  a n d  w h ich  w e  h a v e  a g ree d  
a re  in  e r ro r  fo r  re a so n s  stated® , a re  s ti ll  b e in g  q u o te d  
in  te x t-b o o k s  a n d  th e  l i te ra tu re .

W e h a v e  n o w  c o m p le te d  th e  re m e a s u re m e n t o f 
th e  su s c e p tib ility  o f  th e  b in a ry  m ix tu re s  u n d e r  
d iscu ssio n , n a m e ly , a ce to n e -c h lo ro fo rm , a c e to n e - 
t r ic h lo ro e th y le n e , c h lo ro fo rm -e th e r , b y  th e  G o u y  
m ethod®  a n d  fin d  t h a t  th e  d e v ia t io n s  o f  th e se  
m ix tu re s  f ro m  th e  m ix tu re  law  d o  n o t  ex ceed  2 -3  p e r  
c e n t e x c e p t  in  th e  case  o f  a ce to n e -c h lo ro fo rm , w h e re  a  
m a x im u m  d e v ia tio n  o f  a b o u t  4 p e r  c e n t is o b ta in e d  : 
r e su lts  w h ic h  a re  s u b s ta n t ia l ly  in  a g re e m e n t w ith  
th o se  o f  o u r  c ritic s .

S ince o u r  n e w  a p p a r a tu s  cam e  in to  u se , fu ll d e ta ils  
h a v e  b e en  p u b lish e d  fo r th e  m ix tu re s  o f  a c e to n e  a n d  
tr ic h lo ro e th y le n e  ®. D e ta ils  o f  o th e r  b in a ry  m ix tu re s  
o f  o rg a n ic  liq u id s  a r e  to  b e  fo u n d  in  th e  sam e  p a p e r  
a n d  m  a  f u r th e r  paper®. T h e  g e n e ra l conclu sio n s 
to  b e  d ra w n  fro m  th e  v a lu e s  o b ta in e d  fo r  a b o u t  
f if te en  se ries  o f  b in a ry  o rg a n ic  m ix tu re s  o f  su b s ta n c e s  
o f  v a ry in g  ch em ica l ty p e  a re  t h a t ,  in  co m m o n  w ith  
o th e r  p h y s ic a l p ro p e rtie s , (i) th e  m a g n e tic  su s c e p ti
b i li ty  e x h ib its  sh g h t  d e v ia tio n s  f ro m  th e  m ix tu re  
law  fo r  m o s t b in a ry  m ix tu re s  o f  o rg an ic  su b s ta n c e s  ; 
(ii) w h e re  th e  c o n s t itu t io n  a n d  m o le c u la r  w e ig h t o f  
th e  c o n s t itu e n ts  o f  th e  m ix tu re s  a re  s im ila r  th e  
d e v ia tio n s  a re  v e ry  sm a ll, r a r e h ' ex ceed in g  0*5 p e r  
c e n t  ; a n d  (iii) w h e re  th e re  is c o n sid e ra b le  d ifference  
in  ch em ica l c o n s t itu t io n  o r  m ass  th e  d e v ia tio n s  a re  
s lig h tly  la rg e r , a b o u t  1 -4  p e r  c e n t. W h en , h o w ev er, 
m o le c u la r  su sc e p tib ilit ie s  a r e  c o m p a red , th e  d e v ia 
t io n s  a re  m u c h  sm a lle r , r a re ly  ex ceed in g  0 1  p e r  
c e n t ,  a n d  th u s  com e in to  lin e  w ith  th e  d e v ia tio n s  o f  
o th e r  p h y s ic a l p ro p e rt ie s  f ro m  th e  m ix tu re  law .

J a m e s  F .  S p e n c e r .
V. 0 . G. TREW.

P h y s ic a l C h e m is try  L a b o ra to ry ,
B e d fo rd  C ollege, N .W .l .

O c t. 3 1 .

* Proe. Roy. Soe., A,  131, 209 (1931).
• N a tu re ,  (Jan. 16, 1932).
• T rew  and  W atk in s , Tram . Far. Soe., 30 , 1310 (1933).
* Trew  and  W atk in s , toe. cit.
‘ T rew  an d  Spencer, T ram . Far. Soe., 32, 701 (1936).
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Part I. Thallous Compounds

A study of the literature dealing with the magnetic properties of 
the chemical elements reveals that very little systematic study has been 
made of a wide range of compounds of one chemical element. The work 
of Ikenmeyer  ̂on the magnetic susceptibilities of the alkali metal halides 
only covers one type of compound. Sugden,^ in 1934, investigated a 
range of silver and copper compounds, and Spencer and Hollens ® the 
compounds of cadmium, but these represent practically the only sys
tematic investigations in this field.

In the present paper the diamagnetic susceptibilities of some thirty 
thallous salts have been measured, covering a wide range of compounds. 
From the molar susceptibilities of the salts, the gram ionic suscepti
bility of the thallous ion has been calculated, and the value compared 
with the theoretical one obtained from Slater’s approximate wave 
functions. Values of the average mean square radius, and the radius 
of the outer orbit of the thallous ion have been deduced from the experi
mental data and are compared with the corresponding values from theory.

Experim ental. 
Preparation of Compounds.

A  goo d  co m m e rc ia l sp ec im en  o f th a l lo u s  c a rb o n a te  (99-95 p e r  c e n t, 
p u re ) w as u se d  a s  s ta r t in g  m a te r ia l  a n d  w as te s te d  fo r  fe rro m a g n e tic  
im p u rit ie s , e.g., iro n , n ick e l, a n d  c o b a lt, b y  B .D .H . s p o t  t e s ts  a n d  g a v e  
n e g a tiv e  o r  n eg lig ib le  re su lts .  L e a d  w as a lso  te s te d  fo r  a n d  fo u n d  a b se n t.  
T h e  c o m p o u n d s  m e a su re d  w ere  p re p a re d  a n d  p u rif ie d  b y  th e  u su a l  m e th o d s  
fro m  A .R . m a te r ia ls . A ll a c id s  u se d  w ere  t e s te d  a n d  sh o w n  to  b e  free  
f ro m  iro n . I n  a  few  cases sp ec ia l m e th o d s  w ere  n e c e ssa ry  t o  o b ta in  a  p u re  
sp ec im en . T h a llo u s  b ro m a te  p re p a re d  b y  a d d it io n  of b ro m ic  a c id  to  
th a l lo u s  c a rb o n a te  re s u lte d  in  a n  im p u re  p ro d u c t, w h ich  e v e n  a f te r  re -  
c ry s ta lh s a tio n  c o n ta in e d  a n  a p p re c ia b le  a m o u n t  o f th a l l io  b ro m a te  a s  
im p u r i ty .  A  p u re  sp e c im en  w as o b ta in e d  b y  a d d it io n  o f A .R . p o ta s s iu m  
b ro m a te  to  p u re  re c ry s ta ll is e d  th a l lo u s  n i tr a te ,  th a l lo u s  b ro m a te  b e in g  
p re c ip ita te d . A  p u re  sp e c im en  of th e  s u lp h ite  co u ld  n o t  b e  p re p a re d  b y  
d o u b le  d eco m p o s itio n  o f th a l lo u s  su lp h a te  a n d  so d iu m  su lp h ite , b u t  w a s  
o b ta in e d  fro m  a  so lu tio n  o f th e  h y d ro x id e , w h ich  w as f irs t  s a tu r a te d  w ith  
s u lp h u r  d io x id e  to  fo rm  th e  b isu lp h ite . B y  a d d it io n  o f a n  e q u iv a le n t  
a m o u n t  o f th a l lo u s  h y d ro x id e  so lu tio n  to  th is , c ry s ta ls  o f  th e  n o rm a l 
s u lp h ite  w ere  o b ta in e d , o n  c a re fu l e v a p o ra tio n . A t te m p ts  t o  p re p a re

1 Ikenm eyer, A n n . P hysik , 1929, 169. ® Sugden, J  C.S., 1932, 161.
® Spencer an d  Hollens, J .C .S .,  1935, 495-.
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th e  p e rm a n g a n a te  b y  M ey er’s m e th o d  * p ro v e d  u n su ccessfu l, o x id a tio n  
of th e  th a l lo u s  c o m p o u n d  to  th a l l ic  o x id e  re su l tin g  in  e v e ry  case, e v en  a t  
low  te m p e ra tu re s .

Analysis.
T h e  p u r i ty  of th e  c o m p o u n d s  p re p a re d  w as d e te rm in e d  b y  th e  te s t s  

fo r  fe rro m a g n e tic  im p u ritie s , a n d  b y  e s t im a tio n  o f th e  th a l l iu m  c o n te n t  
of th e  co m p o u n d . T h a lliu m  w as e s t im a te d  a s  c h ro m a te , th e  m e th o d  
b e in g  p re v io u s ly  te s te d  w ith  a  p u re  re c ry s ta ll ise d  sp ec im en  o f th a l lo u s  
su lp h a te  a n d  w as fo u n d  to  g iv e  c o n s is te n t  re s u l ts  w ith  a n  e r ro r  of less 
t h a n  o - i  p e r  c e n t, u n d e r  th e  fo llow ing  c o n d itio n s  : T o  0 3-0 4 gm . o f th e  
th a l l iu m  sa lt,  d isso lv ed  in  200 c.c . o f w a te r , a n d  m a d e  a lk a lin e  w ith  a  few  
d ro p s  o f a m m o n ia , 2 gm s. o f so lid  A .R . p o ta s s iu m  c h ro m a te  w ere  added- 
a t  th e  b o ilin g -p o in t. T h e  p re c ip ita te  w as s t i r r e d  u n t i l  co m p le te  co ag u la 
t io n  re su lte d , coo led , a llo w ed  to  s ta n d  fo r  12 h o u rs , a n d  f ilte red  co ld  
th ro u g h  a  s in te re d  g lass  c ru c ib le . T h e  p re c ip i ta te  w as w a sh e d  w ith  50 
c.c. o f I  p e r  c e n t, p o ta s s iu m  c h ro m a te  so lu tio n , a n d  100-150 c.c . o f 50 
p e r  c en t, a lcoho l, w h ic h  w as fo u n d  to  be  th e  a m o u n t  n e c e ssa ry  in  m o s t  
cases to  w a sh  free  fro m  o th e r  ion s. T h e  p re c ip ita te  w as th e n  d r ie d  a t  
120° a n d  w e ig h ed .

I t  w as fo u n d  n e c e ssa ry  to  k e ep  s t r ic t ly  to  th e  a b o v e  c o n d itio n s  a s  
v a r ia b le  re su lts  w ere  o b ta in e d  w ith  m o re  d i lu te  o r  c o n c e n tra te d  so lu tio n s , 
o r  o n  w a sh in g  w ith  w a te r  a lo n e . A n y  c o m p o u n d  g iv in g  à  th a l l iu m  co n 
t e n t  d ifferin g  b y  m o re  th a n  0 2 p e r  c en t, fro m  th e  th e o re tic a l  v a lu e  w as 
re c ry s ta ll is e d .

M easurement of Susceptibility.
T h e  m a ss  su s c e p tib i l ity  w as m e a su re d  b y  a  m o d ified  G o u y  m e th o d  a s  

p re v io u s ly  described,®  a t  a tm o sp h e r ic  te m p e ra tu re .  S ix  c losely  a g ree in g  
m e a su re m e n ts , e a c h  th e  m e a n  o f th re e  re ad in g s , w e re  m a d e  o n  th e  so lid  
s a l t  w ith  fre sh  p a c k in g s  o f s u b s ta n c e  in  each  case. T h e  m a x im u m  d e v i
a t io n  fro m  th e  m e a n  v a lu e  w as n e v e r  g re a te r  t h a n  2 p e r  c en t, a n d  in  m o s t  
cases o f th e  o rd e r  i  p e r  cen t.

Results.
I n  T a b le  I . r e su lts  a re  ta b u la te d  in  th r e e  g ro u p s, in  o rd e r  of in c re as in g  

n u m b e r  o f e le c tro n s  N ,  th e  f irs t  c o n s is tin g  of s a l ts  o f th a lh u m  w dth u n i
v a le n t  n e g a tiv e  ions, th e  seco n d  w ith  d iv a le n t  a n d  te r v a le n t  io n s, a n d  
th e  t h i r d  o f o rg a n ic  sa lts . T h e  m e a n  e x p e r im e n ta l  m a g n e tic  m a ss  su s
c e p tib il i ty  X is re c o rd e d  in  c o lu m n  3, fo r  e ac h  c o m p o u n d , a n d  th e  m o la r  
su sc e p tib il ity , Xm  =  ‘X X  M  in  co lu m n  4. C o lu m n  5 g ives v a lu e s  of S 
re p re se n tin g  th e  io n ic  su s c e p tib i l i ty  o f th e  n e g a tiv e  io n  w h ich  m u s t  be  
s u b t r a c te d  fro m  th e  m o la r  su s c e p tib i l i ty  to  g iv e  th e  io n ic  su s c e p tib il ity  
o f th e  th aU o u s io n . T h is  m e th o d  o f d e te rm in in g  th e  io n ic  su s c e p tib i l ity  
a ssu m e s  t h a t  th e  s a l ts  a re  p o la r , a n d  t h a t  th e  m o la r  su s c e p tib i l ity  is m a d e  
u p  o f th e  su m  o f th e  io n ic  su sce p tib ilitie s . T h e  v a lu e s  of 8 in  th e  f irs t 
tw o  g ro u p s  a re  ta k e n  fro m  th e  In te r n a t io n a l  C ritic a l T a b le s  V I., p . 349, 
e x c e p t  th o se  m a rk e d  {a) w h ic h  a re  d u e  to  Sugden,® a n d  (b) w h ic h  w ere  
sp e c ia lly  d e te rm in e d , a s  d e sc rib e d  below , n o  v a lu e s  b e in g  g iv en  in  th e  
l i te r a tu re .  I n  th e s e  l a t t e r  cases th e  su s c e p tib i l ity  of th e  c o rre sp o n d in g  
p o ta s s iu m  s a l t  w as m e a su re d  a n d  th e  v a lu e  fo r  th e  n e g a tiv e  io n  ca l
c u la te d  fro m  th e  k n o w n  v a lu e  fo r  th e  p o ta s s iu m  io n . T h e  e x p e r im e n ta l 
re su lts  so  o b ta in e d  a re  sh o w n  in  T a b le  I I .  T h e  v a lu e s  o f S fo r  th e  o rg an ic  
s a l ts  w ere  o b ta in e d  fro m  P a s c a l’s v a lu e s  fo r  a to m s  a n d  lin k ag es . I n  a d d i
tio n , th e  v a lu e  fo r  th e  n i t r i te  io n  w as o b ta in e d  b y  c a lc u la tio n  fro m  th e

* M eyer and  B est, Z. anorg. chem., i8gg, i6g.
® Trew  and  W atk ins, Trans. Faraday Soc., 1933, 1310. ^
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T A B L E  I.

G r o u p  I. ; 
Univalent A nions.

G r o u p  I I .  ; 
Divalent anti Tervalent 

A nions. ■

GRopp I I I . ;  
Organic A nions.

Substance. N. —10* X- -  10®

TIE 90 0-201 44 4
TICN 94 0-212 49-0
TlCl 98 0-241 ' 57 8

TICNO 102 0-225 55 5
TIN O , 104 0-203 50-8
TICNS n o 0-254 66-7
TIN O , 112 0-212 56-5
T lB r 116 0-225 63-9

TICIO, 122 0-228 655
TICIO. 130 0-238 72-5

T il 134 0-248 82-2
T lB rO , 140 0-229 75 9
T IIO , 158 0-229 86-8

T 1,S 178 0-202 88-8
TlgCO, 192 0-217 101-7
TlgSO, 202 0-203 99 3
TlgSO* 210 0-223 112-6

TlgCrOj 218 0-075 393

TI3PO4 290 0-205 145-2
T hallous

alum 620 0-416 532-1

F orm ate 104 0-220 55-0
A ceta te 112 0-262 69-0

B enzoate 144 0-349 113-5
T a rtra te 158 0-304 107-4
O xalate 206 0-220 109-4

M alonate 214 0-240 122-6
C itra te

( +  i H ,0 ) 330 0-274 224-8

0
(Negative).

-  10* XA 
Thallium 

Ion.

6-3 38-1
10-8 38-2
20-1 37-8
16-2 39-3
13-4 37-3
30-0 “ 36-7
18-0 385
30-6 33-3
26-0 39-5
29-6 ® 42-9
44-6 37-5
35-6 » 40-3
47-4" 394

Mean value

1 5 - 0  
2 8  o  
22-3  
3 7 - 0  “

+  35-2\  
± 33'oI" 

35 4

456-5 *'
M ean Value

i6'9 
3 0  o  “ 
66-1 
6 3 8  
2 7 - 9  
39-8

9 2 - 1

38-4
36 9
3 6  9 
38 5
37 8
36-7
366

383

37-4 

38 I
39-0
47 4 
436
40-7
41-4

44-2

M ean Value 42-1

n i t r a te  ion , th e  c h ro m a te  s im ila r ly  fro m  th e  d ic h ro m a te , a n d  th e  c a r 
b o n a te  b y  th e  sa m e  m e th o d  a s  th e  o rg a n ic  sa lts . C o lu m n  6, T a b le  I ., 
sh o w s XA th e  re su ltin g  a to m ic  su s c e p tib i l ity  of th e  th a l lo u s  ion .

D iscussion of R esults.
The molar diamagnetic susceptibility of a polar salt in the solid state 

may, in general, be regarded as the sum of the susceptibilities of the 
positive and negative ions. For a mononuclear spherically symmetrical 
atom or ion this is given by Langevin’s equation :—

=  -  2-83 X
6mc^

where on the classical theory is the mean square radius summed 
for all the electrons in the atom or ion, or on the newer quantum 
mechanical view is the square of the average effective electron density 
distribution.
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In solid crystals the interionic distances depend on the ionic radii 
and hence the factors which determine such distances in a crystal must 
to a large extent in-

T A B L E  I I .— P o t a s s i u m  S a l t s .fluence the suscepti
b i l i ty .  T he io n ic  
radius, or outer elec
tron density distribu
tion of an ion is limited 
in a crystal by adjacent 
ions, so that the radii 
of such ions, together 
with the diamagnetic 
susceptibility (to which 
the outer shell of elec
trons contributes byfar 
the largest amount), 
should be less than 
that of the free ion, 
or the ion in solution.

S K-ion = — 18-5 X 10-8 (I.C.T.).

Substance. - 10* X- -  10® XM- -  Xa
N egative Ion.

KCIO, 0-361 4 4 3 25-8
KCIO4 0-347 48-1 2 9 6
K B rO , 0-324 54-1 35-6
K IO , 0-308 65-9 47-4

K ,C r04 0-020 4-0 +  33-0
P o ta sh  alum  * 0-520 493-5 456-5

* This value is tak en  from  unpublished  w ork  by  
G. T. Oddie (Sister M ary Cecilia) w orking in  th is  
L abora to ry .

Furthermore, Goldschmidt ® has shown that the ionic radius is modified 
by the co-ordination number of the ion {i.e., the number of ions of 
opposite sign surrounding the ion in question) as also by the nature 
and size of such ions. The interionic distance has been shown to de
crease with a diminution of the co-ordination number by an amount 
of the order 3-8 per cent. Similar variations in atomic diamagnetic 
susceptibility would be expected to follow. In particular, since the 
number of ions of opposite sign (and hence the co-ordination number), 
surrounding a given ion is less in its salts with divalent ions than 
with univalent ions, the diamagnetic susceptibility might be expected 
to be lower in the former case. The results in Table I. show that for 
the thallous ion the mean ionic susceptibility as determined from the 
salts with divalent and tervalent anions is — 37*4 X I 0 “ ®, while the 
value from the salts with univalent anions is —38-4 X I 0 “ ®, in exact 
accord with Goldschmidt’s observations on change of ionic radius with 
co-ordination number. Allowing for the fact that the salts investigated 
are not all of the same type, it is striking that this decrease is of the 
same order (about 3 per cent.) as that found by Goldschmidt.

In the case of the organic salts, it will be noted that while the simple 
salts give a value for the atomic susceptibility of the thallous ion in 
agreement with that derived from the salts with univalent anions, the 
salts with larger organic molecules give a very much higher value. This 
becomes very evident if these salts are rearranged in order of increasing 
number of carbon atoms in the molecule, when it will be seen that, 
roughly, the value of the ionic susceptibility increases with the number 
of carbon atoms. It should be noted that this increase is not due to 
any bond effects within the anion, as these have been included in cal
culating 8 for the organic anion by Pascal’s method. It appears, there
fore, that the increase in size of the negative ions surrounding the thallous 
ion results in an increase in the effective ionic radius and hence of the 
suseeptibility of that ion. The organic anion thus appears to have a 
“ diluting ” effect on the charge surrounding the thallous ion, and so 
raises its ionic suseeptibility to a value nearer to that of a free ion.

* G oldschm idt, Trans. Faraday Soc., 1929, 253.
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The results in Table I. have been arranged in order of increasing 
number of electrons within the molecule and it will be seen that there 
is, on the whole, a linear increase of molar susceptibility with increasing 
number of electrons, although certain very marked deviations do occur. 
In particular, the values for the chloride, thiocyanate and iodide are 
considerably higher than the average. Salts with anions of similar 
constitution, e.g., nitrate, chlorate, bromate, and iodate, form a definite 
linear sequence. Ikenmeyer,^ has shown that an approximately linear 
relationship holds for the gram molar susceptibilities of the alkali halides, 
determined from measurements in solution, when the susceptibilities 
are plotted against number of electrons in the molecule. The sus
ceptibility can be expressed in the form — +  Cg where
is the sum of the atomic numbers of the atoms in the molecule, or total 
number of electrons, is a general constant =  0-803 X I0~® and 
a constant specific for a given series of salts. The molar susceptibilities 
of the thallous compounds in general agree with the same relationship, 
allowing for the much wider difference in types of compounds considered. 
For thallous salts, ĉ , the average increase in diamagnetism per electron 
is approximately 0-7 X I0“® (agreeing reasonably well with Ikenmeyer’s 
value) while has an average value of — 17 X I0“® becoming lower 
by about five units for the chloride, acetate, thiocyanate and iodide, 
and similarly higher for the nitrate series of ions. The relation holds 
for the divalent and univalent anions if one-half and one-third of N  
and Xu used respectively. The citrate, benzoate and tartrate are 
again exceptional. These and the other deviations from linearity are 
probably due to the cause already discussed, namely, specific effects 
due to the crystalline form of the compounds investigated.

Comparison of Theoretical and Experim ental Susceptibilities.

The values of in the Langevin formula have been evaluated for 
the different electron groups in atoms and ions, by Pauling ’ from quantum 
mechanics, by Plartree ® using a self-consistent field method of deter
mining the radial. charge distribution, and by Slater ® from wave 
mechanics using an approximate solution of the wave equation of an 
electron. Brindley has shown that the Slater method gives results 
in best agreement with experimental susceptibilities for most atoms and 
ions, and in particular, for those with the larger values of r to which 
class the thallous ion belongs. Slater’s rules for determining the screen
ing constants for the various electrons in an atom or ion have been ap
plied to obtain a theoretical value for the susceptibility of the thallous 
ion. Using this method, for any electron

(nOV + i)(n-+i)
(Z -  )̂:»

where n' is the effective principal quantum number and Z — s the effec
tive nuclear charge for each electron considered, Z  being the atomic 
number and s the appropriate screening constant derived for any 
electron by considering the screening effects on it of other electrons 
in the atom, using Slater’s rules. The susceptibility is obtained by

® Pauling, Proc. Roy. Soc., 1927, 181.
* Hartree, Proc. Camb. Phil. Soc., 1928, i n  ; Proc. Roy. Soc., 1933, 141.

» Slater, Physic. Rev., 1930, 57. 1® Brindley, Phil. Mag., 1931, 786.
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summing over all the electrons in the ion. When is expressed in 
atomic units (multiples of a ,̂ the radius of the Bohr orbit in normal 
hydrogen =  0-528 X I0“® cm.) then

2-83 X iQi® (0-528 X lO-®)2 .

+  \)[n' +  I)
X io«

=  — 0-790^

The appropriate values for the thallous ion are shown in Table III. 
whence — lO® =  79'99 X 0-790 =  63-19, the theoretical atomic 
susceptibility of the thallous ion.

It will be seen that the theoretical and experimental susceptibility 
values are of the same order of magnitude, but the experimental value 
is rather less than two-thirds of the theoretical value. The calculated 
value is that for the free ion, whereas the experimental value is derived 
from measurements on the crystalline solid, and therefore, as con
sidered previously, may to some extent be lower due to interionic forces, 
but these effects should only cause a difference of some 3-8 per cent. 
A real discrepancy between experiment and theory is therefore indicated 
by the above results. This is supported by Brindley’s results for a 
number of other atoms and ions. He has shown that there is an in
creasing divergence between theoretical and experimental susceptibilities 
with increasing atomic weight of the element concerned. This point 
will be further considered later.

Ionic Radius.
From the experimental atomic susceptibility the value of can 

be evaluated by means of the Langevin equation, giving for the thallous 
ion 277̂  =  48-49 in atomic units, or 13-44 X lO” ®̂ in absolute units. 
The value 277̂  =  48-49 is to be compared with the value of 79-99 de
duced from theory. This average mean square radius or effective electron 
density distribution is, of course, not the square of the outer radius, 
but a composite factor depending on all the extra-nuclear electrons in 
the ion. A value for the actual outer radius cannot be obtained directly 
from this since there is no direct means of determining the contributions 
of the various shells to this factor. Although the outer [6s) shell will 
contribute a large proportion of the susceptibility, Table III. shows that

TABLE III.—S c r e e n i n g  C o n s t a n t s  a n d  f o r  t h e  T h a l l o u s  I o n .

Z =  81. Number of Electrons =  80.

E lectron  Groups. Z - s . • n '. 2f*.

I  . s® 0 -3 0 8 0 -7 0 I 0 -0 0
2 . s®, ÿ® 4-15 7 6 -8 5 2 0 -0 4
3 • s®. 1 1 -2 5 6 9 -7 5 3 0 -2 1
3 .(f" 2 1 -1 5 5 9 -8 5 '  3 0-35

2 7 -7 5 5 3 -2 5 3 -7 0 -7 6
4 . 4 1 “ 3 9 -1 5 4 1 -8 5 3 -7 1-54
4 . / “ 5 2 -3 0 2 8 -7 0 3 -7 4-59

5 7 -6 5 2 3 -3 5 4 -0 5 -2 8
7 1 -1 5 9 -8 5 4 -0 3 7 -1 2

6 . 5® 7 5 -6 5 5 35 4 -2

Total'Z„f®

3 0 -1 0

7 9 -9 9
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the shell in the case of the thallous ion also contributes a large amount. 
By making use of the theoretical values in Table III. the radius of the 
outer shell can be estimated from the experimental susceptibility. 
Slater,® has shown that the effective radial electron density (and hence

'a  measure of the radius), of any shell is given by the formula r' =  ~ .
Applying this to the 6s shell, with the appropriate value of (Z — s), 
gives for the thallous ion the value f  (theoretical) =  1-78 A.U. It 
has already been pointed out that the theoretical susceptibility is too 
high, therefore this value of the radius of the outer shell will be corre
spondingly too large. A value of r '  from experimental data may be 
estimated from the value of 277® derived from the experimental sus
ceptibility as follows :—

Since ^ 277g® : V 277/  : ; 7/  : 7/  (where 7/  and 7/  are the radii of the 
outer shell, or orbit, given by experimental and theoretical data respec
tively, and 277ĝ  and 277̂® are the corresponding average mean square radii),

then 7/  =  X 1-78 =  1-38 A.U.
V 79-99

Goldschmidt’s value for the ionic radius of the thallous ion from 
X-ray data is 1*49, slightly higher than the value from the suscepti
bility data. Bearing in mind the uncertainty of the theory involved 
in estimating the value 1*38 from the experimental susceptibility, this 
may be taken to be in good agreement with Goldschmidt’s value.

Slater Wave Functions and Ionic Susceptibilities.
Brindley has shown that Slater’s wave functions can also be 

applied to estimate the proportion of the molar susceptibility of a com
pound that is contributed by the constituent ions when these are simple 
mono-nuclear systems. It is thus possible from the experimental molar 
susceptibilities of those thallous compounds with single anions to 
deduce a value for the ionic susceptibilities based on the theoretical 
deduction that these are proportional to the average mean square radii 
of the ions concerned, as follows :—

XA(Tf) ’ XM’ ■ Z 7®(ti-) : 277®(t1’) -{- -277®aniou 
. _  79-99 X XM

X A (T 1 ) yp.pp _{_ 277®(anion)'

T A B L E  IV .— I o n i c  S u s c e p t i b i l i t i e s .

Calculated by B rindley’s M ethod fro m  Experim ental Data.

Compound. - 10* XM 
Measured.

^^®anlon
Calculated.

- 10* x a  
Thallous Ion.

-  io« xa  
Anion.

■ t ie 44-4 10-27 39-34 5-06
TlCI 57-8 31-95 41-30 16-5
TlBr 63-9 49-73 39-41 24-5

• TII 82-2 74-19 42-64 39-6
T1,S 88-8 27-17 37-99 12-8

Mean Value . . 40-14

Zf® for Thallous ion calcu la ted  b y  S la ter m ethod  =  79-99 in  A tom ic U nits.
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Table IV. shoWs the results obtained in this way for the six compounds 
of this type that were investigated. The values of 2 r̂ (a.mou) in column 
3 are taken from Brindley’s values in the case of the chloride, bromide 
and iodide ions, and have been calculated similarly for the fluoride and 
sulphide ions. The values in column 5 are given by :

X (anion) =  X m  ~  X (T l').

It will be noted that the average value — =  40*14 for the
ionic susceptibility of the thallous ion, deduced in this way is somewhat 
higher than that from purely experimental data. Table V. shows

TA B L E  V .— C o m p a r a t i v e  V a l u e s .

Compouad. Thallous Ion 
- 10» XA- - 10" XA-

I I I I I I I I I IV V
Fluoride 39-34 38-1 5-06 6 3 8-2 — —
Chloride 41-30 37-8 16-5 20-1 2 5 3 24-0 23-7
B rom ide 39-41 3 3 3 24-5 30-6 39-3 37-5 34-1
Iodide 42-64 37-5 39-6 44-6 58-6 55-7 50-2
Sulphide 37-99 36-9 12-8 15-0.

Column I  in  each case shows values calculated  in  T able IV .
Column I I  in  each case shows experim ental values, from  T able  I .
Column I I I .  (Purely  theo re tical values calcu la ted  from  S la te r’s screening 

constan ts tak en  from  Stoner, M agnetism  and M atter, p. 271.)
Column IV . E xperim en tal values representing  average resu lts for m easure

m ents on solid sa jts due to  Brindley.^®
Column V. E x perim en tal values tak en  from  experim ents on solutions b y  

W eiss ."

values for the atomic susceptibilities of the positive and negative ions 
collected together from various sources for comparative purposes. This 
table shows that application of the Slater rules to assess the relative 
contributions of the positive and negative ions to the molar suscepti
bility in thallous compounds gives higher values for the positive ion 
and lower values for the negative ions than any other method. This 
agrees with the previous evidence that the theoretical value of 277® 
and hence of the diamagnetic susceptibility of the thallous ion is too 
high, again suggesting a need for a modification of the theory.

T A B L E  V I.— V a l u e s  o f  27f® f o r  t h e  V a r i o u s  S h e l l s .

fo*. 541®. 5s®, ^8.
ïs,p

Inclusive.
Total

M ercury 45-55 45-97 5-76 4-93 3-05 1 0 5 -3
T hallium 3 0 -1 0 3 7 -1 2 5 -2 8 4-59 2 -9 0 8 0 -0  ,
Lead++ 2 1 -3 7 30-59 4 -8 7 4 -2 9 2-57 63-7

Further light as to where this modification must be applied is given 
by a consideration of the adjacent elements in the periodic table, 
namely, mercury and lead. Thus, unionised mercury and the thallous 
and plumbous ions are electronic isomers, containing identical electronic 
shells and differing only in atomic number. The theoretical values of
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277® for mercury and tlie plumbous ion, calculated by Slater’s method, 
are shown in Table VI. giving 83-18 and 50*31 respectively, for the 
atomic susceptibilities, expressed in the usual units {i.e. all values are 
multiplied by — 10®). The corresponding experimental values are 
38*75 for mercury, calculated from Honda’s value of 0*193 for the mass 
susceptibility of liquid mercury at room temperature, and 44*3 for the 
plumbous ion. This latter value has been calculated from the mass 
susceptibilities for plumbous compounds quoted in the International 
Critical Tables, VI., p. 357, applying the appropriate corrections for 
the negative ions as in Table I. Comparing these theoretical and 
experimental values with those for the thallous ion, namely 63*2 (theor
etical) and 38-3 (experimental), it will be seen that the discrepancy 
between theory and experiment is greatest for the element of lowest 
atomic number, i.e., mercury. Examination of the values of 277® for 
these three elements (Tables III. and VI.), shows that the susceptibility 
is in all three cases predominantly due to the ten 5c( and the two 6s 
electrons. It is apparent, therefore, that the Slater rules give too high 
a value for the contribution of these shells to the diamagnetic sus
ceptibility. The experimental atomic susceptibility of the plumbous 
ion is probably slightly high due to the tendency to covalency in its 
compounds. If the compounds were strictly polar the value would 
probably be about 38*0, by comparison with the corresponding values 
for mercury and lead, since there should be a slight decrease in the 
ionic susceptibility caused by the increase of the atomic charge Z. 
Allowing for this, the difference between the values of the theoretical 
and experimental susceptibilities is of the order 45 units for mercury, 
25 units for thallium and say 12 units, or thereabouts, for lead. These 
differences represent a series of the type {a -b è>)®, (a)®, (a — 6)®. In 
Slater’s formula for the susceptibility the only squared factor is (Z — s), 
which will vary in the above way on passing from mercury to lead. 
It may then be inferred that the discrepancy between experiment and 
theory lies in the value of s the screening constant in Slater’s formula. 
Thus, for either or both of the 5<f and 6s shells the screening constant 
is too high, and hence the effective atomic number (Z — s) is too low. 
Owing to this factor being squared in the formula, the deviation between 
theory and experiment will appear most marked for the element of 
least atomic number, namely, mercury. Angus has suggested a 
modification in the method of grouping the s and p  electrons, giving a 
slightly different value of the screening constant for these electron groups. 
In the case of the thallous ion this was found to make a difference of 
only one or two units to the theoretical susceptibility since it does not 
affect the values of 277® for the 5^ and 65 shells. This, therefore, does not 
explain the discrepancy, and the results given for the experimental 
susceptibility of the thallous ion support Brindley’s view, based on 
theoretical considerations, that Angus’ method is not justifiable. Some 
other modification which will explain all the above points seems to be 
needed in the theory.

Sum m ary.
I .  The magnetic mass susceptibility of 27 thallous compounds has 

been determ ined and a m ean value of — 38-4 X 10-® obtained, from  the 
salts w ith univalent anions, for the  ionic susceptibility of, the thallous ion.

“  Angus, Froc. Roy. Soc., 1932, 569.-



V. c. G. TREW 1667

2. Salts w ith divalent and te rva len t anions give a slightly lower value, 
and  salts w ith organic anions a higher value, explained as due to  altera
tion  in  the  ionic radius w ith change in co-ordination number.

3. The mass susceptibility of a num ber of potassium salts has also been 
determ ined to  obtain correcting constants for the  anions.

4. The theoretical atomic susceptibility has been calculated from Slater’s 
approxim ate wave functions and is compared w ith the  experim ental value, 
which is considerably lower, indicating a discrepancy between theory  and 
experiment.

5. A value of the ionic radius 1-36 A.U. has been deduced from the 
experimental atomic susceptibihty and is compared with the value 1*49 
A.U. obtained from X-ray crystallography.

6. The Slater m ethod as applied by  Brindley has been used to  deter
mine the  relative contributions of the  positive and negative ions in  the 
salts w ith single univalent anions and again indicates too high a  theor
etical value for the  atomic susceptibility of the thallous ion.

7. Comparison of the atom ic susceptibility of the thallous ion w ith 
those for m ercury and the  plumbous ion indicate th a t  the  discrepancy 
between theory  and experim ent is due to  too high a  value for the screening 
constants of the  and 6s levels, given by  S later’s m ethod.
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a grant defraying partial cost of materials for this research.
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The diamagnetic susceptibility of a polar salt may be considered 
as an additive function of the susceptibility of its ions, the ions being 
regarded as independent centres of diamagnetism, thus

— ^cation 4“ ^anlon-

The contribution of the ions to the diamagnetism has been estimated 
by a variety of methods by different investigators from the experiment
ally determined molar susceptibilities of compounds. Starting from 
the alkali halides, the most strictly polar salts, tables of the diamagnetic
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susceptibility of ions have been prepared. The literature shows a 
considerable divergence among the values proposed by different ob
servers. Each investigator tends to employ his own standard set of 
values so that correlation of magnetochemical work is rendered difficult. 
It appears therefore that a comparative survey of the methods available 
is required, calculating the ionic diamagnetic susceptibilities from such 
trustworthy experimental data as is available. In this way an average 
set of ionic susceptibilities can be obtained.

There are two important reasons for establishing such a standard 
set of values. Firstly, to compare with the various theoretical values 
for the magnetic susceptibility of ions and secondly to obtain a set of 
ionic correcting constants for use in estimating the diamagnetic effect 
of such ions in work with paramagnetic molecules. For compounds 
of low paramagnetic susceptibility the diamagnetic correction is often 
of appreciable size so that as great a degree of accuracy as possible is 
desirable. A table of some of the ionic magnetic susceptibilities pro
posed by different authors is given in Bhatnagar’s “ Magnetism,” page 
142, and reference to this will show the considerable variation between 
the values. Although in a number of cases agreement is fair, in extreme 
cases {e.g., Cs+) variations reach as much as ten units of molar sus
ceptibility.* Stoner (” Magnetism and Matter,” p. 272) has proposed 
a set of ionic correcting constants based on a method due to Brindley, 
and employing experimental measurements due to Kido, but it seems 
more justifiable to attempt to obtain an average set of values using as 
wide a range of methods and experimental data as possible. It will 
be seen from what follows, that when allowance is made for possible 
sources of error in the methods, and values are re-calculated using 
improved experimental results, an extraordinarily good agreement is 
found for the ionic susceptibilities of the alkali metal and halide ions 
by the different methods. From these, values for the other ions 
can be deduced wherever reliable experimental data is available. In 
many cases, however, such values can only be given approximately 
until further measurements are available so that possible sources of 
error in the measurements of individual compounds may be eliminated. 
Having obtained the ionic values a comparison can be made with the 
various theoretical ionic susceptibilities. Further, it is possible to make 
a comparison between the ionic susceptibility values and those for the 
atom combined in homopolar compounds.

The earliest estimates of atomic susceptibilities were due to Pascal 
and are based on his measurements of the susceptibility of halogenated 
carbon compounds. Such compounds all contain a homopolar bond 
between the atom in question and the nearest carbon atom so that this 
bond effect will be included in the estimated susceptibility, as has been 
pointed out by Stoner and others. Pascal’s atomic susceptibility 
values are, thus, those of the atom in its homopolar compounds and 
not the value for the free ion. Pascal has shown that there is a definite 
constitutive bond effect in many organic compounds and Gray ® and his

* Throughout the paper, magnetic mass susceptibilities are expressed in 
units of Gram-Ionic, or Molar, Diamagnetic susceptibility, i.e., —Xm X 10®.

1 P. Pascal. A summary of references to Pascal’s work is given in Stoner, 
“ Magnetism and Matter,” p. 496.

t  A summary of these values will be found in the International Critical 
Tables, Vol. VI, p. 349. ,

“ F. W. Gray and W. Cruickshank, Trans. Far. Soc,, 1491, 1935.
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co-workers have supplied evidence that a single homopolar bond will 
have an appreciable depressing effect on the total molar susceptibility. 
Thus susceptibility values for halogen atoms derived from homopolar 
compounds will be lower than the corresponding ionic ones, while those 
for cations will in most cases be higher since they are derived from the 
halide value. Comparison of strictly ionic susceptibilities with Pascal’s 
homopolar values gives the bond effect for each atom, i.e., the lowering 
of susceptibility of the ion on passing from the free ion to an atom held 
by a homopolar bond.

Ionic Susceptibilities for Halide and Alkali Metal Ions.
T he f irs t m ethod employed here for calculating ionic susceptibilities 

does not appear to  have been suggested previously. This is to  estim ate 
from Pascal’s experim ental susceptibilities of the  halogen molecules a 
value for th e  ionic susceptibilities of the  halide ions by m aking use of th e  
ratio  between theoretical and experim ental susceptibilities. S later’s ® 
theoretical method for calculating magnetic susceptibilities is employed
in preference to  other theoretical methods, since, on the  whole, for th e
medium range of atomic numbers i t  gives results in best agreem ent w ith 
experim ental data. For the  very light and very heavy ions there is con
siderable discrepancy between all the  theoretical values and those found 
by  experiment. Such discrepancy is, however, an  absolute one and
will not affect the  ratio  ion/atom .

B y taking one half of th e  molecular susceptibility of the  halogen 
molecules one obtains Pascal’s homopolar atomic susceptibihty of th e

halogen atom s. This 
TABLE I, m ay be converted to

a true  ionic suscepti
bility  by  using th e  
r a t io  A jB  =  C jD  
where A  =  the  theo
retical atomic sus
c e p t i b i h t y  c o r r e 
sponding to  th e  above 
experim ental value, 
and  is obtained by  
tak ing  one half of th e  
theoretical magnetic 
susceptibihty of th e

  molecule. (Reference
to  “ Magnetism and

M atter ”  by  Stoner, p. 467, wih give details of the  method for calculating a  
theoretical molecular susceptibihty for th e  halogens) ; B =  th e  experi
m ental homopolar atomic susceptibihty as above ; C =  the  theoretical 
ionic susceptibihty calculated by S later’s m ethod ; D  =  the  required ex
perim ental ionic susceptibihty. Table I shows in  columns 2, 3 and 4 the  
values of A , B  and C for the  halogen atom s while column 5 gives the  re
sulting value for D. This method is not apphcable to  the  alkali m etal ions.

M ethods 2, 3 and 4 .—Three methods due to  Weiss * are available 
for estim ating ionic susceptibilities. The first of these corrects Pascal’s 
atom ic values for th e  homopolar bond effect by  adding or subtracting  
a  constant factor ± 3 - 0  units of molar susceptibility. In  addition, from 
th e  evidence of refractiv ity  da ta  and its correlation w ith m agnetic 
susceptibihty data, he corrects for th e  deforming effect of adjacent ions 
in  the  compound. These values of Weiss are employed as they  stand in

® J. C. Slater, Physic. Rev., 1930, 57.
* P. Yfeiss, J. Physique, 1930, 1,185.

Halogen.

Theoretical M agnetic 
Mass Susceptibility.

Experim ental Magnetic 
Mass Susceptibility.

Homopolar

{A.)
Ion.
(C.)

Homopolar
Atom.

(B.)
Ion.
{D.)

Fluorine 7-1 8 3 0
\

6 -3 7 -3 (5 )
Chlorine 2 2  3 2 5 -7 9 2 0 -2 2 3 -4
Bromine 35 4 4 0 -0 1 3 2 -0 3 6 -2
Iodine 53 0 5 9 -8 0 45 7 5 1 -6
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t h e  p re s e n t  p a p e r , a lth o u g h  i t  sh o u ld  b e  p o in te d  o u t  t h a t  th e  v a lu e  of 
t h e  b o n d  e ffec t fo r  a ll  io n s  is b y  n o  m ea n s  c o n s ta n t .  A s w ill a p p e a r  
la te r ,  th is  e ffec t in c re ases  w ith  in c re a s in g  a to m ic  n u m b e r  o f th e  io n . T h e  
v a lu e s  fo r  th e  io n ic  su sc e p tib ih tie s  o f h a h d e  a n d  a lk a h  io n s b y  th is  m e th o d  
a re  sh o w n  in  T a b le  I I ,  co lu m n  2.

A c c u ra te  m e a su re m e n ts  o f th e  d ia m a g n e tic  su sc e p tib ih tie s  o f c e r ta in  
o f th e  a lk a h  h a lid e s  h a v e  b e e n  m a d e  b y  H o c a r t  ® a n d  fro m  th e s e  W eiss 
d e d u ce d  io n ic  v a lu e s  fo r  t h e  h a h d e  a n d  a lk a h  m e ta l  io n s c o n ce rn ed . 
H a v in g  sh o w n  t h a t  t h e  h y d ro g e n  io n  h a s  a n  effec tiv e  p a ra m a g n e tis m  in  
so lu tio n  o f 1 2  u n its
o f m o la r  su sc e p ti-  T A B L E  I I
b ih ty ,  h e  d e d u ce d  a  
v a lu e  fo r  t h e  io n ic  
su s c e p tib ih ty  o f th e  
c h lo r id e  io n  a s  a  
s ta r t in g  p o in t,  o th e r  
v a lu e s  th e n  foU ow ing 
fro m  th is , w i th  a llo w 
a n c e  a s  in  t h e  p re v i
o u s m e th o d  fo r  th e  
d e fo rm in g  effect of 
a d ja c e n t  ions. T h ese  
v a lu e s  a re  sh o w n  in  
c o lu m n  3 o f T a b le  I I .

Y e t  a n o t h e r  
m e t h o d  d u e  t o  
W eiss  ® m ak e s  u se  of 
R e ic h e n e d e r’s ? m e a 
su re m e n ts  o f t h e  m a g n e tic  su sc e p tib ih tie s  o f t h e  h a lo g e n  ac id s f ro m  w h ich  
th e  c o rre c tio n  fo r  t h e  e ffec tiv e  p a ra m a g n e tis m  of t h e  h y d ro g e n  io n  g iv es 
th e  io n ic  su sc e p tib ih tie s  o f t h e  h a lid e  ion s. E x p e r im e n ta l  v a lu e s  fo r  th e s e  
a c id s  h a v e  m o re  re c e n tly  b e e n  o b ta in e d  b y  b o th  K id o  a n d  F a rq u h a rs o n  ® 
a n d  ta k in g  a  m e a n  o f t h e  v a lu e s  d u e  to  aU th re e  a u th o rs  g ives a  s h g h tly  
d iffe re n t fig u re  fo r  th e  io n ic  su sc e p tib ih tie s  t h a n  t h a t  o f W eiss . T a b le  I I I  
g iv es t h e  r e le v a n t  d a ta ,  t h e  io n ic  su sc e p tib ih tie s  fo r  t h e  h a h d e  io n s b e in g  
sh o w n  in  th e  la s t  c o lu m n . T h e  m e th o d  is, o f cou rse , in a p p h c a b le  t o  t h e  
a lk a h  m e ta ls

TA B L E  I I I

Ion.

Gram-Ionic Susceptibilities.

Weiss-
Pascal.

Weiss-
H ocart.

Brindley-
H oare. Kido.

Fluoride _ 9 4 12 2
Chloride 23-1 23 I 24 2 22 I
Bromide 34-7 33 9 345 34 7 .
Iodide 49 8 , 49 5 50-6 53 2
Lithium — — 0.7 —

Sodium 7-6 82 61 76
Potassium . 16 0 i 6'5 1 4  7 13-6
Rubidium . 2 4  3 — 22 0 27 2
Caesium 41 0 35-1 41-0

Ion.
Molar Susceptibility Halogen Acid.

Gram-Ionic
Susceptibility.

Reicheneder. Kido. Farquharson. Mean Value.

Chloride 21 9 21 9 23 0 22 3 23 5
Bromide 32 5 34 6 314 32 8. 340
Iodide . . 50-2 (53*5) * 49 3 49 9 5I-I

* N eglected as too  high.

M e th o d s  5 a n d  6 .— A  fif th  a n d  s ix th  m e th o d  of e s t im a tin g  io n ic  
su s c e p tib ih tie s  a re  b o th  d u e  to  B rin d le y , t h e  l a t t e r  in  c o lla b o ra tio n  w ith  
H o a re . I n  t h e  f irs t  of th e s e  m e th o d s  B r in d le y  ® im p ro v e s  o n  a  m e th o d  
su g g e s te d  b y  Jo o s  a n d  u se d  b y  Ik e n m e y e r . T h e  c o n tr ib u tio n  to  th e

® R. H ocart, C. Rend., 1929, 1151.
® K. R eicheneder, A n n . P hysik , 1929, 58.
7 (a) K . Kido, Sci. R ep. Tohoku Univ., 1932, 149 ; (6) ibid., 1932, 288 ; (c) 

ibid., 1932, 869.
8 J . Farquharson , Phil. M ag., 1931, 283. ® G. W . B rindley, ibid., 786.
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to ta l  su s c e p tib i l ity  o f a n io n  a n d  c a t io n  in  io n s  of th e  in e r t  gas c o n fig u ra tio n , 
i.e . N a F , KOI, R b B r  a n d  C sl, a re  c o n sid e re d  b y  Jo o s  to  b e  in v e rse ly  a s  
t h e  sq u a re  o f th e  n u c le a r  c h a rg e . B r in d le y  sh o w ed  t h a t  a  m o re  a c c u ra te  
e s t im a te  is  g iv en  b y  u s in g  th e  r a t io  i / ( Z —s)* : i / ( Z '—s')®, w h e re  Z  a n d  
Z '  a re  t h e  re sp e c tiv e  n u c le a r  c h a rg e s  a n d  s a n d  s ' a re  th e  sc ree n in g  c o n s ta n ts  
g iv e n  b y  S la te r 's  m e th o d  fo r  d e te rm in in g  a to m ic  su sce p tib ilitie s . T h e  
a p p ro p r ia te  v a lu e s  of Z , s  a n d  Z ',  s '  a re  e m p lo y e d  fo r  e ac h  e le c tro n  shell, 
a n d  u s in g  S la te r ’s e ffec tiv e  q u a n tu m  n u m b e rs  fo r  th e  re sp e c tiv e  shells , 
B r in d le y  e s t im a te d  th e  p ro p o r t io n  o f th e  e x p e r im e n ta l  su s c e p tib i l ity  d u e  
to  e ac h  io n  fro m  th e  e x p re ss io n  :—

.^7®cation
X cation ( 2 -ÿ2eation +  ^ ^ P a n io n )’

w h e re  277® =
_  {n ')^(n ' - f  i ) ( n '  +  i)

(Z -  s)'

277® re p re se n ts  t h e  e le c tro n  d e n s i ty  d is t r ib u t io n  su m m ed  fo r e ac h  
e le c tro n  she ll, a n d  n '  =  t h e  e ffec tiv e  q u a n tu m  n u m b e r  o f t h e  she ll. 
V a lu es  fo r  t h e  io n ic  su s c e p tib i l ity  o f th e  a lk a li  a n d  h a h d e  io n s  a s  w e ll 
a s  o th e rs  of in e r t  g as c o n fig u ra tio n  a re  o b ta in e d  in  th is  w a y . I n  th e  
p re s e n t  p a p e r  Ik e n m e y e r ’s v a lu e s  h a v e  n o t  b e en  in c lu d e d , a s  th e y  a re  n o t  
a c c u ra te  en o u g h  fo r  t h e  p re s e n t  p u rp o se . E x p e r im e n ta l  m e a su re m e n ts  
o f  t h e  m o la r  su s c e p tib ih ty  of t h e  a lk a h  h a lid e s  of re q u ire d  c o n fig u ra tio n  
h a v e  u p  to  d a te  b e e n  m a d e  b y  H ocart,®  K ido ,^" G ra y  a n d  F a rq u h a rs o n  
G ra y  a n d  D a k e rs  a n d  b y  B r in d le y  a n d  H o a re . C o m p ariso n  o f th e s e  
v a lu e s  sh o w ed  t h a t  th o s e  o f H o c a r t  a n d  o f B r in d le y  a n d  H o a re  w e re  in  
b e s t  a g re e m e n t a n d  th e s e  h a v e  b e e n  u se d  in  t h e  p re s e n t  p a p e r  a s  m o re  
re h a b le  t h a n  so m e  o f t h e  o th e rs . T h e  f in a l io n ic  v a lu e s  g iv en  in  co lu m n s 
6 a n d  7 of T a b le  I V  th u s  v a r y  s h g h tly  f ro m  th o s e  o b ta in e d  b y  B r in d le y  in  
h is  o r ig in a l p a p e r  o n  th is  m e th o d  a n d  a lso  fro m  th o se  c a lc u la te d  b y  
S to n e r  1® f ro m  K id o ’s e x p e r im e n ta l  v a lu e s . F u r th e r  e v id e n ce  fo r  
c o n s id e rin g  H o c a r t ’s a n d  B r in d le y  a n d  H o a re ’s v a lu e s  a s  m o re  re h a b le  
t h a n  th o s e  o f o th e r  w o rk e rs  is c o n s id e re d  l a t e r  o n  in  th is  p a p e r . T h e  
v a lu e s  o f 277® re q u ire d  fo r  th is  c a lc u la tio n  a re  sh o w n  in  c o lu m n s 2 a n d  3 
o f T a b le  IV , w h ile  t h e  e x p e r im e n ta l  h a h d e  v a lu e s  a re  sh o w n  in  co lu m n s

TABLE IV

In e r t Gas Configuration.

Experim ental Molar 
Susceptibilities.

Gram-Ionic
Susceptibilities.

Cation. Anion. H ocart. Brindley. Cation. Anion.

N a F 5-28 10-27 1 5 -9 5 -4 10 5
KCl . . . — —— 39-1 3 8 8 15-0 2 3 -9
R b B r 32-03 49-73 — 5 6 4 22-2 3 4 -3
C sl . . . . 50-09 74-19 8 5 -7 3 4 -6 51-I

4 a n d  5. T h e  a c tu a l  e x p e r im e n ta l  fig u re  fo r  c ae s iu n i io d id e  h a s  h a d  
3 1  u n i ts  o f s u s c e p t ib ih ty  a d d e d  to  c o rre c t f ro m  8 -c o -o rd in a tio n  to  6.

S u b s e q u e n tly  t o  B r in d le y ’s f irs t  p a p e r , B r in d le y  a n d  H o a re  p ro 
p o se d  a  s h g h tly  d iffe re n t s e t  o f s ta n d a r d  io n ic  v a lu e s  b a se d  o n  c a re fu l 
e x p e r im e n ta l  m e a su re m e n ts  o f  t h e  su s c e p tib ih tie s  o f t h e  c ry s ta l l in e  s a l ts  
o f t h e  a lk a h  h a lid e s . Io n ic  v a lu e s  w e re  d e d u c e d  f ro m  th e s e  b y  a ssu m in g  
t h a t  in  t h e  c ase  o f t h e  h g h te s t  io n  of t h e  series, l ith iu m , t h e  e x p e r im e n ta l  
s u s c e p tib ih ty  m ig h t  b e  ta k e n  a s  t h e  sa m e  a s  t h e  th e o re tic a l ,  c a lc u la te d

8̂ (a) G ray  an d  Farquharson , P hil. M ag., 1930, 191 ; (6) G ray  an d  D akers, 
ibid., 1931, 81.

B rindley  an d  H oare, Proc. Roy. Soc., 1935, 325.
Stoner, "  M agnetism  an d  M a tte r,” p . 271.
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b y  S la te r ’s m e th o d . S in ce  t h e  th e o re tic a l  v a lu e  fo r th is  io n  is  sm a ll 
(Xjj =  — 0-72 X 10-®) a n y  sm a ll d iv e rg e n ce  b e tw e e n  th e o re tic a l  a n d  
e x p e r im e n ta l v a lu e s  w ill n o t  a p p re c ia b ly  in flu en ce  th e  v a lu e s  fo r  o th e r  
io n s  d e r iv e d  fro m  th is  s ta r t in g  p o in t.  T h is  e x te n s iv e  in v e s tig a tio n  sh o w ed  
t h a t  s l ig h tly  d iffe re n t io n ic  v a lu e s  fo r  a n y  o n e  io n  w ere  o b ta in e d  fo r c ry s ta l-  
h n e  s a l ts  of d iffe re n t c o -o rd in a tio n  n u m b e r, in c re a s in g  c o -o rd in a tio n  c a u s 
in g  a  s lig h t faU in  d ia m a g n e tism  d u e  to  d e fo rm a tio n  o f th e  o u te r  e le c tro n  
o rb its .  T h u s , in  th e  case  of cae s iu m  io d id e  t h e  in c re a se  f ro m  th e  n o rm a l 
6 -c o -o rd in a tio n  o f t h e  o th e r  a lk a li  h a lid e s  to  8 -c o -o rd in a tio n  w as sh o w n  
b y  B r in d le y  a n d  H o a re  to  b e  a c c o m p a n ie d  b y  a  fa ll in  s u s c e p tib ih ty  o f 
3-1 u n i ts  o n  th e  t o ta l  m o la r  su s c e p tib ih ty . T h e  io n ic  c o rre c tin g  c o n s ta n ts  
o b ta in e d  b y  B r in d le y  a n d  H o a re  fo r  sa l ts  o f 6 -c o -o rd in a tio n  h a v e  b e e n  
e m p lo y e d  th r o u g h o u t  th is  p re s e n t  p a p e r  a s  th e y  a re  in  c lo ses t a g re e m e n t 
w i th  io n ic  v a lu e s  o b ta in e d  b y  th e  o th e r  m e th o d s . T h is  m e th o d  is o p e n  
to  th e  o b je c tio n  t h a t  th e  cho ice  o f l i th iu m  a s  s ta n d a r d  is n o t  a n  id e a l o n e  
s in ce  fo r  t h e  v e ry  l ig h t  io n s  i t  h a s  b e e n  sh o w n  t h a t  th e  th e o re tic a l  su s
c e p tib ih t ie s  a re  c o n s id e ra b ly  to o  low . I t  is  n o t  u n t i l  th e  io n s  o f a to m ic  
n u m b e rs  o f th e  o rd e r  t e n  to  e ig h te e n  a re  re a c h e d  t h a t  th e  th e o re tic a l  a n d  
e x p e r im e n ta l  su sc e p tib ih tie s  a p p ro a c h  e ac h  o th e r  (see F ig . 5). T h u s  
t h e  u se  o f th e  l i th iu m  io n  a s  s ta n d a r d  w ih  m a k e  th e  su sc e p tib ih tie s  of 
n e g a tiv e  io n s d e r iv e d  fro m  i t  s h g h tly  to o  h ig h  b u t  th e  e r ro r  is n o t  la rg e  
s in ce  th e  su s c e p tib ih ty  o f t h e  h th iu m  io n  is  i ts e lf  so  sm aU . T a b le  I I ,  
c o lu m n  4 sh o w s th e  re le v a n t  fig u res fo r  io n ic  su sc e p tib ih tie s  o b ta in e d  
b y  th is  m e th o d .

M e th o d  7 .— K id o  ’ h a s  m o re  re c e n tly  su g g e ste d  a n o th e r  a p p ro a c h  to  
t h e  p ro b lem . F ro m  a  la rg e  n u m b e r  o f m e a su re m e n ts  o f t h e  m o la r  su s
c e p tib ih t ie s  o f p o la r  s a l ts  h e  h a s  p lo t te d  c u rv es  in  w h ic h  sa l ts  in  t h e  sa m e  
g ro u p  o f t h e  p e rio d ic  ta b le  w ith  a  c o m m o n  a n io n  a re  c o m p a red . W h e n  
th e  m o la r  su s c e p t ib ih ty  is  p lo t te d  a g a in s t  t h e  n u m b e r  o f e le c tro n s  in  t h e  
c a t io n  fo r  se ries  w i th  t h e  sa m e  a n io n  K id o  fin d s t h a t  a  se ries of s t r a ig h t  
h n e s  re su lt.  I n  th is  w a y  th e  a lk a h  h a h d e s  g iv e  a  s e t  o f p a ra lle l  s t r a ig h t  
lin es. B y  e x tra p o la t io n  to  t h e  v a lu e  e ffec tiv e  a to m ic  n u m b e r  o, h e  
d ed u ces  a  v a lu e  fo r  t h e  a n io n  a ssu m in g  t h a t  t h e  s u s c e p tib ih ty  o f th e  
h y d ro g e n  io n  c a n  b e  ta k e n  a s  zero , i.e ., t h e  e x tr a p o la te d  v a lu e  is  t h a t

c o rre sp o n d in g  t o  t h e  a c id  H A  a n d  ta k in g  H +  a s  zero  g ives t h e  a n io n  
v a lu e  re q u ire d . T h is  m e th o d  is  o p e n  to  tw o  so u rces o f e rro r, fo r  a s  W eiss 
h a s  sh o w n , t h e  e ffec tiv e  p a ra m a g n e tis m  o f th e  h y d ro g e n  io n  sh o u ld  b e  
a llo w ed  fo r  in  e s t im a tin g  io n ic  su sc e p tib ih tie s  a n d , e v e n  m o re  im p o r ta n t,  
i t  c a n  b e  sh o w n  t h a t  th e  sm o o th in g  o u t  o f t h e  s u s c e p tib ih ty  v a lu e s  to  a  
s t r a ig h t  h u e  is n o t  ju s tif ie d . N o t  o n ly  a re  t h e  e x p e r im e n ta l su sc e p tib ih tie s  
n o t  a  h n e a r  fu n c tio n  of t h e  n u m b e r  o f e le c tro n s  in  t h e  c a t io n  o r  a n io n , b u t  
t h e  th e o re tic a l  su sc e p tib ih tie s  th e m se lv e s  sh o w  a  d e fin ite  d iv e rg en ce  fro m  
a  h n e a r  fo rm . T h is  p o in t  is d iscu ssed  m o re  fu lly  la te r .  T h e  m a g n itu d e  
o f th e  e r ro r  in tro d u c e d  in  th is  w a y  is  fo r  m o s t io n s n o t  la rge , so t h a t  
K id o ’s v a lu e s  a re  in c lu d e d  in  c a lc u la tin g  th e  p re s e n t  a v e ra g e  v a lu e s . 
C o lu m n  5 o f T a b le  I I  sh o w s K id o ’s v a lu es .

Sum m ary of Results by foregoing M ethods.
C o m p ariso n  o f t h e  io n ic  v a lu e s  in  t h e  la s t  co lu m n s o f T ab le s  I ,  I I I  

a n d  IV  w ith  th o se  in  T a b le  I I  show s t h a t  fo r  t h e  ch lo rid e , b ro m id e  a n d  
io d id e  io n s th e s e  m e th o d s  g iv e  a  re m a rk a b ly  good  a g re e m e n t so t h a t  a  
s a t is f a c to ry  m e a n  c a n  b e  c a lc u la te d  fo r  th e s e  th re e  ions. K id o ’s v a lu e  
fo r  t h e  io d id e  io n  h a s  b e e n  o m it te d  fro m  th e  v a lu e s  u sed  a s  b e in g  o b v io u s ly  
to o  h ig h . T h u s  a n  a v e ra g e  fo r  th e s e  io n s r e su l ts  a s  fo llow s :—

Io n ic  su s c e p tib i l ity  Cl~ =  23 4 ±  1 3  (m ean  of 7 v a lu es).
„  /  „  B r -  =  34 6 ±  1-6 (m ean  o f 7 v a lu es).
„  „  I -  =  50-6 ±  1-6 (m ean  of 6  v a lu es).
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F o r  th e  flu o rid e  ion , d a ta  is m o re  l im ite d  a n d  a g re e m e n t n o t  so goo d  
a n d  i t  a g a in  a p p e a rs  l ik e ly  t h a t  K id o ’s v a lu e  of 12 2 is to o  h ig h . A  m e a n  
o f t h e  re m a in in g  v a lu e s  g ives :—

Io n ic  su s c e p tib i l i ty  F “  =  g - i  ±  (m ean  o f 3 v a lu es).

T h e  d a ta  fo r  t h e  a lk a li  io n s  is  a lso  r a th e r  r e s t r ic te d  a n d  a g re e m e n t is 
n o t  a s  c lose  a s  fo r  th e  f irs t  th r e e  h a lid e  ions, b u t  t h e  fo llo w in g  m e a n  v a lu e s  
r e s u l t  :—

Io n ic  su s c e p tib ih ty  N a+  =  y o ±  i ’7 (m ean  o f 5 v a lu es) .
„  „  K +  =  15-1 ±  1*4 (m ean  o f 5 v a lu es).
„  „  R b +  =  22-8 ± 1 -5  (m ean  of 3 v a lu es).
„  „  Cs+ =  37-9 ±  3 3 (m ean  of 4 v a lu es) ,

K id o ’s v a lu e s  h a v e  a g a in  b e e n  n e g le c te d  in  c a lc u la tin g  th e  su s c e p tib ih tie s  
o f t h e  ru b id iu m  a n d  c ae s iu m  io n s a s  b e in g  m u c h  h ig h e r  t h a n  th e  o th e r  
v a lu e s .

E^ectiue CJta/̂ e o f Anton. N

F i g . I . — E x p e r i m e n t a l  s u s c e p t i b i l i t i e s  
o f  a l k a h  h a l i d e s  a n d  t h e  h a h d e  i o n s  
p l o t t e d  a g a i n s t  e f f e c t i v e  c h a r g e  o f  
a n i o n .

(1) Caesium salts (Brindley and Hoare).
(2) Rubidium salts (Brindley and

Hoare).
(3) Potassium salts (Brindley and

Hoare).
(4) Ammonium salts. (This Labora

tory.)
(5) Sodium salts (Brindley and Hoare).
(6) Mean experimental susceptibihties

f o r  h a h d e  i o n s  ( p r e s e n t  p a p e r ) .

S in ce  th e  a lk a h  v a lu e s  a r e  o n ly  g iv en  b y  so m e o f t h e  m e th o d s  a n d  
t h e  a g re e m e n t is  n o t  a s  c lose  a s  is  d e s irab le  i t  w a s  c o n s id e re d  a d v isa b le  
to  u se  t h e  su m m a rise d  h a h d e  v a lu e s  to  o b ta in  a  m o re  a c c u ra te  s e t  o f v a lu e s  
fo r  t h e  a lk a h  io n s. T h is  w as d o n e  b y  m e a n s  o f a  g ra p h ic a l m e th o d  in t r o 
d u c e d  t o  e h m in a te  in d iv id u a l  e x p e r im e n ta l  e rro rs  in  th e  s u s c e p tib ih ty  
m e a su re m e n ts  u sed . I f  th e  e x p e r im e n ta l su s c e p tib ih tie s  fo r  th e  a lk a h  
h a h d e s  o b ta in e d  b y  th e  v a r io u s  a u th o rs  m e n tio n e d  p re v io u s ly  a re  p lo t te d  
a g a in s t  t h e  e ffec tiv e  a to m ic  n u m b e r  of t h e  a n io n  i t  a t  o n ce  b eco m es 
a p p a r e n t  t h a t  th e  v a lu e s  o f B r in d le y  a n d  H o a re  a n d  o f H o c a r t  a re  fo r th e  
m o s t  p a r t  t h e  m o s t s a t is fa c to ry . F o r  t h e  h a h d e  se ries  o f t h e  a lk a h  m e ta ls  
th e s e  a u th o r s ’ r e su lts  g iv e  g ra p h s  w h ich , a lth o u g h  n o t  h n e a r  th ro u g h o u t,  
a r e  p a ra l le l  o v e r  t h e  c o rre sp o n d in g  se c tio n  o n  p a ss in g  f ro m  o n e  h a h d e  
v a lu e  t o  th e  n e x t  (see F ig . i ) .  V a lu es o f o th e r  o b se rv e rs  in  m a n y  cases 
sh o w ed  d e v ia tio n s  f ro m  th is  p a ra lle l  re la tio n s h ip . T h is  g ra p h ic a l re p re 
s e n ta t io n  th u s  se rv es  a s  a n  e x ce lle n t c h e c k  o n  th e  a c c u ra c y  o f t h e  
e x p e r im e n ta l  fig u res a s  weU a s  a  m e a n s  o f sm o o th in g  o u t  a n y  in d iv id u a l  
d e v ia t io n s  fo r  a  g iv en  c o m p o u n d . P lo t t in g  b e lo w  t h e  h a h d e  s a l t  v a lu e s  
th e  a b o v e  m e a n  v a lu e s  fo r  t h e  h a h d e  io n  g iv es th e  su s c e p tib ih tie s  fo r  th e
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v a rio u s  a lk a li  io n s f ro m  th e  a v e ra g e  d is ta n c e  b e tw ee n  th e  g ra p h s  fo r  th e  
c o rre sp o n d in g  p a ra lle l  sec tio n s. T h e  v a lu e s  o b ta in e d  in  th is  w a y  a re  
l ik e ly  to  possess c o n s id e ra b ly  g re a te r  a c c u ra c y  th a n  th o se  b a se d  o n  
in d iv id u a l m e a su re m e n ts . T h e  g ra p h ic a l v a lu e s  re s u l t  a s  fo llow s :—

N a+  =  6 6, K +  =  14-7, R b +  =  22 2, Cs+ =  35-0.

A  m ean  of th e s e  g ra p h ic a lly  o b ta in e d  v a lu e s  a n d  th e  o rig in a l s e t  g ives 
a  fin a l s e t  o f a lk a li  io n ic  v a lu e s  p ro p o se d  a s  th e  m o s t  a c c u ra te  t h a t  c a n  
a t  p re s e n t  b e  o b ta in e d  :—

Io n ic  su s c e p tib il ity  N a+  =  6 8.
K +  =  14-9.

R b +  =  22-5.
Cs+ =  35-0.*

T h e  io n ic  s u s c e p tib ih ty  o f t h e  l i th iu m  io n , b e in g  sm all, is  d ifficu lt 
t o  e s t im a te  s in ce  t h e  p o ss ib le  d e fo rm in g  fa c to rs  in  t h e  c ry s ta lh n e  sa lts  
w ill h a v e  th e i r  m a x im u m  effec t. B r in d le y  a n d  H o a re , reco g n is in g  th is  
d e fo rm a tio n  in  t h e  e x p e r im e n ta l v a lu es , em p lo y e d  th e  v a lu e  L i+  =  0 7, 
a s su m in g  a g re e m e n t b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l su sc e p tib ilitie s ; 
S ince, h o w ev er, th e  th e o re tic a l  su s c e p tib i l ity  beco m es in c re a s in g ly  low er 
t h a n  th e  e x p e rim e n ta l fo r  th e  l ig h te r  io n s i t  is  lik e ly  t h a t  th is  is to o  low  
a  v a lu e . B r in d le y 's  in e r t  g as co n fig u ra tio n  m e th o d  o f f in d in g  io n ic  
su sc e p tib il it ie s  a lth o u g h  n o t  d ire c tly  a p p h c a b le  c a n  b e  m o d ified  fo r  th is  
c ase . B y  c a lc u la tin g  a n  io n ic  v a lu e  fo r  t h e  h th iu m  io n  f ro m  th e  sa lts  
L iF , LiC l, L iB r, w h e re  th e  io n s a re  of u n e q u a l  co n fig u ra tio n , a n d  e x tr a 
p o la t in g  b a c k  to  t h e  sy m m e tr ic a l s t r u c tu r e  {i.e. t h e  h y p o th e t ic a l  L iX , 
w h e re  X  w o u ld  h a v e  a  s t r u c tu r e  s im ila r  to  th e  H “  io n  a n d  th u s  L iX  
w o u ld  c o rre sp o n d  to  tw ic e  th e  h e h u m  co n fig u ra tio n ), i t  is p o ss ib le  t o  
o b ta in  a  v a lu e  fo r  t h e  l i th iu m  io n . T h is  m e th o d  g iv es a n  io n ic  su s
c e p t ib i l i ty  fo r  L i+  f ro m  li th iu m  b ro m id e  =  0-565, f ro m  th e  ch lo rid e  =  0-598, 
f ro m  th e  flu o rid e  =  0-766, w hence , p lo tt in g  th e s e  figu res a g a in s t  th e  
a to m ic  n u m b e r  o f th e  in e r t  gas c o n fig u ra tio n  a t ta in e d  in  e ac h  c o m p o u n d  
a n d  e x tra p o la t in g  b a c k , a  v a lu e  fo r  t h e  l i th iu m  io n  of io n ic  su s c e p tib i l ity  
L i+  = 1 - 2 ,  w ith  a n  u n c e r ta in ty  of so m e  0-2 u n its , is  o b ta in e d .

T h is  v a lu e  is co n firm ed  b y  u s in g  th e  n ew  flu o rid e  io n  v a lu e  a n d  B r in d le y  
a n d  H o a re ’s l i th iu m  flu o rid e  e x p e r im e n ta l v a lu e , w h ich  is  th e  le a s t  l ik e ly  
t o  su ffe r f ro m  d e fo rm in g  effects ow in g  to  th e  m o re  n e a r ly  e q u a l size  o f 
t h e  tw o  io n s t h a n  in  o th e r  c o m p o u n d s . S in ce  t h e  e x p e r im e n ta l su s
c e p t ib i l i ty  of l i th iu m  flu o rid e  is 9-1 a  v a lu e  fo r  L i+  = 1 - 0  re su lts  f ro m  
t h is  m e th o d . T h e  v a lu e s  of th e  o th e r  l i th iu m  h a lid e s  c a n n o t b e  s im ila rly  
u sed , fo r  th e  d is to r tio n  p ro d u c e d  b y  th e  u n e q u a l size of a n io n  a n d  c a t io n  
m a k e s  i t  im p o ssib le  t o  o b ta in  a  v a lu e . I t  is p ro p o se d  p ro v is io n a lly  t o  
t a k e  I  -o a s  th e  m o s t h k e ly  v a lu e  fo r  th e  io n ic  su s c e p tib i l ity  o f t h e  l i th iu m  
io n .

Ionic Susceptibilities of Other Ions.
T h ese  n ew  io n ic  v a lu e s  c a n  b e  em p lo y e d  to  o b ta in  io n ic  su s c e p tib i l ity  

v a lu e s  fo r  o th e r  io n s p ro v id e d  t h a t  p o la r  s a l ts  a re  u se d  a n d  th e  su sc e p ti
b i l i ty  is  a ssu m e d  a d d it iv e . S to n e r  in  "  M a g n e tism  a n d  M a t te r ,"  p a g e  
272, h a s  g iv en  a  s e t  c a lc u la te d  b y  h im  fro m  K id o ’s m e a su re m e n ts  o f 
sa lts , u s in g  th e  h a lid e  a n d  a lk a h  m e ta l  io n ic  v a lu e s  o b ta in e d  b y  B r in d le y ’s 
f ir s t  m e th o d . K id o  h a s  a lso  su g g e ste d  a  n u m b e r  o f v a lu e s  f ro m  h is  o w n  
m e a su re m e n ts  b u t  fo r  th e  re a so n s  a lre a d y  g iv en  i t  is p ro p o se d  to  a t t e m p t  
t o  o b ta in  v a lu e s  o f g re a te r  a cc u rac y . I n  th e  v a r io u s  cases n o w  co n sid e red  
fo r  w h ich  io n ic  v a lu e s  a re  su g g e ste d  a n  a v e ra g e  o f th e  b e s t  e x p e r im e n ta l 
v a lu e s  h a s  b e e n  ta k e n  to  a v o id  e rro rs  of in d iv id u a l  e x p e r im e n to rs  a n d

* T he tw o high values of 41-0 have  been o m itted  in  calculating  th is  m ean, 
since th e  g raph  supports th e  lower values.
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w h e re v e r  p o ss ib le  t h e  g ra p h ic a l m ea n s  of sm o o th in g  o u t  in d iv id u a l  d is 
c rep an c ie s , d u e  t o  t h e  d e fo rm in g  fa c to rs  a lre a d y  re fe r re d  to , h a v e  b e e n  
u se d . I n  th is  w a y  v a lu e s  fo r  t h e  io n ic  su sc e p tib ih tie s  of th e  u n iv a le n t  
n i tr a te ,  o x y h a lo g e n  a n d  c y a n id e  se rie s  o f n e g a tiv e  io n s  h a v e  b e e n  c a l
c u la te d  a n d  fo r  t h e  p o s it iv e  a m m o n iu m  a n d  th a l l iu m  ions. T h e  d a ta  
u se d  is t h a t  d u e  to  K id o , t o  t h e  p re s e n t  a u th o r  a n d  so m e u n p u b lis h e d  
w o rk  b e in g  c o m p le te d  in  th e s e  la b o ra to r ie s  b y  M iss M. E . B ed  w ell. S in ce  
c o rre c tin g  c o n s ta n ts  a re  f r e q u e n t ly  n e ed e d  fo r  t h e  co m m o n e r p o ly v a le n t  
a n io n s  th e  v a lu e s  fo r  so m e  of th e s e  a re  in c lu d e d  in  th e  p re s e n t  p a p e r . 
I t  sh o u ld  b e  n o te d , h o w ev er, t h a t  su c h  v a lu e s  a re  o n ly  s t r ic t ly  a p p lic a b le  
fo r  th e s e  io n s  in  c o m b in a tio n  w ith  u n iv a le n t  c a tio n s . B r in d le y  h a s  
p o in te d  o u t  t h a t  o n  p a ss in g  f ro m  u n iv a le n t  to  d iv a le n t  c a tio n s  th e  su s 
c e p t ib il i ty  o f  th e  a n io n  does, in  th e  case  o f so m e  sa lts , b eco m e m od ified , 
e.g., t h e  e ffec tiv e  su s c e p tib i l i ty  of t h e  h a lid e  io n s in  th e  a lk a lin e  e a r th  
h a lid e s  is less t h a n  in  t h e  a lk a l i  se ries . I t  is  p ro p o se d  to  c o n sid e r th e  
n e c e ssa ry  m o d ific a tio n s  t o  b e  in tro d u c e d  in  t h e  p re s e n t  v a lu e s  w h e n  
c o m b in e d  w ith  p o ly v a le n t  c a tio n s  in  a  su b s e q u e n t  p a p e r .

fiCS)

E futw e Charge o f Ca fian.,

F i g .  2 .— E x p e r i m e n t a l  s u s c e p t i b i l i t i e s  o f  
a l k a l i  s a l t s  a n d  t h e  a l k a l i  i o n s  p l o t t e d  
a g a i n s t  e f f e c t i v e  c h a r g e  o f  c a t i o n .

(1) Alkali iodides (Brindley and Hoare).
(2) Alkali bromides (Brindley and

Hoare).
(3) Alkali chlorides (Brindley and Hoare).
(4) Alkali fluorides (Brindley and Hoare).
(5) Alkali ions—Mean experimental sus

c e p t i b i l i t i e s  ( p r e s e n t  p a p e r ) .
(6) Alkali sulphates (various authors).
(7) Alkali nitrates (various authors).
(8) Alkali carbonates (various authors).

T h e  m e th o d  o f c a lc u la tin g  th e  io n ic  su sc e p tib il it ie s  in  th is  se c tio n  is 
a s  fo llow s :—

N i t r a te  Io n .— T h e  a v a ila b le  e x p e r im e n ta l  v a lu e s  fo r  n i t r a te s  a re  
th o s e  d u e  to  K id o  w h o  h a s  m e a su re d  th e  su sc e p tib ilitie s  o f  th e  n i t r a te s  
o f t h e  a lk a li  m e ta ls  a n d  n i tr ic  ac id . O n  p lo t t in g  th e s e  v a lu e s  a g a in s t  th e  
n u m b e r  of e le c tro n s  in  t h e  a n io n  th e y  d o  n o t  fa ll o n  th e  s im p le  s t r a ig h t  
lin e  w h ic h  K id o  su g g ested , b u t  if  s im ila r ly  p lo t te d  b e tw e e n  B r in d le y  a n d  
H o a re ’s c o rre sp o n d in g  v a lu e s  fo r  t h e  a lk a li  flu o rid es a n d  c h lo rid es  (see 
F ig . 2, c u rv e  7) do , o v e r  th e  r a n g e  so d iu m  to  ru b id iu m , r u n  p a ra lle l  w ith  
t h e  h a h d e  g ra p h s . T h is  g ives ev id en ce  fo r  th e  re lia b i l ity  of th e s e  v a lu e s  
fo r  d e te rm in in g  th e  su s c e p t ib ih ty  of th e  n i t r a te  ion . K id o ’s e x p e r im e n ta l 
v a lu e  of 2 2 ‘7 fo r  h th iu m  n i t r a t e  is n o t  in c lu d e d  s in ce  t h e  v a lu e  i t  g a v e  
fo r  t h e  n i t r a te  io n  w a s  c o n s id e ra b ly  h ig h e r  t h a n  th e  m e a n  o b ta in e d  fro m  
th e  g ra p h ic a l m e th o d . F ro m  th e  g ra p h  th e  m e a n  s u s c e p tib ih ty  o f t h e  
n i t r a t e  io n  is :—

( Io n ic  s u s c e p tib ih ty  N O a~ =  18 9.

K id o ’s o w n  v a lu e  o f 20 i  is  p ro b a b ly  to o  h ig h , d u e  to  in c lu d in g  th e  h th iu m  
v a lu e  a n d  to  c o n sid e rin g  th e  g ra p h  a s  a  s t r a ig h t  h n e . I t  m a y  b e  n o te d
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in  p a ss in g  t h a t  th is  g ra p h  m a y  b e  u se d  to  g iv e  a n  e s t im a te  of th e  su sc e p ti
b i li ty  of c ae s iu m  n i tr a te ,  a  s a l t  w h o se  su s c e p tib ih ty  h a s  n o t  u p  to  t h e  
p re se n t  b e e n  m e a su re d . T h e  p ro b a b le  v a lu e  fo r th e  su s c e p tib ih ty  o f 
th is  sa lt, c o rre c te d  to  6 -c o -o rd in a tio n , is 54-2 u n i ts  of su s c e p tib ih ty .

A m m o n iu m  Io n .— A  m e a n  v a lu e  fo r  t h e  s u s c e p tib ih ty  of th is  io n  fro m  
K id o ’s e x p e r im e n ta l su sc e p tib ih tie s  of th e  a m m o n iu m  h a lid e s  is fa r  f ro m  
s a t is fa c to ry . A  fa r  b e t t e r  m e a n  is g iv en  b y  th e  re v ised  v a lu e s  o b ta in e d  
in  th is  la b o ra to ry  b y  M iss M. E . Bedw eU . T h ese  n o t  o n ly  g iv e  a  c loser 
a g re e m e n t to  t h e  m e a n  b u t  o n  p lo tt in g  b e tw e e n  th e  v a lu e s  fo r  th e  so d iu m  
a n d  p o ta s s iu m  io n s (in F ig . i ,  c u rv e  4) sh o w  a  s im h a r  p a ra h e l  re la tio n 
sh ip  w h ich  is b y  n o  m ea n s  o b ta in e d  w ith  K id o ’s figures. T a b le  V  
su m m arise s  th e  d a ta  em p lo y ed , in c lu d in g  th e  v a lu e  fo r  a m m o n iu m  
n i t r a te .  T h e  figu res g iv e  a  m ea n  o f 13 4 w h ile  th e  g ra p h , w i th o u t  th e
n i t r a t e  v a lu e , g ives 13*2, so  t h a t  th e  m e a n  v a lu e  fo r th e  io n ic  su sc e p ti
b ih ty  o f t h e  a m 
m o n iu m  io n  c a n  T A B L E  V.
b e  ta k e n  a s  1 3 3  
u n its .

T h e  O x y h a lo 
g e n  Io n s .— K id o  
a n d  th e  p re se n t  
a u th o r  h a v e  o b 
ta in e d  v a lu e s  fo r  
th e  m o la r  su s 
c e p tib ih t ie s  fo r  
se v e ra l o f th e  
a lk a h  s a l ts  o f th e  
c h lo ra te , b ro m - 
a te , io d a te , p e r 
c h l o r a t e  a n d  
p e r i o d a t e  i o n s  
w h ich , e x c e p t fo r  
t h e  p e rc h lo ra te  
io n , a r e  in  a g re e 
m e n t .  H e r e  
K id o ’s v a lu e  is 
r a th e r  lo w er (see 
T a b le  V ). I n  a h  
cases, e x c e p t  th is
l a t te r ,  a  m e a n  of th e  v a lu e s  is  ta k e n , g iv in g  t h e  fo llo w in g  io n ic  s u s c e p tib ih ty  
v a lu e s  : CIO3- =  30 2, B rO g - =  38 8, IO 3 - =  51-0, CIO4- =  33 2 a n d  
IO 4-/ = 5 2 * 1 . F u r th e r  c o n firm a tio n  of th e s e  v a lu e s  w as  o b ta in e d  b y  p lo t t in g  
th e  s u s c e p tib ih ty  of th e  p o ta s s iu m  a n d  th a lh u m  c h lo ra te s , b ro m a te s  a n d  
io d a te s  a g a in s t  th e  n u m b e r  o f e le c tro n s  in  t h e  a n io n  a s  in  F ig . 3 w h e n  tw o  
p a ra h e l  c u rv es  re su lt, w h ich  a re  a lm o s t s t r a ig h t  h u es. F ro m  th e s e  t h e  
a v e ra g e  d iffe ren ce  IO 3 - — B r0 3 ~  =  1 1 3  a n d  B rO g - — C lO g- =  10 i ,  w h en ce , 
if  t h e  v a lu e  fo r  th e  c h lo ra te  io n  is  ta k e n  a s  30 2, t h a t  fo r  th e  b ro m a te  b e 
com es 40  4 a n d  fo r  th e  io d a te  51-7. W h ile  th e  io d a te  io n  v a lu e  is  th u s  
in  fa ir  a g re e m e n t t h a t  fo r  t h e  b ro m a te  io n  su g g e sts  t h a t  K id o ’s v a lu e  fo r  
so d iu m  b ro m a te  m a y  b e  so m e w h a t to o  low . A  fin a l m e a n  fo r  th e s e  
th r e e  io n s  of CIO3- =  30 2, B r O ,-  =  39 8 a n d  lO g -  =  51-4 is  su g g e ste d  
a s  b e in g  th e  m o s t s a tis fa c to ry . - '

A n  in te re s t in g  p o in t  m a y  b e  n o te d  in  th is  g ra p h  in  t h a t  th e  u su a l p o in ts  
o f in fle c tio n  in  th e  h a h d e  - e ffec tiv e  a to m ic  n u m b e r  g ra p h s  a re  so 
sm o o th e d  o u t  b y  th e  a d d it io n  of th re e  o x y g e n  a to m s  in  t h e  n e g a tiv e  
io n  a s  to  b e  a lm o s t m issing , i.e . t h e  th re e  o x y h a lid e s  lie  a lm o s t o n  a  s t r a ig h t  
line , a lth o u g h  th e  s lig h t d ep ress io n  a t  th e  b ro m a te  io n  is s t i ll  n o tic e ab le .

Salt.
Molar Susceptibility. G ram-Ionic Susceptibility.

Kido. BedweU. Kido. BedweU.

NH 4F . 24-5 . 2 3 0 1 5 -4 1 3  9
NH4CI . 34-2 3 6 -7 1 0 -8 13  3
N H 4B r . 47-4 47-0 1 2 -8 1 2  4
NH4I 6 6 '0 6 4 -0 1 5  4 1 3 4
NH4NO3 . 3 3 6 3 2 -6 1 4 7 , 13  7

Kido. Trew. Kido. Trew.

NaCIOa . 37 8 3 1 -0
KCIO3 • — 44-3 — 2 9 -4
KBrOg . 53-2 54-1 38-3 39 2
KIO3 . 6 5 -8 6 5 -9 5 0 -9 5 1 -0
KCIO4 . 45-1 4 8 -1 3 0 -2 33-2
KIO4 6 7 -0 5 2  I

^®Trew, Trans. Faraday Soc., 1936, 1658.
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T h u s  th e  a n io n  b e h a v e s  a s  a  la rg e  c o m p o u n d  io n  in  th is  se ries  o f co m 
p o u n d s . T h is  e fie c t m a y  b e  e x p re ssed  a s  a  b o n d  d e p re ss io n  d u e  to  a  
re d u c tio n  o f th e  s p re a d  o f t h e  e le c tro n  d e n s i ty  b y  th e  h a lo g e n  o x y g e n  
b o n d . A n  e s t im a te  o f  t h e  m a g n itu d e  o f th is  c a n  b e  m a d e  fro m  P a s c a l’s 
a to m ic  su s c e p tib i l i ty  v a lu e  fo r  th e  o x y g e n  a to m  in  c o m b in a tio n , a n d  th is  
d e p re ss io n  m a y  b e  u se d  to  c h e c k  th e  su g g e s te d  su s c e p tib i l i ty  v a lu e s  fo r  
t h e  p e rc h lo ra te  a n d  p e r io d a te  io n s  fo r  "which o n ly  h m ite d  d a ta  a re  a v a i l
a b le . I t  is  re a so n a b le  to  su p p o se  t h a t  a ll fo u r  h a lid e -o x y g e n  b o n d s  wiU 
h a v e  th e  sa m e  e ffec t in  d e p re ss in g  th e  su s c e p tib ih ty . T h u s  w e h a v e  :—

Io n ic  s u s c e p tib ih ty  C l-  =  23-4, CIO3- =  30 2.

T h e re fo re  t h e  v a lu e  fo r  3 0 -a to m s  =  6 8. B u t  P a sc a l  g iv es fo r  th e  
O -a to m  4 6, w h en ce  th e  v a lu e  fo r  3O - =  13-8.

H e n c e  th e  b o n d  d e p ress io n  p e r  Cl— O  b o n d  =  (13-8 — 6 8) =  2 3. 
A n  e x a c tly  s im ila r  re a so n in g  g ives th e  d e p re ss io n  fo r  th e  B r— O b o n d  
=  2 9, a n d  th e  I — O  b o n d  =  4 3. V a lu es  fo r  t h e  su s c e p tib ih ty  o f t h e

F i g .  3 .— O x y h a l i d e  s a l t s  o f  p o t a s s i u m  a n d  
t h a l h u m  p l o t t e d  a g a i n s t  e f f e c t i v e  

. c h a r g e  o f  a n i o n .

(1) Thalhum salts (present author).
(2) Potassium salts (Kido and present

a u t h o r ) .
(3 ) Mean experimental susceptibhities of

o x y h a h d e  i o n s .

^  EficCm charge of A m'ott N

p e rc h lo ra te  a n d  p e r io d a te  io n s  c a n  th e n  b e  e s t im a te d  fro m  th e s e  b o n d  
d e p re ss io n s  a s  fo h o w s :—

Io n ic  su s c e p tib ih ty 010^-
=  (Io n ic  suscep tib ih tyciO g- - f  s u s c e p tib ih ty  0 “ ) — D e p ress io n  Cl—O 
=  (30 2 - f  4 6) — 2 3 

CIO4- =  32 5.

S im ila r ly  t h e  v a lu e  fo r  IO 4 - =  51*7. T h e  a g re e m e n t w ith  th e  v a lu e s  
o b ta in e d  p re v io u s ly  is  th u s  r e m a rk a b ly  go o d  a n d  th e  io n ic  su sc e p tib ih tie s  
CIO 4- =  32 o a n d  B rO ^ - =  51-9 a re  th e re fo re  p ro p o se d  fo r th e s e  ions.

T h a l l iu m  Io n .— W ith  th e s e  v a lu e s  a v a ila b le  i t  is  p o ss ib le  to  re v ise  
t h a t  fo r  th e  th a lh u m  io n  p u b lish e d  in  a  p re v io u s  p a p e r . F r o m  th e  m e a n  
o f  th e  v a lu e s  fo r  t h e  fluo ride , ch lo rid e , io d id e  ( th e  l a t t e r  c o rre c te d  b y  a d d in g  
o n  3 -I to  c h a n g e  fro m  e ig h t  to  s ix  c o -o rd in a tio n ), n i t r a te ,  c h lo ra te , b ro m a te  
a n d  io d a te  s a l ts  o f th a lh u m  g iv e n  th e re , a  m e a n  io n ic  su s c e p tib i l ity  v a lu e  
fo r  t h e  th a lh u m  io n  o f T 1+ =  35-6 is n o w  o b ta in e d  o n  th e  b a s is  o f th e s e  
re v is e d  c o rre c tin g  c o n s ta n ts .  A  c o n firm a tio n  o f th is  fig u re  c a n  b e  
o b ta in e d  fro m  F ig . 3, s in ce  th e  T 1+ a n d  K +  g ra p h s  a re  s e p a ra te d  b y  a  
d is ta n c e  of 21 o u n its .  W h en ce , f ro m  th e  v a lu e  14 9 fo r  th e  p o ta s s iu m  
ion , t h a t  of 35*9 r e su lts  fo r  t h e  th a lh u m  io n . A  m e a n  v a lu e  of T l+ = 3 5 -7  
m a y  f in a lly  b e  ta k e n .

C y a n id e , C y a n a te  a n d  T h io c y a n a te  I o n s .— Io n ic  su s c e p tib ih tie s  fo r  
th e s e  th r e e  io n s h a v e  b e e n  g iv en  b y  th e  p re s e n t  a u th o r  in  a  p re v io u s  
p a p e r  b u t  th e s e  w ifi re q u ire  m o d if ic a tio n  to  b r in g  in to  h n e  w ith  t h e
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n e w  v a lu e s . T a k in g  th e  a b o v e  m e a n  fo r  th e  th a l l iu m  io n  th e  p re v io u s ly
p u b lish e d  v a lu e s  fo r  th e s e  s a l ts  o f th a l l iu m  g iv es C N ~ — 13 3, C N O - = i g  8 
a n d  C N S -  =  31*0. T h ese  m a y  b e  c o m p a re d  w ith  t h e  co rre sp o n d in g  
h o m o p o la r  v a lu e s  d u e  to  P a s c a l /  n a m e ly , C N ~ =  10 8, C N O ~ =  16 2 
a n d  C N S “  =  26 6. K id o  « h a s  p u b lis h e d  v a lu e s  fo r  th e  th r e e  io n s
b a se d  o n  m e a su re m e n ts  o f so m e  of t h e  a lk a li  c y an id es , c y a n a te s  a n d
th io c y a n a te s .  T h ese  v a lu e s  (CN~ =  16 6, C N O " =  23-9 a n d  C N S~ =  37-5) 
a r e  c o n s id e ra b ly  h ig h e r  t h a n  th e  p re s e n t  o n es a n d  r a th e r  h ig h e r  t h a n  seem s 
re a so n a b le  t h a n  th o se  of P a sc a l.  I t  w a s  th e re fo re  f e lt  d e s irab le  to  r e 
m e a su re  th e  su sc e p tib il it ie s  o f t h e  a lk a h  s a l ts  of th e s e  io n s  a n d  a s  a  p re -  
h m in a ry  a  v a lu e  w as o b ta in e d  u s in g  re c ry s ta ll is e d  A .R . p o ta s s iu m  cy an id e , 
w h ic h  w as t e s te d  a n d  fo u n d  to  h a v e  a  n e g lig ib ly  sm a ll i ro n  c o n te n t .  A  
m o la r  su s c e p tib i l i ty  =  27-2 w as fo u n d . .S u b tra c tin g  th e  io n ic  su sc e p ti
b ih ty ,  14 9, o f th e  c a t io n  g iv es C N - =  12 8 in  re a so n a b ly  close a g re e m e n t 
w i th  t h e  v a lu e  13 3 o b ta in e d  f ro m  th e  th a lh u m  sa lt.  I t  th u s  a p p e a rs  
h k e ly  t h a t  K id o ’s figu res a re  to o  h ig h . T h is  is  fu r th e r  s u p p o r te d  b y  th e  
d iffe ren ce  b e tw e e n  th e  h o m o p o la r  a n d  h e te ro p o la r  v a lu e s  fo r  th is  series,
i.e. fo r  C N ~ =  2 0, C N O ~ =  3 6 a n d  C N S~ =  4 4, w h ic h  a re  o f t h e  sa m e  
o rd e r  a s  th o se  fo r  th e  h a h d e  io n  series . T h e  v a lu e s  C N ~ =  13 o, C N O ~ =  
19 8 a n d  C N S “ =  31 o a re  p ro v is io n a lly  su g g e s te d  fo r th e s e  th r e e  ions.

Divalent Anions.
P a ss in g  to  d iv a le n t  a n io n s , v a lu e s  a re  p ro p o se d  fo r  th e  s u lp h a te  a n d  

c a rb o n a te  ions.
S u lp h a te  Io n .— H e re  i t  w as fo u n d  n e c e ssa ry  t o  re m e a su re  t h e  m o la r  

s u s c e p tib ih tie s  o f so d iu m  a n d  a m m o n iu m  su lp h a te s  s in ce  K id o ’s v a lu e s  
fo r  th e s e  s a l ts  a p p e a re d  to o  low , a n d , in  a d d itio n , th e  su s c e p tib ih tie s  o f 
ru b id iu m  a n d  c ae s iu m  s u lp h a te  w e re  m ea su re d , n o  p re v io u s  v a lu e  b e in g  
re c o rd e d  fo r  th e s e  sa lts .  V a lu es  w ere  o b ta in e d  a s  fohow s :—

(NH 4)2S04 =  6 7 -0 ; N a jS O i (c a lcu la te d  fro m  th e  d e c a h y d ra te )  =  52*4 ;
RbaSO* =  84 8 ; a n d  CsgSO^ =  110-3.

T h ese  v a lu e s , to g e th e r  w i th  B r in d le y  a n d  H o a re ’s v a lu e  fo r  h th iu m  
s u lp h a te , K id o ’s v a lu e  fo r  p o ta s s iu m  s u lp h a te  a n d  th e  p re s e n t  a u th o r ’s 
fo r  th a lh u m  su lp h a te , a r e  p lo t te d  in  F ig . 2, t a k in g  o n e  h a lf  th e  m o la r  su s 
c e p t ib ih ty  s in ce  tw o  a lk a h  c a tio n s  a re  in v o lv e d . T h e  g ra p h . F ig . 2 (6), 
fa lls  e x tr a o rd in a rh y  sa t is fa c to r i ly  b e tw e e n  t h a t  fo r  th e  c h lo rid e  a n d  
f lu o rid e  ions, fo llo w in g  e x a c tly  t h e  sa m e  p a ra h e l  re la tio n s h ip  a s  do  th e  
h a h d e  o nes. F ro m  th e  g ra p h  a  m e a n  v a lu e  SO4" =  40-1 c a n  b e  o b ta in e d . 
I t  is  n o t  p o ss ib le  t o  a ss ig n  a  s a t is fa c to ry  v a lu e  to  t h e  u n iv a le n t  a c id  
s u lp h a te  io n  H S O 4 - s in c e  t h e  su s c e p tib ih ty  o f  th e  p o ta s s iu m  s a l t  o n ly  h a s  
b e e n  m ea su re d . F ro m  th is  sa l t ,  fo r  w h ic h  th e  m o la r  su s c e p tib ih ty  is 49 8, 
w e  g e t  H S O 4 - =  34 9, c o n s id e ra b ly  lo w er t h a n  fo r  th e  d iv a le n t  io n . 
F u r th e r  in v e s tig a tio n  o f th e  s u s c e p tib ih ty  o f o th e r  b isu lp h a te s  is  n e ed e d  
h e re , s in ce  th is  d ro p  in  s u s c e p tib ih ty  o f  m o re  t h a n  5 u n i ts  is  o u t  o f 
p ro p o r tio n .

C arbonate Ion .— F o r  th is  io n  th e  a v a ila b le  m o le c u la r su sc e p tib ih tie s  
d o  n o t  g iv e  a s  goo d  a n  a g re e m e n t a s  fo r  t h e  s u lp h a te  io n . H o w ev e r, 
p lo t t in g  t h e  e x p e r im e n ta l  v a lu e s  o f th e  a lk a h  c a rb o n a te s  d u e  t o  P a sc a l 
a n d  K id o  a n d  th e  th a lh u m  s a l t  v a lu e s  o f t h e  p re se n t  a u th o r  g ive, a s  befo re , 
a  g ra p h  a p p re c ia b ly  p a ra lle l  t o  t h a t  fo r  t h e  o th e r  a n io n s , w h e n  o n e  h a lf  
o f t h e  m o la r  s u s c e p tib ih ty  is  u sed . (See F ig . 2 (8).) P a s c a l’s v a lu e  
fo r  c ae s iu m  c a rb o n a te  a p p e a rs  f ro m  th e  g ra p h  to  b e  a n o m a lo u s  a n d  r e 
m e a su re m e n t o f t h e  s u s c e p tib ih ty  o f th is  c o m p o u n d  a p p e a rs  in d ic a te d . 
F ro m  th e  g ra p h  a  m e a n  v a lu e  fo r  t h e  su s c e p tib ih ty  o f t h e  c a rb o n a te  io n  
CO3” =  29-5 re su lts .

A t te m p ts  to  o b ta in  v a lu e s  fo r  t h e  s u s c e p tib ih ty  o f o th e r  io n s su c h  a s  
PO4", A s0 4 “ w ere  n o t  p ro c ee d ed  w ith  a s  th e  a v a ila b le  e x p e r im e n ta l d a ta
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TABLE VI.

H eteropolar 
o r Ionic 

Susceptibility.

Homopolar
(Pascal’s)

Susceptibility.

F -  . 9-1 6-3
c i- 23-4 20*1
B r- 34 6 3 0 -6
I -  . 5 0  6 44-6
Li+ 1 0 4 2
Na+ 6 -8 9 2
K+ . 1 4 -9 1 8 -5
Rb+ 2 2 -5 27*2
Cs+ 35 0 4 1 -0

Values derived from  above—

did not give any consistent values and it is obvious that further experi
mental measurements on salts of these anions is required. The possible

modifying influence of water of 
crystallisation and covalency of 
the molecule may also have to be 
allowed for here, i.e. the additive 
law may no longer hold for these 
more complex salts.

I t  may be useful at this point 
to summarise the new ionic values 
proposed, together with the Pascal 
homopolar values which corre
spond (Table VI.).

D iscussion  of R esults.
(i) Comparison with Theo

retical Values.—Since some 
authors have attempted to show 
that a linear relationship exists 
between experimental ionic sus
ceptibilities of the same series 
when plotted against the effective 
atomic number of the ion, it is 
useful to plot these values for the 
halide and alkali ions. In Fig. 4 
the ionic susceptibilities of halide 
and alkali ions just obtained 
have been plotted, together with 
Pascal’s corresponding values for 
the homopolar atom. All four 
curves are of the same type but 

show a marked deviation from linearity and any attempt at smoothing 
out to a straight line is unjustified.

A further interesting comparison may be made with the inert gases. 
The sum of the anion and cation values for ions of the same inert gas 
configuration, or the sum of the corresponding alkali and halide atomic 
values of Pascal (given in the foregoing table) each gives the values 
for the electronic isomers corresponding to twice the inert gas structures. 
The mean values of the above molecular susceptibility are plotted in 
the uppermost curve (Fig. 4, curve 1(6)). It should be noted that the 
sum of the ionic values with that of the homopolar values is in extremely 
close agreement and shows the satisfactory nature of the present ionic 
values. Immediately below this curve are plotted (Fig. 4, curve I  (a)) 
the values for the experimental susceptibilities of the inert gases multi
plied by two to bring to the same scale. (The values for the first three 
of these are due to Wills and Hector (Stoner, “ Magnetism and Matter,” 
p. 202) while the last two are as given in Klemm’s ” Magnetochemie,” 
p. 145). It will be noted that the graph for the inert gas susceptibility 
follows the same general course as the previous ones but falls very 
slightly below that for the sum of the positive and negative atoms or 
ions; being almost exactly parallel with the latter as might be expected. 
The unequal nature of the charge in the isomer MX, i.e. {N — I) and 
{N -f I) renders the total susceptibility slightly greater than where 
the two atomic centres are symmetrical. This is in agreement with

N03- 18 9 14-2
CIO3- . 30-2 —

BrO,- . 39 8 —

IO3- 51 4 —

CIO4- . 32 0 —

B r O r  . 51-9 —

CN- 13 0 10-8
C N O - . 19 8 16 2
C N S- 31-0 26 6
SO4- 40 I 33 6
CO3- 2 9 5 22-2
NH4+ . 13 3 ------

T 1+ 3 5 7
-
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theory, since in the formula for the theoretical susceptibility a fall of 
one unit in N  in the halide ion makes a relatively larger addition to 
27F  than the lowering produced by the corresponding increase in N  
for the alkali ion.

To pass to a comparison of these experimental values with those 
obtained theoretically, Klemm in “ Magnetochemie ” gives graphs 
showing the course of the theoretical susceptibility - atomic number 
curve for alkali, halide and inert gas ions which show precisely similar 
deviations from linearity as the experimental curves. Klemm plots the 
theoretical values due to Angus which represent a slight modification 
of the Slater method. In Angus’ method the s and p electrons for the 
same principal electron shell are considered separately in calculating 
the screening constants for the shell. The net result is to give rather 
lower theoretical susceptibility values which for the ions beyond 
potassium are in closer agreement with the experimental values. For

F i g .  4 .— E x p e r i m e n t a l  a t o m i c  a n d  
i o n i c  s u s c e p t i b i l i t i e s  o f  a l k a l i s ,  
h a l i d e s  a n d  i n e r t  g a s e s .

(la) Inert gas susceptibilities.
(16) Sum of halide and alkah suscepti

bilities both homopolar and 
heteropolar.

(20) Hahde ion susceptibihties, homo- 
polar (Pascal).

(26) Hahde ion susceptibihties, hetero
polar (present paper).

(за) Alkah ion susceptibihties, homo- 
polar (Pascal).

(зб) Alkah ion susceptibihties, hetero
polar (present paper).

Dotted curve. Theoretical values of 
Slater for comparison.

E lective charqt o f Ion .•'«/I 50

convenience of reference, the curve of the Slater theoretical values for 
the halide ions has been plotted on Fig. 4 (dotted curve). From this 
the similarity in shape between experimental and theoretical curves may 
be noted and in addition the fact that the theoretical curve rises more 
sharply than the experimental after atomic number lO. , The theoretical 
curves for the alkali ions, the homopolar atoms and the inert gases show 
similar relationships to the corresponding experimental curves. The 
general form of these theoretical graphs is dependent on the Langevin 
equation for the diamagnetic susceptibility of a spherically symmetrical 

e^Lsystem, i.e. where is as defined under Brindley’s
first method of calculating ionic susceptibilities. The change in the 
slope of the curve on passing from one ion to the next will be determined 
by the change in values of for all the shells. The net difference, 
in passing from one ion to the next in the series is thus made up of a 
positive and a negative increment, since the contributions of inner

"  Angus, Proc. Roy. Soc., 1932, 569.
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shells becomes progressively less as that of additional outer shells is 
added. Even where the number of added electrons is the same, i.e. 
in passing from Cl to Br and from Br to I, an analysis of the constituents 
of UP shows that these two factors are not the same. Thus an analysis 
of the constituents of UP  brings out the real nature of the change in 
slope of the susceptibility - effective atomic number curve and shows 
that the non-linear nature of the curve is a theoretical necessity. The 
present survey bringing out similar effects in the experimental results

F i g .  4 6 .— G o l d s c h m i d t ' s  i o n i c  r a d i i  
f o r  a l k a l i  a n d  h a l i d e  i o n s  p l o t t e d  
a g a i n s t  e f f e c t i v e  c h a r g e  o f  i o n .

(1) H alide ions.
(2) A lkali ions.Efftctm atimk numbtr-cf hn. N -  

2.Û 2.0 4.0 5.0

shows that in this respect experimental data supports the theory. 
Additional experimental evidence is supplied, if needed, by Fig. 4 [b), 
where Goldschmidt’s ionic radii, derived from crystal structure data, 
for halide and alkali ions are plotted and show a similar type of deviation.

It is generally recognised that on the whole the theoretical suscepti
bilities are too high when compared with the experimental, the main 
deviations between experiment and theory occurring for the heavier 
ions where the theoretical values become progressively too high. (See

{a)

'w 40---- so—

Efective atcmic numbtr c f Ion. N
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Stoner, “ Magnetism and Matter,” p. 272.) Klemm, however, suggests 
that any deviation between theory and experiment is not a systematic 
one but may be due to experimental error, especially since frequently 
there is a difference in the values obtained by different workers. In 
view of this opinion it was thought useful to plot the deviations between 
theoretical and experimental susceptibilities for the alkali, inert gas 
and halide ions, for both the Slater and Angus theoretical susceptibilities. 
Fig. 5 {a) and {b) shows these curves and indicates that the deviations 
are, contrary to Klemm’s view, of a quite systematic nature. Thus,

G o l d s c h m i d t ,  Trans. Faraday Soc., 1929. 2 5 3 .
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whichever theoretical susceptibilities are used, there is at first a fairly 
close agreement between theoretical and experimental values. The 
theoretical then falls below the experimental, reaching its minimum 
value at configuration N  =  lO ,  and then progressively rises with in
creasing values of N. The curves for the different ions are similar in 
type. The Slater values give best agreement for values of iV =  12-20, 
while those of Angus are in better agreement for values oî N  =  20-28. 
On the whole, these curves support Stoner’s opinion that Angus’s separ
ation of the “ s ” from the “ p ” electrons, in calculating the values, is 
not justified, since the Slater curves show the most systematic deviations. 
The deviations for heavier ions may be partly ascribed to the fact that 
experimental measurements never even approximate to the ideal con
dition of the free ion in empty space for which the theoretical calcula
tions are made. Thus, as Brindley and others have pointed out, the 
limitation on the spread of the electron density for outer shells would 
lower the actually measured susceptibilities below the theoretical value. 
This effect is .likely to become progressively larger, although not 
necessarily proportionately so as the volume of the ionic shell increases. 
That this is at least a partial explanation of the results is suggested by 
the gradual fall in susceptibility observed by Brindley and Hoare in 
compounds of increasing co-ordination number. It is further probable 
that for the elements of the alkali and halide groups agreement between 
theoretical and experimental susceptibilities would be reached could 
the experimental measurements be made for a single free ion in empty 
space, since Brindley and Hoare’s results extrapolate back reasonably 
well to the Hartree theoretical value, as these authors have pointed out. 
This may not, however, be the case for all ions. The results obtained 
by the present author for the univalent thallous ion, where the experi
mental susceptibility is only a little more than half the theoretical value, 
suggests that in ions with the inert pair of electrons some other factor 
must be at work to produce the large discrepancy between experiment 
and theory.

(2) Comparison of Heteropolar Values w ith P a sca l’s H om o- 
polar Values.—A useful comparison may be made for alkali and halide 
ions between Pascal’s homopolar atomic susceptibility values and the 
present ionic values, thus giving a measure of the effect of converting 
a covalent to a polar bond. It will be noted from Table VI by sub
tracting corresponding values that the bond effect increases for the 
heavier ions. Plotting this bond increase or depression against N, 
the effective atomic number of the ion, shows in Fig. 6 the remarkably 
symmetrical nature of this effect, similar curves being obtained for 
halide and alkali ions over the corresponding sections. The general 
shape of these graphs and the gradual increase in bond effect on passing 
from lighter to heavier ion is in agreement with theory since the argu
ment outlined before to explain the general form of the susceptibility- 
atomic number curve holds for these deviation curves. Furthermore, 
one electron makes a more marked contribution to the susceptibility 
in the higher shells, since the expression for UP contains several squared 
terms and thus the increasing bond effect is accounted for. The cor
responding curve for the difference between theoretical homopolar 
and heteropolar values, derived by plotting the difference between 
the second and third columns of Table I (see Fig. 6 (i)) follows 
a similar course although some anomaly occurs at the fluoride ion. 
It may be remembered that only limited experimental data was
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available for this ion and some correction in homopolar or heteropolar 
value may be needed. Fig. 6 further shows that Weiss’s assumption 
that the Pascal atomic values can be corrected for the homopolar bond
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F ig. 6.—Excess of heteropolar over 
homopolar susceptibilities.

(1) Halide ions.
(2) Alkah ions.
(3) Theoretical values hahde ions.

effect by addition or subtraction of the factor 3-0 units of suscepti
bility is only approximately true for the lighter members of the series 
and a considerably greater correction is required for the heavier 
members. Fig. 6 summarises conveniently the extent of this bond 
effect for the univalent ions under consideration.

Sum m ary.
1. Io n ic  d ia m a g n e tic  su s c e p tib i l i ty  v a lu e s  fo r  s im p le  u n iv a le n t  io n s  

o f P e r io d ic  T a b le  G ro u p s  I  a n d  V I I ,  h a v e  b e e n  c a lc u la te d . T h ese  m a y  
b e  u se d  a s  c o rre c tin g  c o n s ta n ts .  T h ese  a re  m e a n  v a lu e s  b a se d  o n  a  su rv e y  
of a ll th e  m e th o d s  a v a ila b le , fo r  c a lc u la tin g  io n ic  su s c e p tib ih ty  v a lu es , 
w h ic h  h a v e  b e e n  c r it ic a lly  d iscu ssed . A  g ra p h ic a l m e th o d  of c h ec k in g  
e x p e r im e n ta l  v a lu es, a n d  d e d u c in g  io n ic  c o rre c tin g  c o n s ta n ts  is  in tro d u c e d . 
T a b le  V I  g ives t h e  v a lu e s  p ro p o se d  a s  t h e  m o s t s a t is fa c to ry . A d d itio n a l 
v a lu e s  fo r  o th e r  u n iv a le n t  io n s  a n d  so m e  c o m m o n e r  d iv a le n t  io n s  h a v e  
b e en  d e d u c e d  f ro m  th ese , u s in g  a  g ra p h ic a l  m ea n s  o f sm o o th in g  o u t  in d i
v id u a l  e x p e r im e n ta l e rro rs . "

2. T h e  re la tio n s h ip  b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l io n ic  su s
c e p tib ili tie s  fo r  io n s  o f r e la te d  se ries h a s  b e en  c o n s id e re d  g ra p h ic a lly , 
sh o w in g  t h a t  th e o re t ic a l  v a lu e s  fo llow  s u b s ta n t ia l ly  th e  sa m e  g e n e ra l 
fo rm  a s  e x p e r im e n ta l  ones, b u t  th e  re la tio n s h ip  is  n o t  a  l in e a r  one . T h e  
d e v ia t io n s  b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l  v a lu e s  h a v e  b e e n  d is 
cu sse d  a n d  i t  is  sh o w n  g ra p h ic a lly  t h a t ,  c o n tr a ry  to  so m e  o p in io n s , su c h  
d e v ia t io n  is q u i te  sy s te m a tic .

3. T h e  re la tio n s h ip  b e tw e e n  e x p e r im e n ta l  v a lu e s  fo r  th e  sa m e  a to m  
in  h o m o p o la r  a n d  h e te ro p o la r  c o m b in a tio n  h a s  b e e n  c o n s id e re d  fo r  th e  
h a lid e  a n d  a lk a li  io n s  a n d  i t  is  sh o w n  t h a t  th e  b o n d  e ffec t d u e  to  t h e  h o m o - 
p o la r  b o n d  is, fo r  t h e  s im p le  io n s  c o n sid e red , n o t  c o n s ta n t ,  b u t  r ise s  in  a  
re g u la r  m a n n e r  w i th  in c re a s in g  e fiec tiv e  a to m ic  n u m b e r  of t h e  io n . T h e  
v a lu e  fo r  io n s  o f t h e  sa m e  e ffec tiv e  a to m ic  n u m b e r  is  a p p ro x im a te ly  o f 
t h e  sa m e  o rd e r  o f m a g n itu d e .

Physical Chemistry Laboratory, Bedford College, 
at the University Chemical Laboratory,

Cambridge.
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In  a  p re v io u s  p a p e r  1 a  c o m p a riso n  w as m a d e  b e tw ee n  th e  d ia m a g n e tic  
su sc e p tib ilitie s  of h o m o p o la r  a n d  h e te ro p o la r  h a lo g en  a to m s  in  ch em ica l 
c o m p o u n d s , t h a t  is, b e tw ee n  th e  a to m ic  su sc e p tib il it ie s  of h a lo g en  a to m s  
o b ta in e d  b y  P a sc a l fro m  th e  m o la r  m a g n e tic  m ass  s u s c e p tib ilitie s  o f h a lo g en - 
c o n ta in in g  co m p o u n d s , a n d  th e  io n ic  su s c e p tib i l i ty  of th e  h a lo g en  io n  in  
i t s  ty p ic a lly  p o la r  c o m p o u n d s su ch  a s  th o se  w ith  th e  a lk a li  m e ta ls . D u rin g  
th e  co u rse  of t h a t  in v e s tig a tio n , i t  w as n o te d  t h a t  th e re  a re  co n sid e ra b le  
v a r ia tio n s  in  th e  m a g n e tic  su s c e p tib i l i ty  v a lu e s  o b ta in e d  b y  d iffe re n t 
in v e s tig a to rs  fo r  th e  s im p le r h a lo g e n  s u b s t i tu te d  d e r iv a tiv e s  of s a tu r a te d  
a lip h a tic  a n d  a ro m a tic  h y d ro c a rb o n s . I n  a d d it io n  th e re  w ere  so m e 
g a p s  in  th e  v a lu e s  fo r  th e s e  c o m p o u n d s c o n sid e re d  a s  a  series . I t  w as 
sh o w n  {loc. cit.) t h a t  a  g ra p h ic a l m e th o d  co u ld  b e  em p lo y ed  a s  a  c o n sid e r
a b le  g u id e  to  th e  re lia b i l i ty  o f e x p e r im e n ta l m a g n e tic  su s c e p tib i l ity  v a lu e s  
fo r  r e la te d  series o f c o m p o u n d s  in  th e  sa m e  p h y s ic a l s ta te .  F o r  th e  
m e th y l  a n d  e th y l  h a lid e s  a n d  th e  m o n o su b s ti tu te d  h a lo g en  d e r iv a tiv e s  
o f b en zen e , n o t  o n ly  w ere  th e re  sev e ra l d iffe rin g  v a lu e s  re p o r te d  fo r  e x 
p e r im e n ta l  su sce p tib ilitie s , b u t  o n  p lo tt in g  th e  o b se rv ed  m o la r  su s c e p ti
b i l i ty  o f th e  c o m p o u n d  a g a in s t  th e  e ffec tive  a to m ic  n u m b e r  of th e  h a lo g en  
a to m , a  w ide  d iv erg en ce  fro m  th e  c h a ra c te r is tic  g ra p h ic a l re la tio n s h ip  
w as fo u n d  a m o n g  m em b e rs  of a  re la te d  series.

T h e  im p o r ta n c e  o f secu rin g  m o re  a c c u ra te  d a ta  fo r  th e  d ia m a g n e tic  
su s c e p tib i l ity  of o rg a n ic  c o m p o u n d s  h a s  re ce n tly , a n d  s in ce  th is  w o rk  
w a s  in it ia l ly  u n d e r ta k e n , b e e n  s tre sse d  b y  P ro fe sso r S u g d en  * a n d  b y  
W . R . Angus.® P ro fe sso r S u g d en  d ra w s  a t te n t io n  to  th e  la c k  o f a g ree 
m e n t  b e tw e e n  e x p e r im e n ta l v a lu e s  fo r  th e  m a g n e tic  su sc e p tib il it ie s  of 
v a r io u s  c o m p o u n d s o b ta in e d  b y  d iffe re n t w o rk e rs  a n d  d iffe re n t m e th o d s .

B en zen e  a n d  a ce to n e  re p re se n t  th e  o n ly  tw o  liq u id s  o th e r  t h a n  w a te r  
fo r  w h ich  a n y  re a lly  s a t is fa c to ry  ra n g e  of in v e s tig a tio n s  h a s  b e e n  m a d e  
b y  a  la rg e  n u m b e r  of w o rk ers , a n d  ev en  h e re  th e  e x tre m e  v a lu e s  d iffer 
b y  so m e  1*5 % . S u g d en  p o in ts  o u t  t h a t  th is  u n c e r ta in ty  fo rm s th e  
p r in c ip a l d if& culty  in  m a k in g  a n y  d e ta c h e d  a n a ly s is  of th e  r e la tio n  b e 
tw e e n  d ia m a g n e tism  a n d  ch em ica l c o n s t itu t io n , a n d  o b sc u res  th e  cau ses  
of th e  d iv e rg en ces t h a t  e x is t  b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l d ia 
m a g n e tic  su s c e p tib i l i ty  v a lu es, a  d iv e rg en ce  t h a t  h a s  a lso  b e en  p o in te d  
o u t  in  p re v io u s  p a p e rs  f ro m  th is  la b o ra to ry .

I n  v iew  o f th e  a b o v e , w e h a v e  c a r r ie d  o u t  m ea su re m e n ts  of th e  su s 
c e p tib il i tie s  of th o se  c o m p o u n d s  w h ich  sh o w ed  th e  w ddest d isc rep an c ie s  
(see T a b le  I  fo r  in d iv id u a l  m em b ers ), a n d  w h ich  cou ld  b e  p re p a re d  o r  
o b ta in e d  re a d ily .

I n  a d d itio n , so m e  im p ro v e m e n ts  in  e x p e r im e n ta l te c h n iq u e  fo r  th e  
d e te rm in a tio n  of m ass  su s c e p tib i l ity  b y  th e  m o d ified  G o u y  rn e th o d  
p re v io u s ly  d esc rib e d  * h a v e  b een  d ev ised . T h e  m e th o d  d e sc rib e d  b e lo w  
is  s u i ta b le  fo r  liq u id s  on ly , b u t  in  th is  l im ite d  case, e lim in a te s  se v e ra l 
so u rces  o f e r ro r  in h e re n t  in  th e  o rig in a l m e th o d .

1 Trew, Trans. Faraday Soc., 1941, 37, 476.
* Sugden, gth Liversidge Lecture, J .C .S ., 1943, 328.
* Angus and  Hill, Trans. Faraday Soc., 1943, 39, 185.
* T rew  an d  W atkins, ibid., 1933, 30, 1310,
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TABLE I.*

Compound.

Mass 
Susceptibility. 

—  X  X 10* 
a t 20“ C.

Molar
Mass

Suscep
tibility .

- X M X I O ' .

Boiling Point 
(°C.)

Density
( D f ) -

Refractive Index 

« ) -

Obs. val. L it. val. Obs. val. L it. val. Obs. val. L it. val.

CeHgCI a  . o -62 i 8 ± 0 ‘o o o 8 69-95 132 132 d 1-107 1-1066 d 1-5252 1-52479 d
CgHjBr a  . 0‘5030± 0‘0 0 ii 78-92 156 155-6d 1-497 1-497 6 1-5601 1-560 6
CgHgl a . 0 ' 4476 ± o - o o i i 9Ï-30 188 188-45 d 1-832 1-832 e 1-621 e
CH Br, a 0 -3253± 0 '000S 82-22 149-5 149-5 d 2-890 2-890 e 1-5980 1-598 e
C H I, b o-2974± o-oo7i ■ 117-1 M.P. 119 119 d — — —
CCI, a 0‘434 0 ± 0 '0 0 ii 66-77 76-8 76-74 d 1-595 1-595 6 1-46110 1-4607»
CBr, c 0 -2S 26 ± 0 -OOI4 93-73 M.P. g i go-id — — — —
C2H,Br a . 0-5020 ±0-0007 54-74 38 38-4 d 1-430 1-4307! d 

1-4555 J
1-4252 1-42386

® ■ 0 '4394± 0 ’00°9 68-53 72 72 -3 ^ 1-933 1-933 e 1-5141 1-513/
C ,H ,a o -7 0 2 o ± o -o o o 7 54-79 80 80-08 0-87897 0-8788 6 1-5012 1-50165 d
C H ,COCH ,a o -5866± o - o o i o 34-05 0-7915 0-7915 6 1-3589 1-35686»

* l a  column i ,  (a) refers to  susceptibility measurements m ade on the liquid, (6) to  measurements on 
solutions containing from i i  % to  20 % of iodoform, and (c) to  measurements on the solid.

In  columns 5, 7 and g, (d) refers to  Heilbron’s Dictionary, (e) to  the  International Critical Tables, (/) 
to  Landolt-Bom stein, and (g) to  the Chemical Catalog Co.

Experim ental.
W h e n e v e r  possib le , sp ec im en s  o f a  sin g le  s u b s ta n c e  f ro m  d iffe re n t 

so u rces  w ere  e x a m in e d . I n  a ll  cases th e  sp ec im en s w ere  su b je c te d  to  
r ig o ro u s  p u rif ic a tio n  b y  freez ing , d ry in g , re d is ti l la t io n  in  a ll-g lass a p p a ra tu s ,  
o r  re p e a te d  re c ry s ta ll is a tio n , a n d  th e  p u r i ty  te s te d  b y  re fe ren ce  to  a c c e p te d  
s ta n d a rd s  o f re fra c tiv e  in d ex , d e n s ity , a n d  b o ilin g  o r  m e ltin g  p o in t.  
T h e  sp ec im en s w ere  a lso  t e s te d  b y  m ea n s  of th io g ly c o llic  a c id  fo r th e  
p re sen c e  of tr a c e s  of iro n , a n d  sh o w n  to  b e  free  f ro m  th is  im p u r i ty .  D e te r 
m in a tio n s  of th e  r e fra c tiv e  in d e x  (so d iu m  D  lin e  a t  20° C.) w ere  m a d e  
u s in g  th e  A b b é  re fra c to m e te r , b y  D r. D . M . S im p so n , t o  w h o m  th e  th a n k s  
o f  th e  a u th o rs  a re  d u e . T h e  r e su lts  o b ta in e d , a n d  a  c o m p a riso n  w ith  th e  
v a lu e s  a v a ila b le  in  th e  l i te r a tu r e  a re  t a b u la te d  in  T a b le  I, co lu m n s 2-9.

T h e  G o u y  b a la n c e  a n d  m e th o d  u se d  fo r  d e te rm in in g  m a g n e tic  su s 
c e p t ib il i ty  h a v e  b een  d e sc rib e d  p rev io u sly ,*  b u t  a  n u m b e r  of sp ec ia l 
p o in ts  fo r  e n su rin g  g re a te r  p re c is io n  h a v e  s ince  b e e n  a d o p te d . U sin g  
th e  D .C . m a in s  c u r re n t  of 220 v o lts , w i th  a  se n s itiv e  a m m e te r  a n d  v a r ia b le  
r h e o s ta t  in  series w ith  th e  m a g n e t  coils, e x p e r im e n ts  w ere  c a r r ie d  o u t  
to  d e te rm in e  th e  b e s t  c u r re n t  s t r e n g th  a t  w h ich  to  w o rk , a n d  i t  w as fo u n d  
t h a t  a t  2-8 a m p . a  m a x im u m  d ia m a g n e tic  t h r u s t  w as o b ta in e d  o n  th e  
sp ec im en . H e n c e  i t  w as d ec id ed  to  w o rk  a t  a  c u r re n t  s t r e n g th  of 3 a m p . 
a s  b e in g  su ffic ien tly  lo w  to  p re v e n t  u n d u e  h e a tin g  of th e  coils, b u t  sa fe ly  
w ith in  th e  re g io n  a t  w h ich  th e  co ils w ere  s a tu ra te d ,  th u s  e n su rin g  a  co n 
s t a n t  field  a t  th e  lo w er end  o f th e  sp ec im en . E x p e r im e n ts  w i th  fields 
b e lo w  th e  s a tu ra t io n  p o in t  sh o w ed  t h a t  s l ig h t v a r ia tio n s  in  th e  c u r re n t  
c a u se d  sm a ll b u t  m e a su ra b le  v a r ia tio n s  in  p u ll, a n d  h e n ce  i t  w as co n 
sid e red  m o s t sa t is fa c to ry  to  w o rk  ju s t  w ith in  th e  re g io n  o f m a x im u m  field . 
W h en  th e  p o le  p ieces w ere  1-25 cm . a p a r t  a n d  th e  c u r re n t  s t r e n g th  3 0 a m p . 
t h e  field  w as 5290 gau ss. A lth o u g h  a  m a x im u m  field  o f  7000 g au ss w as 
o b ta in a b le  u s in g  a  sm a lle r  p o le  g ap , i t  w as fo u n d  t h a t  th is  n e ce ss ita te d  
u s in g  a  sm a lle r  v o lu m e  o f sp ec im en , a n d  th e  e rro rs  in tro d u c e d  b y  th is  
m o re  t h a n  n e u tra lis e d  th e  a d v a n ta g e s  o f th e  h ig h e r  field .

A n  a v e ra g e  le n g th  o f 7 cm . w a s  u se d  fo r  m o s t sp ec im en s s in ce  a t  6  cm . 
a b o v e  th e  c e n tre  o f th e  p o le  p ieces o f th e  m a g n e t  th e  field  w as zero .

I n  th e  G o u y  m e th o d  of d e te rm in in g  m a g n e tic  m ass  su s c e p tib i l ity
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w h en  th e  to p  of th e  sp ec im en  is in  zero  field  a n d  th e  b o t to m  is  in  field  
th e  su s c e p tib i l ity  is g iv en  b y  :—

w h ere  % =  m ass su s c e p tib i l ity  o f sp ec im en , F  =  fo rce  on th e  sp ec im en  
in  m g., W =  w e ig h t o f m a te r ia l  in  g ., K =  t h e  specific  su s c e p tib i l ity  of

j  TT .LI- 1 . 2I X  io«  X 981a ir  =  0-0294 X 10-», a n d  V  =  t h e  v o lu m e  in  c.c . ; a  =  — — ----------------
. H I  X  1000

a n d  is a  c o n s ta n t  fo r  th e  a p p a ra tu s  u sin g  a  g iv en  field  a n d  c o n s ta n t  len g th  
I o f sp ec im en .

I t  is u su a l to  c a l ib ra te  th e  a p p a r a tu s  w i th  sp ec im en s of k n o w n  su s 
c e p t ib il i ty  in  o rd e r  to  d e te rm in e  a, th e  b a la n c e  c o n s ta n t .  I n  o rd e r, h o w 
ev er, to  e lim in a te  p o ss ib le  so u rces of e r ro r  in  filling  su s c e p tib i l ity  tu b e s  
t o  a  c o n s ta n t  m a rk , a n d  f ro m  p o ss ib le  f lu c tu a tio n s  in  a, a  m o d ific a tio n  of 
th e  u su a l m e th o d  w as em p lo y ed . C o n secu tiv e  re ad in g s  w ere  m ad e  of th e  
p u ll  o r  th r u s t  on  th e  tu b e  filled  w ith  a ir , w ith  th e  s ta n d a rd  liq u id  o f k n o w n  
su sc e p tib il ity , a n d  w ith  th e  l iq u id  u n d e r  in v e s tig a tio n , u sin g  th e  sam e  
tu b e  a n d  su sp en s io n  w ire  e ac h  t im e  (p la tin u m  w ire  of d ia m e te r  0-004 
w as fo u n d  m o s t sa tis fa c to ry ) .

S in ce  io « x  =  ^ +  • • • (I)

w h e re  F  is th e  r e s u l ta n t  p u ll  o n  th e  l iq u id  u n d e r  in v e s tig a tio n , a n d  th e  
o th e r  te rm s  a re  a s  before ,

io«x  =  O.FJW -f 0 - 0 2 9 4 wh e r e  d =  d e n s i ty  o f sp ec im en  =  W/V. 
H e n ce  fo r l iq u id  A  : io®xa =  olF ^ /W ^  - f  0-0294

o r  i o ®xa =  +  0 - 0 2 9 4 wh e r e  F  =  v o lu m e  of sp ec im en  to  m a rk .
S im ila r ly  fo r  s ta n d a rd  liq u id  B  : io«xb =  o^-F^/Vd^ -f- 0-0294/(^3

S u b s ti tu tin g  th e  m e a su re d  v a lu es  o f a n d  Fg , th e  d e n sitie s  d^  a n d  d^, 
o f th e  sp ec im en s a t  th e  te m p e ra tu re  of th e  e x p e rim e n t, a n d  th e  k n o w n  
v a lu e  o f xb. g ives xa. w h en ce

io®Xa =  (io®Xb — o-0294Mb)-Fa«̂b/Fb4  +  o-0294/£?a. . (3)
T h e  a b o v e  m e th o d  e lim in a te s  th e  e rro rs  re fe rre d  to , th e  o n ly  m easu red  

q u a n ti t ie s  b e in g  th e  fo rces F ^  a n d  F g  w h ich  c a n  b e  m e a su re d  to  w ith in  
0-2 % . A n  a c c u ra te  th e rm o m e te r  b e tw ee n  th e  po les of th e  m a g n e t  w as 
u sed  to  re c o rd  th e  te m p e ra tu re  a t  w h ic h  e x p e rim e n ts  w ere  c a rr ie d  o u t.

I n  co n sid e rin g  th e  m o s t su i ta b le  s ta n d a rd s  t o  u se  fo r  d ia m a g n e tic  
su s c e p tib i l ity  m ea su re m e n ts , p re lim in a ry  c a lib ra tio n  of th e  b a la n c e  a n d  
d e te rm in a tio n  of th e  b a la n c e  c o n s ta n t  w as c a rr ie d  o u t  u sin g  p u re  p a r a 
m a g n e tic  su b s ta n c e s  a s  a d v o c a te d  b y  S u g d en  fo r g e n era l w o rk  w ith  th e  
G o u y  b a la n c e . I n  la te r  w o rk  w ith  a lm o s t e x c lu s iv e ly  d ia m a g n e tic  s u b 
s ta n c e s  i t  w a s  co n sid e red  b e t t e r  to  u se  a s  a  s ta n d a rd ,  so m e  p u re  d ia 
m a g n e tic  su b s ta n c e  w h ose  su s c e p tib i l i ty  w as a c c u ra te ly  k n o w n , s ince  th e  
la rg e  p a ra m a g n e tic  p u lls  a re  of a n  e n tire ly  d iffe re n t o rd e r  o f m a g n itu d e  
f ro m  th e  d ia m a g n e tic  m e a su re m e n ts  b e in g  c a rr ie d  o u t.  F o r  p re c is io n  
w o rk  i t  w as d ec id ed  n o t  to  u se  so lid  su b s ta n c e s  a s  th e  s ta n d a rd ,  a s  th e re  
m a y  b e  sm a ll e rro rs  in tro d u c e d  in  p a ck in g  th e  m a te r ia l  h o m o g en eo u sly  
in  th e  tu b e .

W a te r , b en zen e , a n d  a c e to n e  a re  th e  th re e  su b s ta n c e s  w h ose  su s c e p ti
b i l i ty  h a s  b e e n  m o s t re lia b ly  d e te rm in e d . O f th ese , w a te r  seem s a t  f irs t  
s ig h t  to  b e  th e  b e s t  s ta n d a r d  ow in g  to  i ts  h ig h  su sc e p tib il ity . D ifficu lties 
in  o b ta in in g  a n d  m a in ta in in g  w a te r  in  a  h ig h  deg ree  of p u r i ty  m a k e  i t  
less su ita b le  as a  s ta n d a rd  th a n  e ith e r  b en zen e  o r  ace to n e , p ro v id e d  t h a t  
a c c e p te d  s ta n d a r d  v a lu e s  fo r th e s e  l iq u id s  c a n  b e  o b ta in e d . I n  th e  case
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of th e  l a t t e r  tw o  liq u id s , Sug d en  ® h a s  ta b u la te d  a  la rg e  n u m b e r  o f a v a i l 
a b le  su s c e p tib i l i ty  v a lu e s . T h ese  figures sh o w  t h a t  th o u g h  th e re  is v e ry  
fa ir  a v e ra g e  a g re e m e n t, so m e  o f th e  v a lu e s  t e n d  to  be a b o u t  a  h ig h  m ea n  
v a lu e  o f — 0-712 X 10-®, w h e reas  so m e te n d  to  co m e c o n s id e ra b ly  low er 
a b o u t  a  m ea n  o f — 0-702 x io~«, fo r  b en zen e . A ce to n e  a lso  show s a  
s im ila r  d iv e rg en ce  o f v a lu es . A n g u s a n d  Hill,® u sin g  p u re  n ick e l c h lo rid e  
as  s ta n d a rd ,  h a v e  re c e n tly  p u b lis h e d  re su lts  fo r  b en zen e  in  w h ich  a g re e - . 
m e n t w as o b ta in e d  w ith  th e  lo w er v a lu e s . T h e  d isc re p a n c y  b e tw ee n  
in d iv id u a l  v a lu e s  a p p e a rs  to  b e  ih  p a r t  d u e  to  th e  use  of d iffe re n t in it ia l  
s ta n d a rd s  b y  d iffe re n t in v e s tig a to rs . A  c a re fu l re d e te rm in a tio n  of th e  
su s c e p tib i l i ty  o f b e n ze n e  a n d  of a c e to n e  w as th e re fo re  c a r r ie d  o u t  o n  th e  
b as is  t h a t  th e  su s c e p tib i l i ty  of w a te r  =  — 0-720 x io~« ; a n d  u sin g  
p u re  c o n d u c tiv ity  w a te r  a s  s ta n d a rd ,  re su lts  in  a g re e m e n t w i th  th e  low er 
figu re  o f —0-702 X io~« fo r  b e n zen e  w ere  o b ta in e d . S im ila r ly  fo r  a c e to n e  
th e  lo w er figu re  is co n firm ed  (see T a b le  I ) . H e n ce  th e  v a lu e s  a re  su g g e ste d  
a s  th e  m o s t s a t is fa c to ry  s ta n d a rd s  fo r  d ia m a g n e tic  su s c e p tib i l ity  w o rk  :—

X a c e to n e  . . — 0-5866 X io~®
X b e n zen e  . . — 0-7020 x io~®
X w a te r  . . — 0-7200 x io~®.

I t  m a y  fu r th e r  b e  o b se rv e d  t h a t  m u c h  a p p a r e n t  d iffe ren ce  in  a b so lu te  
v a lu e s  c o u ld  b e  a v o id e d  if  a g re e m e n t co u ld  b e  re a c h e d  b y  d iffe re n t w o rk e rs  
o n  a  s u i ta b le  c o m m o n  s ta n d a rd .  B o th  b e n zen e  a n d  a c e to n e  a re  s a t is 
f a c to ry  a s  th e y  c a n  b e  o b ta in e d  in  a  v e ry  h ig h  d eg ree  o f p u r i ty .  T h e  
b e n ze n e  u se d  in  th e  p re s e n t  in v e s tig a tio n  w a s  a  K a h lb a u m  sp ec im en  
w h o se  b o ilin g  p o in t  a n d  r e fra c tiv e  in d e x  in d ic a te d  i t  to  b e  of a  v e ry  h ig h  
d eg ree  of p u r i ty  (see T a b le  I ) .  T h e  a c e to n e  u se d  w as o f a n a ly t ic a l  p u r i ty  
a n d  h a d  b e e n  d r ie d  fo r  a  m o n th  o v e r  KgCO 3. T h e  su s c e p tib i l ity  v a lu e  
fo r b en zen e  b e in g  e s ta b lish e d  in  te rm s  of w a te r  a s  s ta n d a rd ,  th e  b en zen e  
w as u sed  a s  th e  s ta n d a r d  liq u id  fo r  su b s e q u e n t su s c e p tib i l ity  m ea su re m e n ts .

O f th e  su b s ta n c e s  m e a su re d  in  th is  in v e s tig a tio n  th e  o n ly  o n e  w h ich  
p re se n te d  a n y  d iff icu lty  w as io d o fo rm , a n d  i ts  s u s c e p tib i l i ty  h a d  n o t  p r e 
v io u s ly  b e e n  re co rd e d , p ro b a b ly  b ecau se  i t  is  th e  o n ly  o ne  o f th e  se ries in  
th e  so lid  s ta te .  A t te m p ts  w ere  m a d e  to  m ea su re  t h e  su s c e p tib i l i ty  of th e  
t ig h t ly  p a c k e d  so lid  p o w d er, b u t  th e s e  h a d  to  b e  d isc o n tin u e d  a s  th e  fine 
l ig h t  flakes c o u ld  n o t  be  p a c k e d  in to  a  h o m o g en eo u s so lid  ro d  o f m a te r ia l,  
a n d  w id e ly  v a ry in g  s u s c e p tib i l i ty  re su lts  w ere  o b ta in e d  ow in g  to  u n e q u a l 
p a c k in g . S e a rch  w as th e n  m a d e  fo r a  su ita b le  so lv e n t, b u t  in  m a n y  cases 
ra p id  d a rk e n in g  w as o b se rv ed  d u e  to  th e  l ib e ra t io n  of io d in e . E th y l  
io d id e , o n e  o f th e  liq u id s  b e in g  in v e s tig a te d , w as fo u n d  to  b e  th e  m o s t 
u se fu l so lv e n t, th e  so lu tio n  n o t  d a rk e n in g  a p p re c ia b ly  in  a  t im e  su ffic ien t 
fo r  s u s c e p tib i l i ty  re a d in g s  to  b e  m ad e . E v e n  a f te r  so m e  d a rk e n in g  h a d  
o c cu rre d , no  a p p re c ia b le  a l te ra t io n  in  th e  s u s c e p tib i l i ty  w as o b ta in e d .

Results.
T h e  re su lts  o b ta in e d  fo r  th e  m o la r  m ass  su sc e p tib il it ie s  of ace to n e , 

ben zen e , a n d  th e  e lev en  o th e r  su b s ta n c e s  m e a su re d  a re  sh o w n  in  T a b le  I, 
co lu m n  3. E a c h  r e su lt  is  th e  m e a n  o f s ix  c lo se ly  a g ree in g  v a lu es, a n d  
th e  m a x im u m  d e v ia t io n  is re co rd e d  in  e ac h  case. A ll v a lu e s  a re  re la tiv e  
to  c o n d u c tiv ity  w a te r  x =  — 0-720 x 1 0 - ®.

I t  w ill b e  n o te d  t h a t  th e  re s u l t  o b ta in e d  fo r  b en zen e , th e  s u b s ta n c e  
fo r  w h ich  th e  m o s t r e c e n t  c o m p a ra t iv e  re su l ts  a re  av a ilab le , is in  ex ce lle n t 
a g re e m e n t w ith  t h a t  o b ta in e d  b y  A n g u s  a n d  H ill  ® (0-702,). T h e  v a lu e  
fo r  b ro m o b en z en e  is in  good  a g re e m e n t w ith  t h a t  o f B h a tn a g a r ,  N ev g i 
a n d  K h a n n a  ® (0-505 a t  20° C.) b u t  th o se  fo r  b e n zen e  a n d  ch lo ro b en zen e  
a re  c o n s id e ra b ly  lo w er t h a n  th o se  o b ta in e d  b y  th e s e  th r e e  a u th o rs  (0-712 
fo r ben zen e , a n d  0-644 c h lo ro b en zen e  a t  20° C .). T h e  v a lu e  fo r  c a rb o n

® B hatnagar, N evgi and  Khanna^ Z . 1934, 89, 506.
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tetrachloride is in fairly good agreement w ith th a t of Rao and Govindarajan “ 
for this compound (0-438 a t 20° C.)-

In Fig. I  {a) the above experim ental results for % are plotted, together 
with values due to  Pascal  ̂ for those compounds which were not measured 
bu t are needed to  complete the series. The relationships between the 
susceptibilities of the  mono-, di-, tri-, and tetrahahdes of the metloane 
series are shown 
against the  effec
tive atomic number 
of the h a l o g e n  
atom . Fig. i(«) 
shows values for 
th e  di-, tri-, and 
t e t r a h a l id e s  of 
methane, the  upper 
curve of each pair 
representing th e  
Pascal theoretical 
s u s c e p t i b i l i t i e s  
w ithout constitu
tive correcting con
stan ts ; i.e. t h e  
sum  of Pascal’s 
atom ic suscepti
b ility  values ® for 
carbon and the  
f o u r  h a lo g e n  
atoms, corrected 
to  bring to  the  
m odern standard 
for w a te r .  The 
lower curve of each 
p a i r  r e p r e s e n ts  
th e  experimental 
values. Fig. 1(6) 
r e p r e s e n ts  th e  
sim ilar curves for 
the  monohalides of 
methane, ethane, 
and benzene, b u t 
s in c e  a c c u r a t e  
values for ethyl 
c h l o r i d e  a n d  
m e th y l  bromide 
are no t available 
the  shape of the 
curves including 
these two com
pounds can only 
be given ten tatively  and are represented on the  graphs by  broken lines. 
In  each case the  sum the  susceptibilities for the  constituent atoms,
b u t w ithout constitutive correcting constants for linkings, is p lotted close 
to  th e  experim ental curve. The constitutive constants for the linkings 
were om itted as it  was considered th a t if individual experim ental deter
minations by Pascal were slightly incorrect in certain cases, these would
influence the  values of his constitutive constants, and one of the  objects

. ® R ao and G ovindarajan, Pvoc. Ind ia n  Acad. Sci. A ,  1942, 15, 35.
’ Pascal, A n n . Chimie, 1910, 19, 5.
® Pascal, Compt. rend., 1911, 152, 862,
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of this investigation was to  resurvey the  whole question of th e  causes of 
deviation between the  theoretical susceptibilities and the  experim ental 
values.

A t the bottom  of Fig. i{h) the characteristic curve for the  homopolar 
halogen atom s using Pascal’s atomic susceptibility values for these, is 
given. The Pascal theoretical curves are m ainly included for the  purpose 
of comparison w ith the  slope of the  experim ental curves, for which they  
afford an  excellent check.

D iscussion of R esults.
The values obtained in th e  present investigation all fall on curves which 

have th e  characteristic inflexion point found for the  homopolar halogen 
atoms. Pascal’s value for the  susceptibility of m ethyl bromide m ust 
obviously be considerably too high as i t  falls far from  th e  characteristic 
curve and above th e  corresponding value for ethyl bromide obtained both 
by  Pascal and  by the authors. No value was available for ethyl chloride,

its  susceptibility not 
y e t  h a v in g  b ee n  
measured. W e were, 
under present condi
tions, unable to  ob
ta in  a  specimen of 
these two substances 

'w hose high volatility 
would, in  any  case, 
render susceptibihty 
measurem ent difficult 
by  the  available ap 
paratus. H en c e  a 
provisional value from 
th e  graph is suggested 
for m ethyl bromide 
of — io®XM- =  427 . 
and for ethy l chloride 
of — io«xm- =  45’0 .

The c u rv e s  for 
th e  monohalides of 
m ethane and ethane 
run  fairly parallel 
w ith th e  theoretical 
curves, whereas the  

aryl halide series is more divergent. There is in  fact a  slight divergence 
in  th e  case'of the  ethyl halides, b u t i t  is very sm all and hardly  shows up 
graphically! These divergences are in agreement with Pascal’s assignment 
of larger constitutive correcting constants to  bromo-, and iodo-compounds 
than  to  chloro-compounds. The curves for the  di-, tri-  and tetrahalogen 
series show increasingly greater divergences from the  Pascal atomic sus
ceptibility curves—a fact already pointed out by  Pascal him self.’

The present value for iodoform completes th e  trihalogen series curve 
—Fig. I  (a)—and i t  will be noted th a t the  general shape fits in well w ith 
th a t  of the  other curves.

A study of Pascal’s two papers ’• ® dealing with th e  alkyl hahdes, shows 
th a t he fully recognised th e  anomalous nature of these compounds. He 
attribu ted  the  susceptibility deviations to  constitutive effects w ithin th e  
molecule, ascribed in  p a r t to  th e  interaction of hydrogen and  halogen, 
producing an effect comparable to  the  form ation of a double bond w ith 
consequent lowering of the  molar susceptibility ; and partly, in polyhalogen 
compounds, to  an interhalogen interaction also serving to  lower th e  dia-

-4(9 O

A/bmic /vumber of Holod

F i g . 1 (6 ) .
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magnetism. Pascal 
for the alkyl halides 
as a  whole, being 
more concerned to  
consider anomalous 
susceptibility values 
for various specific 
cases, and he de
rived constitutive 
correcting constants 
to  allow for the  
above effects for 
v a r i o u s  t y p e s  
of halogen-carbon 
linkings in the  mole
cules. The results 
obtained in t h i s  
present investiga
t i o n  b r i n g  o u t  
certain additional 
points. For m ethyl 
and ethyl halides 
the  graph of the 
deviations of the  
experimental sus
ceptibility values 
from  the  Pascal 
a d d i t i v e  v a lu e s  
plotted against the 
atomic numbers of 
th e  halogen atom s 
indicates th a t some 
correction m ay be 
needed in Pascal’s 
constitutive con
stants. Figs. 2(«) 
and 2(6) represent 
the  deviation curves 
obtained in  this 
way. The devia
tions were calcu
l a t e d  f r o m  t h e  
difference between 
th e  experim ental 
susceptibility values 
given in  Table II, 
column 7, and the  
sum  of the  individ
ual atomic suscepti
bilities (Table II, 
column 2) as cal
culated by Pascal’s 
method.* The sum 
of Pascal’s atomic

* I.C .T ., Vol. V I, 
p . 349, gives the  
Pascal a tom ic and 
atom ic group sus
ceptibilities.

made no general com parative survey of his results
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susceptibilities represents the molar susceptibility of the compound w ithout 
allowance for constitutive effects w ithin the  molecule.

A num ber of interesting points m ay be noted from, the  deviation curves. 
For both m ethyl and ethyl monohalides the  very slight deviation indicates 
th a t there is only a very small constitutive effect of between two and three 
units of atom ic susceptibility, an  effect th a t is appreciably the same for 
chloro-, bromo- and iodo-compounds. This constitutive effect was con
sidered by  Pascal to  be due to  the interaction of hydrogen and halogen 
within the  molecule serving to  lower the  diamagnetism, bu t he derived 
his constitutive constants from investigations of the higher alkyl halides,?

TABLE II.*

C o m p a r i s o n  o f  E x p é r i m e n t a i , a n d  T h e o r e t i c a l  M a g n e t i c  S u s c e p t i b i l i t i e s .

Compound.

C H 4 .
CH3CI
•CHjjCIa

CHCls 

C C I4 .

CHjBr
CHgBrg
CH Br, 
C B T 4 .

C H j I  . 
CHgl; . 
C H I 3 . 
C I 4 .

CaHsCl 
CjHsBr 
C a H j I  .

c,H ,a

C,HaBr 

C e H g l  ,

— 10® Xjn Theoretical.

3
Pascal
Z%A-

3«
Pauling

36
Pauling.

4
G ray and 

Cruickshank.

5
Slater.

6
Angus.

7
E xpt.

177 19-4 ^ 19-8 17-7 18-7 17-2 16 xc
34-9 39-5 40-0 36-2 32-5 32-0»
52*1 59-4 60-7 46-6 53-8 47-9 46-6 a

69-2 79-3 81-1 61-4 71-4 63-3
f 58-8 6 
1.58-32

86-4 99-6 ■ 101-5 75-9 88-9 78-6 66-8

45-4 61-1 62-1 — 49-0 45-0 42-82
73-1 102-6 104-6 68-1 79-4 72-7 65-9 a

100-7 144-2 147-1 93-5 100-5 82-2 c
128-4 185-8 189-7 118-9 140-2 128-3 93-7 c

594 83-7 85-0 — 66-2 61-3 57-22
147-9 150-5 97-0 113-8 105-3 . 93-52

142-7 215-9 136-8 161-3 149-4 117-3 c
184-4 276-3 281-3 176-2 208-9 193-5 135-62

46-8 54-1 55-0 44-0 50-1 45-0 45-02:1:
57-2 75-8 77-1 54-8 62-9 57-4 55-5 c

, 71-2 99-4 100-0 69-2 ■ 80-1 73-7 68-5 c

70-7 93-9
/  99-6 e 
1 9 5 -0 /

/  87-9 « 
I5 1 -5 / 86-7 75-7 69-9 c

81-2 115-6
f 121-6 e 
\  117-0/

f  98-7 «
\  62-2/ 99-5 88-1 78-9 c

95-2 138-2 1144-4 e 
1 139-9/

f 113-0 e 
I  76-6 / 116-7 104-4 91-3 c

* In  columns 36 and 4 two different values are given for the theoretical susceptibilities of the benzene 
derivatives ; (e) refers to  the in ternal ionic form, and  (/) to  the benzenoid form.

Of the experimental values (a) are those given by  Pascal, (c) those of the present paper, and (6) a  
previously recorded value given by Trew. Values m arked * are extrapolated ones.

which give a value of 3-07 for the linking —Cl, and 4-08 for the cor
responding bromo-, and iodo-compounds. The. above deviation curves 
indicate th a t for the  first two members of the  alkyl series th e  constitutive 
efiect is rather lower (i.e. deviations of 2-9 for m ethyl chloride, 2 6 for 
m ethyl bromide, and 2-2 for m ethyl iodide, and 1-76, i*75, and 2-72 for 
ethyl chloride, bromide, and iodide respectively). The deviations are 
very nearly constant for all three types of compounds.

In the  case of the  dihalide deviation curves i t  will be noted th a t the 
constitutive efiect due to  th e  halogen-hydrogen interaction is approxim ately 
double th a t in the monohalide series, and in  addition the curves show a  
small bu t system atic rise in deviation on passing from chloro- to  iodo-
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c o m p o u n d s . H ere , in  a d d it io n  to  th e  sm a ll h a lo g e n -h y d ro g en  in te ra c tio n , 
th e re  is th e  p o ss ib il ity  of a  ha lo g en -h a lo g en  in te ra c t io n  ; a  d e fo rm a tio n  
o f th e  h a lo g en  a to m ic  fields d u e  to  a  p o la r is a t io n  effect w ith  c o n se q u en t 
lo w erin g  of d ia m a g n e tism . T h is  effect, a s  th e  c u rv es  show , is g re a te r  fo r  
io d in e  th a n  fo r b ro m in e  a n d  ch lo rin e , in  a g re e m e n t w i th  th e  th e o re tic a l  
v iew  of th e  g re a te r  p o la r is a b ili ty  of th e  io d in e  a to m . T h e  r a p id ly  in 
c reas in g  slopes of th e  d e v ia tio n  c u rv es  fo r  th e  t r i -  a n d  te t r a h a h d e  series 
fo r  th e  m e th y l c o m p o u n d s , a n d  th e  in co m p le te  te t r a h a h d e  a n d  h e x a h a lid e  
c u rv es  fo r th e  e th y l  c o m p o u n d s sh o w  t h a t  th is  p o la r isa tio n  e ffec t in c reases 
w ith  th e  in tro d u c tio n  of m o re  h a lo g en  a to m s  in to  th e  m olecu le . T h e  
s t r a ig h t  lin e  c h a ra c te r  of th e  d e v ia tio n  c u rv es  in d ic a te s  th e  sy s te m a tic a lly  
a d d it iv e  n a tu r e  o f th e s e  d e v ia tio n s  w h ich  a re  p ro p o r tio n a l to  th e  a to m ic  
n u m b e r  o f th e  h a lo g en  p ro d u c in g  th e m . F ro m  th e  g rap h s , c o n s t itu t iv e  
c o rre c tin g  c o n s ta n ts  c o u ld  b e  d e r iv e d  fo r  th e  v a r io u s  ty p e s  of l in k in g s  
w ith  o ne  o r  m o re  h a lo g en  a to m s  p re se n t, b u t  s ince  th e s e  w ill o b v io u s ly  
d e p e n d  on  th e  n u m b e r  o f h a lo g en  a to m s  p re se n t  a n d  w ill b e  m o d ified  if  
h y d ro g e n  a to m s  a re  a lso  p re s e n t  in  th e  m olecu le , th e  a t t e m p t  to  d ed u ce  
su c h  c o n s ta n ts  is p ro b a b ly  of no  g re a t  v a lu e . T h e  g ra p h ic a l re p re se n ta t io n  
o f th e  g e n era l t r e n d  of th e s e  e ffects seem s of m o re  u se  a n d  fu lly  su p p o r ts  
P a s c a l’s su g g estio n  m a d e  o n  a  m o re  r e s t r ic te d  field  o f m a te ria l,  o f tw o  
su p e rp o se d  effec ts w ith in  m olecu les of th is  ty p e .  T h e  la rg e r  e ffect is, 
h o w ev er, n o t  th e  h a lo g e n -h y d ro g en  in te ra c t io n , b u t  th e  p o la r is a t io n  
e ffec t d u e  to  th e  in flu en ce  of h a lo g e n  o n  h a lo g en .

A n  in te re s t in g  p o in t  in  c o n n ec tio n  w ith  th is  v e ry  m u ch  g re a te r  d e p re s 
sio n  o f m a g n e tic  su s c e p tib i l ity  o b ta in e d  w h en  tw o  o r  m o re  h a lo g en  a to m s  
a re  p re s e n t  is fo u n d  in  P a u l in g ’s v iew s ® o n  th e  p o ss ib le  re so n an c e  fo rm s 
o f th e  a lk y l h a lid e  m olecu les. H e  p o in ts  o u t  t h a t  in  a  m e th y l  h a lid e  w ith  
o n ly  o n e  h a lo g en  a to m  th e  p o ss ib il ity  of re so n an c e  t o  th e  d o u b le -b o n d e d  
s t r u c tu r e  is p re v e n te d  as th e r e  a re  o n ly  fo u r  o rb ita ls  a v a i la b le  fo r  b o n d  
fo rm a tio n . W ith  tw o  o r  m o re  h a lo g en  a to m s  p re se n t, h o w ev er, re so n an c e  
to  m o lecu les of th e  ty p e  (I) m a y  occu r. T h u s  th e  h a lo g e n -h y d ro g en  
in te ra c t io n  in  m o n o h alo g en  co m p o u n d s is n o t  to  b e  asc rib ed
to  d o u b le -b o n d  fo rm a tio n , a n d  th e  d ep ression , in  a n y  case, g  C = X +
sm all, is  m o re  lik e ly  to  b e  d u e  to  a  g en era l l im itin g  o f th e  ,
e le c tro n  sp re a d  in  th e  m o lecu le  w i th  th e  in tro d u c tio n  of th e  
h a lo g en . W ith  th e  a d d it io n  of m o re  h a lo g e n  a to m s  th e  
p o ss ib le  re so n an c e  to  th e  fo rm  in d ic a te d  a b o v e  w o u ld  te n d  to  ( )
p ro d u c e  th e  v e ry  co n sid e ra b le  lo w erin g  of d ia m a g n e tism  a sso c ia ted  w ith  
t h e  d o u b le  b o n d  {i.e. a  m a x im u m  of 5-47 p e r  c o m p le te  d o u b le  b o n d  a c c o rd 
in g  to  P a s c a l’s d e te rm in a tio n s ) . T h u s  i t  is o f in te re s t  t h a t  in  th e  d iiia lid e  
se ries th e  d e v ia tio n  fo r  t h e  m o s t  d e fo rm e d  m o lecu le  CHglg (w hich  w o u ld  
b e  e x p e c te d  to  show  th e  g re a te s t  d o u b le  b o n d  fo rm in g  te n d e n c y )  is  8-6 
su s c e p tib i l i ty  u n its ,  w h ich  is g re a te r  th a n  t h a t  of th e  m o n o io d o -co m p o u n d  
C H 3I b y  6-4 su s c e p tib i l ity  u n its ,  a  figure  o f th e  sa m e  o rd e r  o f m a g n itu d e  
a s  t h a t  g iv en  b y  P a sc a l fo r  th e  d o u b le  b o n d . T h e  v e ry  m u c h  g re a te r  
m a g n itu d e  o f th e  d e v ia t io n  fo r  th e  t r i -  a n d  t e t r a h a h d e  series, h o w ev er, 
in d ic a te s  t h a t  p o la r isa tio n  o f th e  h a lo g en  a to m s  th em se lv es  m u s t  a lso  be 
a  c au se  of lo w erin g  o f d ia m a g n e tism .

W h en  th e  c u rv es  fo r  th e  su s c e p tib i l ity  o f th e  a ry l  h a lid e s  a re  co n 
s id e re d  (F ig . I  (6)) a n  a d d it io n a l  e fie c t n o t  fo u n d  w ith  th e  a lk y l h a lid e s  is 
n o te d . T h ese  sh o w  a  lo w erin g  o f m o la r  su s c e p tib i l i ty  of th e  sa m e  o rd e r  
o f m a g n itu d e  as th e  m o n o h a lo g en  c o m p o u n d s  of m e th a n e  a n d  e th a n e , 
b u t  u n lik e  th e  a lk y l co m p o u n d s , t h e r e j s  a  d e fin ite  in c re ase  in  th e  d e v ia tio n  
in  p a ss in g  fro m  a ry l  c h lo rid e  to  io d id e . T h u s  i t  w o u ld  a p p e a r  t h a t  a  la rg e r  
b e n zen e  c o n s t itu t iv e  c o rre c tin g  c o n s ta n t  sh o u ld  b e  em p lo y e d  fo r  th e  
a ry l  b ro m id e s  a n d  io d id es th a n  fo r  th e  a ry l  ch lo rid es . T h is  r e su l t  is  in  
l in e  w ith  ev id en ce  fro m  th e  d ip o le  m o m e n ts . W h ile  th e  m o n o su b s ti tu te d  
m e th y l  h a lid e s  a ll h a v e  a p p ro x im a te ly  th e  sam e  d ip o le  m o m e n t, 2-14^

® Pauling , Nature o f the Chemical Bond, 1942, 217.
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2-I5  a n d  2-13, th e r e  is a  fa ll  in  m o m e n t in  th e  a ry l  h a lid e s  fro m  1*56 to  
1*38. W h e th e r  th e  fa ll in  m o m e n t is d u e  to  a  s h o r te n in g  in  d is ta n c e  b e 
tw e e n  th e  c a rb o n  a n d  h a lo g en  o r  to  a  lessen in g  of th e  c h a rg e  Ag, th e  e ffec t 
f ro m  b o th  cau ses w o u ld  p ro d u c e  a  fa ll in  th e  d ia m a g n e tic  su s c e p tib il ity . 
S h o rte n in g  of th e  l in k in g  w o u ld  cau se  d ec rease  in  th e  e le c tro n  sp re a d  
a n d  low ering  o f su s c e p tib i l ity , w h ile  d ec rease  in  th e  e ffec tiv e  c h a rg e  Ae 
w o u ld  c au se  a  lo w erin g  o f su s c e p tib i l i ty  s ince  i t  h a s  b e en  p o in te d  o u t  1 
t h a t  h o m o p o la r  a to m s  h a v e  a  su s c e p tib i l i ty  som e th re e  u n i ts  lo w er th a n  
h e te ro p o la r  ones.

Comparison w ith Theoretical Susceptibilities.
A  n u m b e r  o f m e th o d s  fo r  c a lc u la tin g  th e o re tic a l  m o la r  m ass su s 

c e p tib il i tie s  a re  a v a ila b le , a ll  b a se d  o n  th e  c la ss ica l fo rm u la  :—

X = 6mc®'

b u t  d ifferin g  in  th e  m e th o d  o f a r r iv in g  a t  t h e  v a lu e  o f T h u s  v a n  Y leck  
a n d  P a u lin g  ^  h a v e  d e v e lo p ed  o n e  m e th o d  o f o b ta in in g  th e  v a lu e  o f r® 
w h en ce

poo
X =  —,0-807  X IO-® I A {d z /d r)d r .

U sin g  th e  m o s t  a c c u ra te  v a lu e s  fo r  th e  p h y s ic a l  c o n s ta n ts  in v o lv e d  
in c lu d in g  th e  v a lu e  0-5292 x  i o “ ® cm . fo r  w e h a v e  c a lc u la te d  th e  
th e o re tic a l  su sc e p tib ilit ie s  b y  th is  m e th o d . T h e  v a lu e s  a re  t a b u la te d  
in  T a b le  I I ,  c o lu m n  3a, w h ile  in  co lu m n  36 h a v e  b e e n  in c lu d e d  v a lu e s  
o b ta in e d  b y  a llo w in g  fo r  th e  u n e q u a l  sh a r in g  o f ch arg es  in  th e  m olecu le  
a s  in  th e  G ra y  a n d  C ru ic k sh a n k  m e th o d  w h ich  is d iscu ssed  below . I t  
w ill b e  n o te d  t h a t  th e  u n e q u a l  sh a r in g  of c h a rg e  cau ses th e  s u s c e p tib i l i ty  
t o  be  s l ig h tly  h ig h er, b u t  th e  e ffec t is s m a ll  a n d  does n o t  m a s k  th e  fu n d a 
m e n ta l  d isa g re e m e n t b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l  v a lu es.

I t  is  g e n e ra lly  c o n sid e re d  t h a t  th e  P a u lin g  m e th o d  g ives su sc e p ti
b ili t ie s  w h ich  a re  to o  h ig h , a n d  a  m e th o d  d u e  to  S la te r  u s in g  m o d ified  
v a lu e s  fo r  sc ree n in g  c o n s ta n ts  in  c a lc u la tin g  r® g ives su s c e p tib ih ty  v a lu es  
w h ich  a re  c o n s id e ra b ly  low er. T h ese  a re  su m m a rise d  in  co lu m n  5 o f 
T a b le  I I .  T h ese  v a lu es , a s  in  th e  o th e r  cases, a re  c o n s id e ra b ly  to o  h ig h  
fo r  th e  h e a v ie r  m o lecu les. A n g u s  su g g e ste d  t h a t  th e o re tic a l  su s c e p ti
b ili ty , v a lu e s  co u ld  b e  b ro u g h t  in to  c loser a g re e m e n t w i th  e x p e r im e n ta l 
v a lu e s  b y  ta k in g  th e  s  a n d  p  e le c tro n s  s e p a ra te ly  in  c a lc u la tin g  th e  
sc ree n in g  c o n s ta n ts .  V a lu es c a lc u la te d  b y  th is  m e th o d  u s in g  A n g u s’s 
a to m ic  s u s c e p tib i l i ty  v a lu e s  a re  g iv en  in  co lu m n  6 o f T a b le  I I .

N o n e  of th e s e  m e th o d s  c a n  be  s t r ic t ly  a p p lie d  to  a  n o n -sy m m e tr ic a l 
m olecu le , n e i th e r  is a llo w a n ce  m a d e  fo r  b o n d  effec ts in  th e  m olecu le , a n d  
h e n ce  su c h  effects m a y  p a r t ia l ly  e x p la in  th e  h ig h  v a lu e s  o b ta in e d  
th e o re tic a l ly . T h e  o n ly  sy s te m  a v a ila b le  so  fa r, fo r  c a lc u la tio n  o f b o n d  
effec ts is  t h a t  of G ra y  a n d  C ru ic k sh a n k  w h o  fo u n d  i t  g ives ex ce lle n t 
a g re e m e n t fo r  a  n u m b e r  o f s im p le  o rg a n ic  c o m p o u n d s . I t  w a s  th e re fo re  
c o n s id e re d  u se fu l to  e x te n d  th is  m e th o d  to  th is  se ries of h a lo g e n  co m 
p o u n d s . I n  a ll  cases th e i r  b o n d  dep ress io n s, w h e re  a v a ilab le , h a v e  b een  
u se d , b u t  v a lu e s  fo r  t h e  h a lo g e n -ca rb o n  l in k  w ere  n o t  a v a i la b le  a n d  h a v e  
th e re fo re  b e en  c a lc u la te d  in  e ac h  case  f ro m  th e  m o n o m e th y l h a lid e s  w h e re

1® V an Vleck, Physic. Rev., 1928, 31, 587.
Pauling , Proc. Roy. Soc. A ,  1927, 114, 181.
R . T. Birge, A ugust 1941. See T aylor and  Glasstone, Physical Chemistry, 

Vol. I , p . 21, and  Appendix.
1® Slater, Physic. Rev., 1930, 36, 57.
“  Angus, Proc. Roy. Soc. A , 1932, 136, 569.
“ G ray and  C ruickshank, Trans. Faraday Soc., 1935, 31, 1491.
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th e re  is n o  p o ss ib il ity  of in te rh a lo g e n  in te ra c t io n . T h ese  th e o re tic a l  
v a lu e s  a re  g iv en  in  T ab le  I I ,  c o lu m n  4.

I t  w ill be  n o te d  in  g en era l, t h a t  of th e  m e th o d s  w h ich  d o  n o t  ta k e  in to  
a c c o u n t th e  b o n d  d ep ress io n s, t h a t  o f A n g u s g ives re su lts  w h ich  a re  on  
th e  w ho le  c lo ses t to  th e  e x p e r im e n ta l su sc e p tib il it ie s  of th e  p re se n t  p a p e r  
a n d  o f o th e r  re c e n t  w o rk  in  th is  field . E v e n  h e re , a s  w ith  th e  o th e r  
m e th o d s , th e o re tic a l  v a lu e s  fo r  c o m p o u n d s  w ith  m o re  th a n  o n e  h a lo g en  
a to m  p re s e n t  a re  h ig h e r  th a n  th e  e x p e r im e n ta l,  a n  e ffec t o b v io u s ly  d u e  
to  th e  h a lo g e n -h a lo g e n  in te ra c t io n  p re v io u s ly  d iscu ssed . I n  th e  G ra y  
a n d  C ru ic k sh a n k  m e th o d , w h e re  b o n d  d ep ress io n s h a v e  b e en  in c lu d e d , 
a  s im ila r  re s u l t  is o b ta in e d . A g re em e n t is f a ir  fo r  th e  low er m em b ers  
o f th e  series, b u t  a s  b e fo re , a n  in c re a s in g  d iv e rg en ce  b e tw een  th e o re tic a l  
a n d  e x p e r im e n ta l v a lu e s  occu rs  as m o re  h a lo g en  a to m s  a re  a d d e d . 
A t te m p ts  to  e v a lu a te  b o n d  d ep ress io n s fo r  th e  S la te r  a n d  A n g u s m e th o d s  
a lso  re su l te d  in  a  d iv e rg en ce  fo r  th e  p o ly h a lid e s  th o u g h  o f a  sm a lle r  
m a g n itu d e .

I t  is th e re fo re  in  q u e s tio n  w h e th e r  a n y  s ta n d a r d  s e t  o f b o n d  d ep ress io n s 
fo r su c h  ty p e s  of c o m p o u n d s c a n  b e  e v a lu a te d , a n d  i t  is p ro b a b le  t h a t  no  
g en era l sch em e  c a n  b e  ev o lv ed  to  b r in g  th e  th e o re tic a l  a n d  e x p e r im e n ta l 
su sc e p tib il it ie s  in to  a lig n m e n t u n t i l  e x a c t  th e o re tic a l  c a lc u la tio n s  a re  
a v a ila b le  fo r  th e  h a lo g e n -h a lo g e n  p o la r isa tio n .

Sum m ary.

1. M o d ifica tio n s a re  d e sc rib e d  in  th e  G o u y  m e th o d  o f m ea su rin g  
m a g n e tic  su sc e p tib il it ie s  in  p re c is io n  w o rk  w ith  liq u id s , d e ta ils  o f th e  
e x p e r im e n ta l c o n d itio n s  le a d in g  to  th e  m a x im u m  deg ree  of a c c u ra c y  
b e in g  g iven .

2. T h e  s u i ta b i l i ty  of v a r io u s  su b s ta n c e s  fo r  u se  as s ta n d a rd s  is d is 
cussed , a n d  th e  a d v a n ta g e s  of a g re e m e n t a m o n g  d iffe re n t w o rk e rs  o n  a  
co m m o n  su b s ta n c e  fo r  th is  p u rp o se , w ith  a n  a c c e p te d  su s c e p tib i l ity  v a lu e  
is  s tre sse d .

3. R e su lts  fo r  th e  d e te rm in a tio n  o f t h e  su sc e p tib ih tie s  o f v a rio u s  
a lk y l a n d  a ry l  h a lid e s  a re  g iv en , a n d  w h e re  su ch  m e a su re m e n ts  h a v e  n o t  
b e e n  po ss ib le  in  a  g iv en  series, a  v a lu e  fo r  th e  su s c e p tib i l i ty  is  su g g ested  
fro m  th e  g ra p h ic a l re la tio n sh ip s . .

4. A  th e o re tic a l  d iscu ssio n  o n  th e  s ign ificance  of th e  re su lts  follow s, 
a n d  i t  h a s  b e en  sh o w n  t h a t  th e re  is a n  in c re as in g  d iv e rg en ce  b e tw e e n  th e  
e x p e r im e n ta l su s c e p tib ih ty  v a lu e s  a n d  th e  th e o re tic a l  v a lu e s  c a lc u la te d  
b y  a n y  o f th e  d iffe re n t m e th o d s  a v a ila b le , w ith  in c re a s in g  n u m b e r  of 
h a lo g e n  a to m s  in  th e  m olecu le . T h e  im p o r ta n c e  of th is  p h e n o m e n o n  
w h ich  a p p e a rs  to  b e  d u e  to  th e  p o la r isa tio n  e ffect of o ne  halogen , on 
a n o th e r , a n d  w h ich  w as f ir s t  n o te d  b y  P a sc a l, h a s  been, co nfirm ed .

Laboratory fo r  P h ys ica l C hem istry,
■ B ed fo rd  College,

R eg en t’s P a rk , L on d o n , N .W .  1.

PRIN TED  IN  GREAT BRITA IN  AT 
TH E U N IV ERSITY  PRESS , 

A BERD EEN
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DIA M A G N ETIC  SU SC E P T IB IL IT Y  OF A M M O N IU M  
CO M PO U N D S

B y  M. E .  B e d  w e l l , J .  F .  S p e n c e r  a n d  V . C. G . T r e w  

R eceived a ^ih  J u ly ,  1946, as am ended  a is t  J u ly ,  1948

T he d iam agnetic  m ass suscep tib ility  of th e  am m onium  halides in  solution 
and  in  th e  solid s ta te  has been determ ined, and  values for th e  gram  ionic sus
cep tib ility  of th e  am m onium  ion in  various co-ordination s ta te s  have been de
duced, using th e  ap p ropria te  anionic correcting  constan ts. T he m olar suscepti
b ility  and  co-ordination num ber show a  linear relationship  for each halide, and  
ex trap o la tio n  gives values of m olar suscep tib ility  for th e  free ions. M easure
m en ts have also been m ade on nine fu rth e r com pounds of am m onium , and  an  
estim ate  of th e  suscep tib ility  of th e  am m onium  ion has been m ade in  those cases 
where d a ta  are available.

Com parison of th e  experim ental figures w ith  those  calculated  theoretically  
ind icates th a t  th e  ex trap o la ted  experim ental figures fo r free ions are in  closest 
agreem ent w ith  theo re tica l values calculated  b y  S la te r’s m ethod.

to

T h e  sy s te m a tic  in v e s tig a tio n  o f th e  d ia m a g n e tic  su s c e p tib ility  o f 
p o la r  c o m p o u n d s h a s  b een  u n d e r ta k e n  b y  a  n u m b e r  o f w o rk e rs  in  re c e n t  
y e a rs . I n  1932 K id o   ̂ m e a su re d  th e  m a g n e tic  s u s c e p tib ih ty  of c e r ta in  
a lk a li  a n d  a m m o n iu m  sa lts . H e  n o te d  a  h n e a r  re la tio n s h ip  b e tw e e n  m o la r  
m a g n e tic  m ass  su s c e p tib il ity  a n d  th e  n u m b e r  o f  e le c tro n s  in  th e  c a t io n  
fo r  th e  se ries o f a lk a li s a l ts  w ith  th e  sam e  an io n , a n d  a  s im ila r  re la tio n sh ip  
fo r  th e  h a lid e  se ries w i th  th e  sam e  c a tio n . F ro m  th e s e  re su lts  h e  d e d u ce d  
v a lu e s  fo r  th e  io n ic  m ass  su s c e p tib il ity  o f a lk a li  a n d  h a lid e  io n s b u t  m a d e  
n o  a t t e m p t  to  a llow  fo r  v a r ia tio n  of c o -o rd in a tio n  n u m b e rs  in  th e  s a l ts  
c o n ce rn ed . L a te r  B r in d le y  a n d  H o a re  ®- * c a r r ie d  o u t  a  sy s te m a tic
in v e s tig a tio n  of th e  d ia m a g n e tic  su s c e p tib il ity  o f th e  a lk a li  h a h d e s  
sh o w in g  t h a t  s lig h tly  g re a te r  v a lu e s  fo r  th e  s u s c e p tib ih ty  o f th e  s a l ts  
w ere  o b ta in e d  in  th e  d isso lv ed  s t a te  t h a n  in  th e  so lid  s ta te .  T h is  co n 
c lu s io n  w a s  s u p p o r te d . b y  th e  su b s e q u e n t w o rk  of F lo rd a l  a n d  F r iv o ld  ® 
a n d  of Fah lenbrach .®  B r in d le y  a n d  H o a re  a lso  d e r iv e d  v a lu e s  fo r  th e  
io n ic  su s c e p tib ih ty  o f an io n s  a n d  c a tio n s  in  d iffe re n t c o -o rd in a tio n  s ta te s , 
in v e s tig a tin g  th e  in flu en ce  of a d ja c e n t  ions- u p o n  th e  io n  co n ce rn ed . 
M ore re c e n tly  K le m m  ’’ h a s  su g g e ste d  v a lu e s  fo r  a  la rg e  n u m b e r  o f io n ic
su s c e p t ib ih ty  c o n s ta n ts , in  w h ich  h e  h a s  m a d e  co rre c tio n s  fo r  th e  co
o rd in a t io n  effects, w h ile  F r iv o ld  a n d  O lsen  ® h a v e  m a d e  s im ila r  co rre c tio n s  
in  th e  case  o f th e  a lk a h  h a h d es . O n  th e o re tic a l  g ro u n d s  K le m m  ’ a n d  
T re w  ® in d e p e n d e n tly  h a v e  p o in te d  o u t  t h a t  th e  io n ic  su sc e p tib ih tie s  o f 
a  r e la te d  se ries e .g . a lk a h  m e ta l  o r  h a lo g e n  io n s sh o u ld  n o t  b e  a  h n e a r  
fu n c tio n  o f t h e  n u m b e r  o f e le c tro n s  in  th e  ion, b u t  sh o u ld  b e  re la te d  to  
th e  n u m e ric a l p e r io d ic ity  o f th e  e le c tro n  she lls  o f th e  io n s c o n ce rn ed .

1 Kido, Sci. Rep. Tohoku Im p . Univ., 1932, 21, 149, 288, 869 ; 1933, 22, 835.
® B rind ley  and  H oare, Proc. Roy. Soc. A ,  1935, 152, 342.
® B rind ley  and  H oare, ibid., 1937, 159, 395-
® B rind ley  and  H oare, Trans. Faraday Soc., 1937, 33, 268.

- fi F lordal and  Frivold, A nn . P hysik , 1935, 23, 425. '
® Fahlenbrach , ibid., 1935, 24, 485.
® Klem m , Z . anorg. Chem., 1941, 246, 347.
® Frivold and  Olsen, Avhandl. Norsk. Videns. A kad ., 1940» 16.
® Trew, Trans. Faraday Soc., 1941, 37, 476.
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2 I 8 DIAMAGNETIC SUSCEPTIBILITY
K id o ’s a p p a re n tly  l in e a r  re su lts  w o u ld  seem  to  a rise  m a in ly  fro m  a  n e g le c t 
o f c o -o rd in a tio n  e ffects.

L ess a t te n t io n  h a s  b e e n  p a id  to  s a l ts  o f a m m o n iu m  th a n  to  th o se  of 
th e  a lk a li  m e ta ls  a n d  th e re  is c o n sid e ra b le  v a r ia tio n  in  th e  re su lts  of 
d iffe re n t in v e s tig a to rs . T h e  p re s e n t  w o rk  w a s  u n d e r ta k e n  t o  in v e s tig a te  
th e  g e n e ra l a d d i t iv i ty  re la tio n sh ip s  fo r  th e  a m m o n iu m  sa lts , a n d  to  s tu d y  
th e  in flu en ce  o f c o -o rd in a tio n  u p o n  th e  su s c e p tib i l ity  of th e  a m m o n iu m  
io n .

Experimental
P r e p a ra t io n  o f  C o m p o u n d s .—W herever possible A .R . m ateria ls were used 

an d  these  were fu rth e r purified b y  careful recrysta llisa tion . The com pounds 
w ere especially exam ined for ferrom agnetic  im purities, iron, nickel and  cobalt, 
and  only  m ateria ls giving negative reactions were used for th e  m agnetic  m easure
m ents. In  a ll cases, as a  fu rth e r te s t  of p u rity , th e  anion co n ten t of th e  com 
pounds w as determ ined  and  m ate ria l re jected  for w hich duplicate  analyses 
varied  b y  m ore th a n  0-2 %  from  th e  theo re tical am ount. All specim ens were 
carefully  dried  before use.

M e a s u re m e n t  of S u s c e p tib i l i ty .— M agnetic suscep tib ility  m easurem ents 
were carried  o u t a t  room  tem p era tu re , using a modified Gouy m ethod, p recautions 
being tak e n  to  elim inate  various sources of erro r an d  o b ta in  concordant results 
as described in  previous papers.^®»

Results
Tables 1(a) and  {b) sum m arise th e  resu lts ob ta in ed  fo r th e  d iam agnetic  suscepti

b ility  of th e  am m onium  halides in  th e  solid s ta te  and  in  aqueous solution, and 
of th e  o th er sa lts  investigated . T he values in  solu tion  were calculated , assum ing 
ad d itiv ity , from  th e  relationship

X m easured  — so lven t 4" so lu te

where and  are w eights p e r cen t, of solvent and  solute respectively. The 
la s t colum n shows th e  suscep tib ility  values o b ta ined  b y  o th e r investigators, 
w here these  are  available.

T A B L E  I .— DIAMAGNETIC M a s s  S u s c e p t i b i l i t y  o f  A m m o n iu m  C o m p o u n d s  *

■ (« )

Compound State
Co-

ordina
tion

Number
— 10». (literature)

N H 4F * . Solid 4 23 0 ±  0 04 24-5 ^
Solution 16 9 % 4 23-5 ±  0 I I

NH4CI * Solid 8 36-7 ±  0-21 34 2,  ̂ 35-74® 36 2 I®
Solution 16 8 % 4 38-5 ±  0-16 —•

N H ^B r Solid 8 47-0 ±  0 30 47-4,1 46-7,1®, 46-2 I®
Solution 16 7 % 4 • 49 8 ±  0-30 --

N H 4 I* Solid 6 64-4 db 0-15 66-0,1 69-5,1® 64-1 I®
Solution 16-8 % 4 66-4 ±  0-16

T he %  com position of so lu tions refers to  g ram s so lu te  p e r 100 g. solution.

* T he experim en tal d a ta  for th e  am m onium  halides (w ith th e  exception  of th e  
brom ide), in  th e  solid s ta te  have been previously  published » b u t  are included 
here for th e  purposes of detailed  discussion in  re la tion  to  co-ordination  num ber. 

1® T rew  an d  W atk ins, Trans. Faraday Soc., 1933, 29, 1310.
“  F rench  and  Trew, ibid., 1945, 41, 439. ^
“  D uchem in, Compt. rend., 1931. 199, 571.

D insdale and  Long, Proc. Leeds P hil. Soc., 1937, 3 , 270.
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{b)

Compound State — io« . (literature)

NH4NO3* Solid 32-6 ±  o -i6 33 6  ^
Solution 14-1 % 38-9 ±  0-27

NH4VO3 Solid — 8-1 ±  0 23 — 14-04,“  —14-04 “
NH4OH Solution 35 % 31-5 ±  0-15 —

(NH4);S04 Solid 67-0 ±  0 70 75-4,1® 63-2 “
(NHJ2SO3 . HgO Solid 70.3 T- 0 67 —

(NH4)2Sg03 Solid 75-1 ±  0-59 —
(NH4) gCrO^ Solid — i-o  ±  0-38 —
(N P D g C rg O , Solid — 37 8 ±  0 75 —

(N H J g M o ^ O g ^ . 4 H 2 O Solid 163-1 ±  0-84

Discussion
T h e  e x p e r im e n ta l figu res fo r  th e  su s c e p tib i l ity  o f th e  a m m o n iu m  

h a lid e s  in  T a b le  1 (a) a re  in  goo d  a g re e m e n t w i th  p re v io u s ly  p u b lish e d  
va lu es, th e  c lo ses t a g re e m e n t b e in g  w ith  th e  m o s t  re c e n t  re su lts ,
th o se  o f D in sd a le  a n d  L o n g d ?  I t  w ill b e  n o te d  t h a t  th e  v a lu e s  fo r  th e  
su sc e p tib ilitie s  o f s a l ts  in  so lu tio n  a re  s lig h tly  h ig h e r  t h a n  th e  c o rre sp o n d 
in g  v a lu e s  fo r  th e  so lid  s ta te .  T h is  re s u l t  is in  a g re e m e n t «with th e  o b 
se rv a tio n s  of B r in d le y  a n d  H o a re  fo r  th e  a lk a li  h a lid e s  a n d  w a s  ex 
p la in e d  b y  th e m  as  d u e  to  th e  re d u c tio n  in  th e  c o -o rd in a tio n  n u m b e r  of 
th e  io n s  w h e n  in  th e  d isso lv ed  s ta te .  I n  o rd e r  to  in v e s tig a te  th is  effect 
m o re  fu lly , v a lu e s  fo r  th e  su s c e p tib il ity  of s a l ts  c o n ta in in g  th e  a m m o n iu m  
io n  in  v a r io u s  s ta te s  of c o -o rd in a tio n  h a v e , b e e n  c a lc u la te d  fro m  th e  
e x p e r im e n ta l figu res of T ab le  I .

F o r  s tro n g ly  p o la r  sa lts , su c h  a s  th e  a lk a li h a lid es , i t  c a n  b e  a ssu m e d  
t h a t  th e  m o la r  d ia m a g n e tic  su s c e p tib il ity  is so le ly  m ad e  u p  o f th e  su m  of 
th e  io n ic  su s c e p tib ility  v a lu e s  fo r th e  a n io n  a n d  th e  c a tio n , p ro v id e d  t h a t  
th e  ions a re  in  th e  sa m e  c o -o rd in a tio n  s ta te .  T h is  a s su m p tio n  h a s  b een  
sh o w n  to  h o ld  fo r  th e  s a l ts  o f th e  a lk a li  h a lid e s  a n d  th u s  sh o u ld  b e  a p 
p lic a b le  t o  th e  a m m o n iu m  sa lts . I n  th e  c ry s ta ll in e  s t a te  th e  c o -o rd in a tio n  
n u m b e r  o f th e  a m m o n iu m  io n  is k n o w n  fo r  th e  v a r io u s  h a lid e s , a n d  fo r  
la rg e  io n s  in  so lu tio n  c a n  b e  ta k e n  a s  fo u r .i ’ T h e  e x p e r im e n ta l m o la r  
su s ç e p tib il ity  th u s  re p re se n ts  th e  su m  of th e  su sc e p tib ility  v a lu e s  fo r  th e  
c a t io n  a n d  a n io n  in  th e  p a r t ic u la r  c o -o rd in a tio n  s ta te  of th e  c ry s ta l  in  
q u e s tio n , a n d  v a lu e s  fo r  o th e r  s ta te s  re q u ire  to  b e  c a lcu la te d . T h is  c an  
b e  d o n e  b y  a  m e th o d  s im ila r  t o  t h a t  u se d  b y  B r in d le y  a n d  H o a re  ® fo r th e  
a lk a li ions, u sin g  th e  v a lu e s  g iv en  b y  th e m  fo r th e  su s c e p tib il ity  o f h a lid e  
io n s in  v a r io u s  c o -o rd in a tio n  s ta te s .  F ro m  th e  e x p e r im e n ta l m o la r  
su sce p tib ilitie s , co m p le te  se ts  o f v a lu e s  c a n  th u s  b e  o b ta in e d  fo r  th e  fo u r  
a m m o n iu m  h a lid e s  in  fo u r-, six-, a n d  e ig h t-fo ld  c o -o rd in a tio n . T a b le  I I  
(co lum ns 2-5) show s th e  v a lu e s  o b ta in e d  in  th is  w ay . T h e  d e ta ile d  ca l
c u la t io n  b y  w h ich  th e  figu res w ere  o b ta in e d  fo r  c o -o rd in a tio n  n u m b e r  
e ig h t p ro v id es  a n  i l lu s tra tio n  o f th e  m e th o d  in v o lv ed . S u b tra c t in g  th e  
v a lu e s  ® fo r  th e  su s c e p tib il ity  o f th e  c h lo rid e  a n d  b ro m id e  io n s in  e ig h t
fo ld  c o -o rd in a tio n  fro m  th e  re sp e c tiv e  e x p e r im e n ta l m o la r  su sc e p tib ih tie s  
(T ab le  I) g ives a  v a lu e  fo r  th e  su s c e p tib ility  o f th e  a m m o n iu m  io n  in  e ig h t
fo ld  co -o rd in a tio n , th u s  : *

“  R ay  C haudhuri, In d ia n  J .  Physics, 1936, 10, 245.
“  Meyer, A n n . P hysik , 1899, 68, 325.
“  G ray and Farquharson , Phil. M ag., 1930, 10, 191.
I® B ernal and  Fowler, J .  Chem. Physics, 1933, i ,  515.
* All m olar and  ionic d iam agnetic  suscep tib ility  values quoted  in  th e  te x t  

are  given in  c.g.s. u n its  X (— 10®), and  param agnetic  values in  c.g.s. u n its  x  10®.
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^Br-(s) ^nHi+(8)’
=  13-6

^N H i C1(8) ^ C l- (a )  ^ N H i + (8) ^N H iB r(8 )

3 6 7  — 22 9 =  13 8 47-0 — 33 4

w h en ce  a  m e a n  v a lu e  o f Xuh +̂jj, =  1 3 7  is o b ta in e d .

T A B L E  I I .— T h e o r e t i c a l ,  E x p e r i m e n t a l  a n d  D e r i v e d  D i a m a g n e t i c  S u s 
c e p t i b i l i t i e s  ( — io® x) FO R T H E  A m m o n iu m  I o n  a n d  S a l t s  w i t h  V a r i o u s  
C o - o r d i n a t i o n  N u m b e r s

C.N. =  Co-ordination num ber. V alues in  b racke ts are th e  derived values. 
A ddition  of th e  corresponding values for th e  singly charged  halide ion, in  

each case, gives th e  figures in  colum ns 7-9.

Experim en tal and  D erived Values x  ( — io«) e.g .s. Theoretical Values 
X ( — loO) c.g.s.

Crystal
C.N.8

Crystal 
C .N .6

Crystal 
C .N .4

Aqueous
Solution

C.N.4

E xtrapol.
Value 

C.N.zero

M ethod
of

Pauling

M ethod
of

S later

M ethod
of

Angus

N H .+ 13 7 13-8 14-2 14-5 15-1 15-0 13-9
N H 4F (22-4) (23-2) 23-0 23-5 (24-6) 23 2 23 I 2 1 0
NH4CI 3 6 7 (38 0) — 38 5 (407) 44-1 40-3 36 3
N H iB r 47-0 (48-3) — 49 8 (52-3) 69-1 54-3 49-0
N H 4I (62-5) 64-4 66-4 (70-2) 95-1 73-6 6 8 -1

The th eo re tical figures w ere calculated  as follows. In  th e  am m onium  ion th e  
u n it positive charge is considered as d ivided approx im ate ly  equally  am ong th e  
five atoms,®® each hav ing  a  re su ltan t charge of ab o u t 0 2. U sing th e  th eo re ti
cal suscep tib ility  values for a tom s w ith  whole n u m b er charges w hich have been 
calcu la ted  b y  th e  Pauling,®® Slater,®’ and  m odified S la te r (Angus) ®® m ethods, 
we have, in  te rm s of — 10® % th e  following values :

Pauling Slater Angus

N+i 0-2 X 5-91 1-2 0-2 X 5-36 I - I 0-2 X 4-67 0-9
N® 0-8x8-28 6-6 0 8X7-93 6-3 0-8 X 6-73 5-4H+i 4 X 0-2X0 0-0 4 X 0-2X0 0-0 4 X 0-2X0 0-0
H» 4x0-8x2-273 7-3 4X0 8X2 370 7-6 4X0-8x2-370 • 7-6

-'- %RH4+ =  I 5 - I •••X nh4+ = 15-0 %RB4+ =  13-9

F ro m  th is  figure, c a lc u la te d  v a lu e s  fo r  th e  m o la r  su sce p tib ilitie s  of 
th e  tw o  re m a in in g  h a h d es , a m m o n iu m  flu o rid e  a n d  io d id e  w ith  co -o rd in 
a t io n  n u m b e r  e ig h t c a n  b e  o b ta in e d  b y  a d d it io n  of th e  v a lu e s  fo r  th e s e  
a n io n s  w ith  t h a t  c o -o rd in a tio n  n u m b e r  :

■^NHi+(8) +  ^ P -(8) ~  ^NH4+(8) +  ^ I - ( 8) ~
1 3 7  - f  8 7  =  22-4 1 3 7  - t - 48-8 =  62-5

S im ila r  c a lc u la tio n s  g iv e  th e  re m a in in g  fig u res in  T a b le  I I  (co lum ns 2-5). 
T h e  v a lu e  fo r  th e  flu o rid e  io n  w ith  c o -o rd in a tio n  n u m b e r  e ig h t  is  n o t  g iv en  
b y  B r in d le y  a n d  H o a re . F o r  th e  sake, o f c o m p le tin g  th e  d a ta  o n  th e  a m 
m o n iu m  ion , a  v a lu e  fo r  th e  flu o rid e  io n  in  e ig h t-fo ld  c o -o rd in a tio n , co u ld  
th is  b e  realised , w a s  e s t im a te d  b y  a ssu m in g  a  p e rc e n ta g e  ch an g e  o n  
p a ss in g  fro m  c o -o rd in a tio n  n u m b e r  s ix  to  e ig h t o f th e  sam e  o rd e r  a s  fo r  
th e  ch lo rid e  ion . I t  w ill b e  seen  t h a t  th e  a v e ra g e  ch an g e  in  m o la r  su s
c e p tib il i ty  fo r  a  ch an g e  in  c o -o rd in a tio n  n u m b e r  of tw o  u n i ts  is  3 % . 
T h is  m a y  b e  c o m p a re d  w ith  a  s im ila r  fig u re  o f  a b o u t  4 %  fo r th e  c ae s iu m  
h a lid e s  o b ta in e d  b y  B r in d le y  a n d  Hoare.®

V a lu es  fo r  th e  io n ic  s u s c e p tib ih ty  of th e  a m m o n iu m  io n  w ith  v a r io u s  
c o -o rd in a tio n  n u m b e rs  fo llow  fro m  th e  e x p e r im e n ta l re su lts . T h u s ,
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s u b tra c t in g  th e  v a lu e  fo r  th e  su s c e p tib ility  o f th e  h a lid e  io n  in  th e  a p 
p ro p r ia te  s ta te ,  Xnh4+(8) ~  13 7 fro m  th e  ch lo rid e  a n d  b ro m id e  m e a su re 
m en ts , a n d  Xuh4+,8, =  I 3 '8  f ro m  th e  io d id e  m e a su re m e n t. V a lu e s  fo r 
th e  su s c e p tib ility  of th e  a m m o n iu m  io n  in  th e  d isso lv ed  s ta te  c a lc u la te d  
b y  m ea n s  of B rin d le y  a n d  H o a re 's  su g g e s te d  v a lu e s  fo r  h a lid e  io n s in  
so lu tio n  * a re  n o t, h o w ev er, s a tis fa c to ry . T h u s , if th e  v a lu e s  Xi.-(dissolved)

3» ^o l“ (dissolved) ^ 5  ^Br“ (dissoIved) 3 ^  4  3>nd Xi-(dissolved) 3 4  ^  
a re  s u b tr a c te d  fro m  th e  m e a su re d  su s c e p tib i l ity  v a lu es, th e  su sc e p ti
b i li ty  of t h e  a m m o n iu m  ion in  so lu tio n  follow s, n a m e ly  Xî,H4+(dissolved) ~  I 3 '2  
f ro m  th e  flu o rid e  m e a su re m e n t, 13-4 fro m  th e  ch lo rid e , 13 4 fro m  th e  
b ro m id e  a n d  12 2 fro m  th e  iod ide , a ll  v a lu e s  lo w er t h a n  th o se  in  th e  so lid  
s t a te  w i th  h ig h e r  c o -o rd in a tio n  n u m b e r . A n  a l te rn a t iv e  m e th o d  fo r 
a ssess in g  th e  c o n tr ib u tio n  of th e  a m m o n iu m  io n  to  th e  t o ta l  su sc e p tib il ity  
in  th e  d isso lv ed  s ta te ,  t h a t  is n o t  d e p e n d e n t  o n  th e  a b so lu te  m a g n itu d e  
of th e  h a lid e  io n  c o n tr ib u tio n , is t o  a ssh m e  t h a t  th e  sa m e  p ro p o r t io n a l  co n 
t r ib u t io n  o f th e  t o ta l  su s c e p tib ility  is m a d e  b y  a n io n  a n d  c a t io n  w h e th e r  
in  th e  so lid  s t a te  o r  in  so lu tio n .

T h e  r a tio

^JTH4'*'(dissoIved) __  ^NH4+(cryst.)

^NH4X{dissolved) ^NH4X(cryst.)

(w here  N H 4 X  signifies th e  h a lid e  sa lts ) w ill g ive  th e  re q u ire d  v a lu e  fo r  
%NH4+(dissoived) s ince  XNH4+(cryst.) ÎS a s  g iv en  a b o v e  fo r  th e  six - a n d  e ig h t
fo ld  c o -o rd in a tio n  s ta te s  ; th e  v a lu e s  fo r th e  su s c e p tib il ity  o f th e  s a l t  in  
so lu tio n  a n d  in  th e  so lid  s t a te  a re  as in  T a b le  I  a n d  h e n ce  XNB4+(dissoived) 
fo llow s. T h is  m e th o d  g ives XNH4+(dissoived) =  I 4 '5  f ro m  th e  ch lo ride , 14-4 
fro m  th e  b ro m id e  a n d  13 8 fro m  th e  iod ide , re p re se n tin g  a  m e a n  v a lu e  
o f 14-2 fo r  th e  s u s c e p tib ih ty  o f th e  a m m o n iu m  io n  w ith  c o -o rd in a tio n  
n u m b e r  fo u r  in  th e  d isso lv ed  s ta te .  T h is  v a lu e  is h ig h e r  t h a n  t h a t  o b 
ta in e d  fo r th e  s ix - a n d  e ig h t-fo ld  c o -o rd in a tio n  s ta te s  a n d  h e n ce  is  in  lin e  
w ith  th e  g e n e ra l t r e n d  o f in c rease  in  su s c e p tib il ity  w i th  fa ll in  c o -o rd in a tio n  
n u m b e r. T h is  m e th o d  fo r  o b ta in in g  a  v a lu e  fo r  XNH4+(dissoived) su p p o r te d  
b y  th e  a p p lic a t io n  of a n  e q u a tio n  re la tin g  th e  d ia m a g n e tic  su s c e p tib il ity  
o f a n  io n  in  so lu tio n  to  t h a t  in  th e  so lid  s ta te ,  p ro p o se d  re c e n tly  b y  Lee.^® 
P o in tin g  o u t  t h a t  th e  t r a n s fe r  of a n  io n  fro m  th e  c ry s ta ll in e  s t a te  to  so lu 
t io n  in v o lv e s  th e  tw o  fa c to rs  o f a n  in c rease  in  su s c e p tib il ity  d u e  to  a  
re lease  of th e  io n  fro m  a  s tro n g  field  in  w h ic h  m u tu a l  d e fo rm a tio n  occurs, 
a n d  a  c o u n te r  e ffec t o f a  d e fo rm a tio n  of so m e  o f th e  w a te r  m o lecu les d u e  
to  th e  in tro d u c t io n  o f a n  io n  in to  th e i r  v ic in ity , w h ic h  w ill of co u rse  
lo w er th e  su s c e p tib i l ity  of th e  so lu tio n , h e  su g g ests  a  re la tio n s h ip  
— X, =  « i(— Xc) — 61, w h e re  — x» a n d  — x« a re  th e  io n ic  su sc e p tib ih tie s  
in  so lu tio n  a n d  th e  so lid  s t a te  re sp e c tiv e ly  e x p re ssed  in  10® c.g .s. u n i ts  
a n d  «1 a n d  bx a re  c o n s ta n ts . F o r  u n iv a le n t  a n io n s  a n d  c a tio n s , «x =  i '° 9  
a n d  61 = . 1 0 .  L ee  show s t h a t  th is  re la tio n sh ip  h o ld s  to  w ith in  ±  0 3 
u n i t  of su s c e p tib il ity  fo r  th e  a lk a li  a n d  h a lid e  ions. A p p ly in g  th is  t o  th e  
p re s e n t  d a ta  a n d  ta k in g  XNĤ +(cryst.) =  I3 '7 , th e  c a lc u la te d  v a lu e  fo r  
Xxs4+(dissolved) =  13 9 in  goo d  a g re e m e n t w ith  th e  e x p e r im e n ta l v a lu e  of 
14 2 o b ta in e d  ab o v e , o n  th e  a s su m p tio n  t h a t  th e  p ro p o r t io n a l  ch an g e  in  
su s c e p tib i l ity  is  th e  sam e  fo r  e ac h  u n iv a le n t  io n  o n  tra n s fe r r in g  fro m  th e  
so lid  s t a te  to  th e  d isso lv ed  s ta te .  T h u s  th e  su s c e p tib il ity  o f th e  a m m o n iu m  
io n  in  so lu tio n  is 14-0 r a th e r  t h a n  16 u n i ts  o f su s c e p tib i l ity  t e n ta t iv e ly  
su g g e s te d  b y  B r in d le y  a n d  H o are .^

I f  th e  su s c e p tib i l ity  v a lu e s  o f T a b le  I I  (co lum ns 2-5) a re  p lo t te d  a g a in s t  
th e  a p p ro p r ia te  c o -o rd in a tio n  n u m b e r  o f th e  s a l t  in  q u e s tio n  th e  p o in ts  
lie  o n  five  s t r a ig h t  lines, o n e  fo r  th e  a m m o n iu m  io n  a n d  o ne  fo r  e ac h

Lee, J . Chinese Chem. Soc., 1.945, 12, 81.
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h a lid e , a  re su lt  s im ila r  to  t h a t  fo r  th e  a lk a li  h a lid e s . E x tr a p o la t io n  o f 
th e  s t r a ig h t  h n e s  to  zero  c o -o rd in a tio n  n u m b e r  g iv es th e  v a lu e s  sh o w n  
in  co lu m n  6 o f T a b le  I I .  T h ese  m a y  be  ta k e n  to  re p re se n t  th e  su sc e p ti
b i l i ty  v a lu e s  fo r  th e  free  io n  in  th e  case  o f am m o n iu m , a n d  fo r  th e  s ta te  
o f zero  c o -o rd in a tio n  n u m b e r  fo r  th e  sa lts , i.e . a  s t a te  in  w h ic h  th e  co 
o rd in a tio n  e fiec ts  h a v e  b e e n  e lim in a te d . T h ese  su s c e p tib i l ity  v a lu e s  
m a y  b e  c o m p a re d  w ith  th e o re tic a l  v a lu es.

I t  h a s  a lre a d y  b e en  p o in te d  o u t  » t h a t  on  p lo t t in g  th e  e x p e r im e n ta l 
r e su lts  fo r  th e  so h d  h a lid e s  of T a b le  I  a g a in s t  th e  e ffec tiv e  c h a rg e  o f th e  
a n io n , a  g ra p h  re su lts  w h ic h  show s th e  p e r io d ic ity  e x p e c te d  fro m  th e  
ch an g e  in  n u m b e r  of e le c tro n s  in  th e  e le c tro n  she lls  of th e  a n io n  o n  p ass in g  
f ro m  flu o rid e  to  io d id e , a n d  t h a t  th is  g ra p h  is  re a so n a b ly  p a ra l le l  w ith  
th o se  fo r  th e  a lk a h  sa lts . A  s lig h t d e v ia t io n  fro m  th e  p a ra lle l  re la tio n 
sh ip  o ccu rs  w ith  a m m o n iu m  io d id e  a n d  flu o rid e  d u e  to  th e  d iffe ren ce  in  
c o -o rd in a tio n  n u m b e r  o f th e  a m m o n iu m  io n  in  th e s e  s a l ts  f ro m  t h a t  in  
th e  c h lo rid e  a n d  b ro m id e . •

I n  T ab le  1 (6) w h e re  th e  c o -o rd in a tio n  n u m b e r  d a ta  a re  in a d e q u a te , 
th e  v a lu e s  fo r  th e  su s c e p tib i l ity  o f th e  a m m o n iu m  io n  w ere  c a lc u la te d  
in  th o se  cases w h e re  d a ta  fo r  th e  an io n ic  c o n tr ib u tio n  to  th e  su s c e p tib i l ity  
w e re  av a ilab le , a lth o u g h  n o  a llo w an ce  co u ld  b e  m a d e  fo r ch an g e  in  co 
o rd in a t io n  n u m b e r , A  v a lu e  of Xnh4+ =  I 3 '7  w as  o b ta in e d  fo r  th e  
su s c e p tib i l ity  o f th e  a m m o n iu m  io n  in  th e  n i t r a te  a n d  =  13-5
in  th e  su lp h a te , u s in g  th e  a n io n ic  v a lu e s  su g g e ste d  previously.®  T h ese  
v a lu e s  a r e  in  g o o d  a g re e m e n t w i th  t h a t  o b ta in e d  fro m  th e  h a lid e  se ries 
sh o w in g  t h a t  a n y  ch an g e  in  co -o rd in a tio n  n u m b e r  h a s  o n ly  a  sm a ll e flect. 
S ince n o  e x p e r im e n ta l  a n io n ic  v a lu e s  w ere  a v a ila b le  fo r  th e  th io s u lp h a te ,  
c h ro m a te , a n d  d ic h ro m a te  ions, th e s e  w ere  e s t im a te d  fro m  re c e n t  e x p e r i
m e n ta l  m e a su re m e n ts  o n  th e  so d iu m  a n d  p o ta s s iu m  sa l ts  of th e s e  an io n s  
b y  s u b tr a c t in g  th e  c a tio n ic  c o n tr ib u tio n s .*  T h e  co n s id e ra b le  v a r ia tio n  
in  th e  e x p e r im e n ta l  su s c e p tib i l ity  v a lu e s  o f d iffe re n t in v e s tig a to rs  fo r  
th e  sa m e  s a l t  m a k e  th e  co n clu sio n s r a th e r  u n c e r ta in , b u t  th e  re su lts  a re

* The m ethod of calculation  is as follows :
XaaAO, =  whence su b trac tin g  tw ice =  6-8 » gives Xĝ Os' =  48-2.

C orrespondingly from  XejSjOs ^  75'9.^° su b trac tin g  tw ice Xk+ =  ^4 9 ® gives 
Xĝ Oa' — 46 I , giving a  m ean Xĝ Oj" ~  47'2. Tliis, su b trac ted  from  th e  experi
m en ta l figure for am m onium  th iosu lpha te  in  T able 1(6), gives th e  value  Xnh4+ 
=  14-0. K ido’s  ̂ figure fo r th e  suscep tib ility  of sodium  th iosu lpha te  tr ih y d ra te  
was n o t used in  th is  calculation  since if th e  full value for th e  suscep tib ility  of th e  
th ree  molecules of w a ter of c rystallisation  is su b trac ted  i t  gives a  ve ry  m uch 
low er value  for th e  suscep tib ility  of th e  anion th a n  e ith e r of th e  o th er tw o values 
used.

(2) T he param agnetic  suscep tib ility  of sodium  chrom ate  is x^ajcrOi ~  I 9 '4>®'' 
and  XNaaCrOi =  H'O,®® whence th e  param agnetic  suscep tib ility  Xoro/"^ 33 o 
an d  24 6, sub trac tin g  tw ice X(dia.)Na+- Sim ilarly  from  th e  param agnetic  values 
fo r th e  suscep tib ility  of KgCrO^ =  4 0 ®®> ®® and  0 0,®̂  th e  param agnetic  sus
cep tib ility  Xcro/ =  23-8, 25-8, 29 8, giving a  m ean of th e  five values o f  Xoro/ 
=  27-8 for th e  param agnetic  suscep tib ility  of th e  chrom ate  ion, and  hence 
X(dia )NHi+ ~  13 4 from  th e  d a ta  for am m onium  chrom ate  in  T able I.

(3) S im ilarly  th e  values available for th e  param agnetic  suscep tib ility  of 
po tassium  dichrom ate  are XsgCrgO; ”  37'9<®  ̂ 54-0,®  ̂ 31-8,®  ̂ 13-0,®® w hence th e  
pa ram agnetic  value XcrzO," ~  64-3 foUows as a  m ean value, giving X(dia.)NH4+ 
=  13 4-

1» Pascal, Compt. rend., 1921, 173, 712.
®® Farquharson , Phil. Mag., 1932, 14, 1003.
®i G ray and  D akers, 1931, I I ,  297. ■
®® T ilk  and  Klem m , Z. anorg. Chem., 1939, 340, 333.
®® Trew, Trans. Faraday Soc., 1936, 33, 1633.
®* E ndo, Sci. Rep. Tohoku Im p. Univ., 1923, 14, 479.
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included, a s  th e y  g ive  a  v a lu e  fo r  th e  su s c e p tib ility  of th e  a m m o n iu m  
io n  o f th e  sam e  o rd e r  o f m a g n itu d e  a s  t h a t  d e r iv e d  fro m  th e  h a lid e  sa lts . 
T h u s  Xnh4+ —  14 0 fro m  th e  th io s u lp h a te  m e a su re m e n t a n d  13*4 fro m  
b o th  c h ro m a te  a n d  d ic h ro m a te .

C o m p a r is o n  of T h e o r e t ic a l  a n d  E x p e r im e n ta l  D ia m a g n e t ic  S u s 
c e p t ib i l i t ie s .— A  n u m b e r  of m e th o d s  fo r  c a lc u la tin g  th e o re tic a l  
d ia m a g n e tic  su sce p tib ilitie s  h a v e  b e e n  proposed,®®-®® a n d  h a v e  b een  
f re q u e n tly  d iscu ssed  so t h a t  d e ta ils  n e ed  n o t  b e  g iv en  h e re . T h e  th e o r e t 
ica l su s c e p tib ilitie s  fo r  th e  a m m o n iu m  ion , c a lc u la te d  b y  th e  m e th o d s  o f 
Pauling,®® Slater,® ’ a n d  Angus,®® a re  su m m a rise d  in  T a b le  I I  (co lum ns 
7-9). F o llo w in g  th e  m e th o d  o rig in a lly  a p p lie d  b y  G ra y  a n d  Cruickshank,® * 
a llo w an ce  h a s  b e e n  m a d e  fo r th e  p a r t ia l  s h if t  in  ch arg e , d u e  to  u n e q u a l 
sh a r in g  of e le c tro n s  a s  d e te rm in e d  fro m  d ip o le  m e a su re m e n ts . T h e  
th e o re tic a l  v a lu e s  fo r  th e  su s c e p tib ilitie s  o f th e  h a lid e s  h a v e  b e en  c a l
c u la te d  a ssu m in g  t h a t  th e  lin k in g s  b e tw ee n  th e  a m m o n iu m .a n d  h a lid e  
io n s a re  c o m p le te ly  p o la r . I t  w ill b e  seen  t h a t  fo r  th e  a m m o n iu m  io n  
itse lf, th e  th e o re tic a l  m o la r  su s c e p tib i l ity  c a lc u la te d  b y  A n g u s ’ m e th o d , 

~  13-9, ag ree s  m o s t  c losely  w ith  th e  e x p e r im e n ta l v a lu e , x^h ĥ- — 
13 b-13 8, fo r  th e  io n  in  c o m b in a tio n  w ith  u n iv a le n t  an io n s  in  so lid  c ry s ta ls . 
T h e  v a lu e s  o b ta in e d  w h e n  th e  e x p e r im e n ta l su s c e p tib ilitie s  o f th e  sa lts  
a re  e x tr a p o la te d  t o  c o -o rd in a tio n  n u m b e r  zero  a re  in  c lo ses t a g re e m e n t 
w ith  su sc e p tib ilitie s  c a lc u la te d  b y  S la te r ’s m e th o d  in  w h ic h  sem i- 
e m p irica l ru les  fo r  o b ta in in g  th e  sc reen in g  c o n s ta n ts  in  th e  io n s a re  u sed .

A n  in c re a s in g  d iv e rg en ce  b e tw e e n  th e o re tic a l  a n d  e x p e r im e n ta l 
su sc e p tib il it ie s  o ccu rs  a s  th e  e ffec tiv e  a to m ic  n u m b e r  o f th e  s a l t  in creases , 
a  r e su lt  s im ila r  to  t h a t  fo u n d  fo r th e  a lk a li  a n d  o th e r  salts.®- ®®- F o r  
a ll th e  h a lid e s  e x c e p t th e  fluoride, ' c a lc u la tio n s  b y  P a u l in g ’s m e th o d  give, 
a s  in  th e s e  o th e r  cases, th e o re tic a l  su sce p tib ilitie s  w h ic h  a re  h ig h e r  th a n  
th e  e x p e r im e n ta l fo r  s a lts  of h e a v ie r  ions. W h en , h o w ev er, a s  in  S la te r ’s 
m e th o d  of c a lc u la tin g  a to m ic  a n d  io n ic  su sce p tib ilitie s , m o d ified  sc reen in g  
c o n s ta n ts  a re  u se d  fo r  th e  A -sh e ll o f e le c tro n s  a n d  b ey o n d , th e  r e s u l ta n t  
th e o re tic a l  su s c e p tib ility  is b ro u g h t  v e ry  m u c h  c loser to  t h a t  fo r  th e  s a l t  
c o rre c te d  fo r  th e  c o -o rd in a tio n  effects, a s  a  co m p a riso n  o f co lu m n  6 w ith  
co lu m n  8 of T a b le  I I  w ill show . A n g u s’ fu r th e r  su g g e s tio n  t h a t  th e  
c o n tr ib u tio n  of s  a n d  p  she lls  o f e le c tro n s  t o  th e  su s c e p tib i l ity  sh o u ld  b e  
c o m p u te d  se p a ra te ly , b r in g s  th e  f in a l c a lc u la te d  m o la r su s c e p tib il ity  
b e lo w  th e  e x p e r im e n ta l v a lu e s  c o rre c te d  fo r  c o -o rd in a tio n  effects, a n d  so 
w o u ld  a p p e a r  u n ju s tif ie d  b y  th e  e x p e r im e n ta l re su lts .

B ed fo rd  College,
R egen ts P a rk ,

L o n d o n , N . W . i .

®® Pauling, Proc. Roy. Soc. A , 1927, 114, 181.
®f H artree , Proc. Camb. Phil. Soc., 1928, 89, i n  ; Proc. Roy. Soc. A , 1933, 

141/282.
®’ S later, Physic. Rev., 1930, 36, 57.
®® Angus, Proc. Roy. Soc. A , 1932, 136, 569.
®® G ray and  C ruickshank, Trans. Faraday Soc., 1935, 31, 1491.

Nature of the Chemical Bond
®i B rindley, Phil. Mag., 1931, 13, 786.

P R IN T E D  IN  G R E A T  B R IT A IN  AT 
T H E  U N IV E R S IT Y  P R E S S  

A B E R D E E N



T (3 .e w  (^V.C.€r,3 
Zb . Sc . l' ï̂S’S’

Reprinted from the Transactions of the Faraday Society, 
No. 340, Vol. 47, Part 4, April, 1951

THE DIAMAGNETIC SUSCEPTIBILITY OF SOME 
SUBSTITUTED ETHYL MALONATES

( I
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SUBSTITUTED ETHYL MALONATES
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A  modified techn ique has been evolved for th e  m ore precise m easurem ent 
of m agnetic  suscep tib ility  by ' th e  Gouy m ethod. The d iam agnetic  suscep ti
bilities of a  num ber of su b s titu ted  e th y l m alonates have been m easured, and  a 
considerable v a ria tio n  in  th e  m agnitude of th e  C H j increm ent w ith in  th is  series 
has been found, a lthough  certa in  regularities app ear to  exist. T he absolute 
value of th e  CHg increm ent in  th is  series of com pounds is h igher th a n  th a t  in  
m any  sim ple hom ologous series previously investigated .

A com parison of th e  experim ental m olar m ass susceptib ih ties w ith  those 
calculated  by  th e  m ethod of Pascal indicates th e  presence of b o th  ketonic and  
p a rtia lly  enolic form s in  e thy l m alonate and  th e  m onosubstitu ted  esters. This 
m agnetic  evidence is supported  b y  evidence from  m olar re frac tiv ity  d a ta .

M e a su re m e n ts  o f th e  m a g n e tic  m a s s  s u s c e p tib i l i ty  o f a  n u m b e r  of 
c o m p o u n d s  in  d iffe re n t h o m o lo g o u s se ries  h a v e  led  to  th e  co n c lu s io n  th a t ,  
a t  l e a s t  w i th  th e  h ig h e r  m e m b e rs  o f so m e  series , th e r e  is  a c o n s ta n t  in c re 
m e n t  in  th e  d ia m a g n e tic  su s c e p tib i l i ty  fo r  e v e ry  a d d it io n a l  CH^ g ro u p . 
T h s  e x a c t  m a g n itu d e  of th is  in c re m e n t h a s , n e v e rth e le ss , b een  th e  su b je c t  
o f c o n s id e ra b le  c o n tro v e rsy , a n d  in v e s tig a tio n s  in  v a r io u s  la b o ra to r ie s  
h a v e  r e s u l te d  in  t h e  q u o ta t io n  of v a lu e s  of 11-355,^ 11*64,® 11*69,*
a n d  m o re  r e c e n tly  11*36.® T h ese  a n d  su b s e q u e n t  v a lu e s  re p re s e n t  c .g .s, 
u n i ts  X 10®. A c tu a l m a ss  s u s c e p tib ih ty  v a lu e s  a re  o f co u rse  d ia m a g n e tic . 
T h e  c o n s ta n c y  o f th is  in c re m e n t seem s m o s t  m a rk e d  in  r e la tiv e ly  s im p le  
h o m o lo g o u s se rie s  su c h  a s  o p e n  c h a in  m o n o ca rb o x y lic  a c id s  a n d  e s te rs , 
a n d  s im p le  a ld e h y d es , k e to n e s  a n d  a lcoho ls, b u t  is  less re g u la r  fo r  m o re  
c o m p le x  c o m p o u n d s . T h u s  a lth o u g h  Pacault,®  in v e s tig a tin g  fo u r  m e th y l  
a n d  h e p ty l  s u b s t i tu te d  b e n za c rid in es , o b ta in e d  in c re m e n ts  o f 11*3, 12*6 
a n d  11*3, B o n in o  a n d  M an zo n i-A n sid e i ’ in  s im ila r  m e a su re m e n ts  on

1 B h a tnagar, M itra  and  Tull, Phil. M ag., 1934, 18, 449.
® C abrera and  F ah lenbrach ,3 (wa/es soc. espaHa fis. quint., 1934, 32, 543.
® Farquharson  and  Sastri, Trans. Faraday Soc., 1937, 33» 1472.
* Angus and H ill, Trans, Faraday Soc., 1943, 39, 185.
® B roersm a, / .  Chem. Physics., 1949, 17, 873.
® Pacau lt, Ann. Chim., 1946 (xii), i ,  527.
’ Bonino and  M anzoni-Ansidei, Bej*., 1943, 76, 553.
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366 DIAMAGNETIC SUSCEPTIBILITY
p y rro le  h o m o lo g u es  o b ta in e d  in c re m e n ts  v a ry in g  fro m  9*54 to  14 i .  
F a rq u h a rs o n  a n d  S a s tr i  * in  th e  a licy c lic  se ries , fo u n d  in c re m e n ts  o f 12-83, 
15-32 a n d  9-76 fo r  e a c h  su ccess iv e  CHg a d d it io n  o n  p a ss in g  fro m  cy clo 
p ro p a n e  c a rb o x y lic  a c id  t o  c y c lo h ex a n e  c a rb o x y lic  ac id .

I t  h a s  b e e n  e m p h a s iz e d  t h a t  e v e n  w h e re  c o n s ta n c y  is  o b ta in e d , th e  
a b so lu te  v a lu e  of t h e  C H j in c re m e n t m a y  n o t  b e  th e  sa m e  in  a ll  h o m o 
lo g o u s series , a n d  A n g u s a n d  H ill  * h a v e  i l lu s t r a te d  th is  e ffec t b y  re fe ren ce  
t o  t h e  a p p a r e n t ly  lo w er v a lu e  fo r  th e  s u s c e p t ib i l i ty  o f th e  CHa g ro u p  in  
a ld e h y d e s  a s  c o m p a re d  w ith  t h a t  in  k e to n e s . F u r th e rm o re ,  i t  h a s  b een  
su g g e s te d  t h a t  e v e n  w h ere  th e  t r a n s i t io n  fro m  o n e  m e m b e r  o f a  h o m o 
lo g o u s  se rie s  t o  t h e  n e x t  h ig h e r  m e m b e r  in v o lv e s  n o  s t r u c tu r a l  a l te ra t io n  
o th e r  th a n  t h a t  in v o lv e d  in  th e  re p la c e m e n t o f a  h y d ro g e n  a to m  b y  a  
m e th y l  g ro u p , n e v e r th e le s s  th e  r e s t  o f th e  m o lecu le , o r  so m e  a c t iv e  g ro u p  
in  i t ,  m a y  ex erc ise  a n  a p p re c ia b le  in flu en ce  o n  th e  m a g n itu d e  of th e  CHg 
in c re m e n t. T h is  in flu e n ce  w ill b e  m o s t  a p p a r e n t  in  th e  lo w er m em b e rs  
o f s im p le  se ries . H e re  a c t iv e  g ro u p s  fo rm  a  c o n s id e ra b le  p a r t  o f th e  
w ho le  m o lecu le  a n d  w ill b e  in  c lose  p ro x im ity  t o  a n y  re p la c e a b le  h y d ro g e n  
a to m . I n  h ig h e r  m e m b e rs  of a  se rie s  su c h  a c t iv e  g ro u p s  w ill h a v e  a  
sm a lle r  in flu en ce  u p o n  th e  su s c e p tib i l i ty  o f  th e  m o lecu le . F in a lly  i t  m a y  
be  n o te d  t h a t  iso m erid e s  do  n o t  a lw a y s  h a v e  id e n tic a l  m a g n e tic  su s c e p ti
b ilitie s , a s  h a s  b e e n  showm w ith  a  n u m b e r  o f  d iffe re n t com pounds.®  I t  
a p p e a re d  th e re fo re  o f in te r e s t  t o  in v e s tig a te  c o m p o u n d s  in  w h ich  a n  
a c t iv e  m e th y le n e  g ro u p  is  p a r t ly  o r  c o m p le te ly  s u b s t i tu te d .  S u c h  a  
se rie s  is  fo u n d  in  th e  e th y l  e s te r s  o f m a lo n ic  a c id  a n d  th e  s u b s t i tu te d  
m a lo n ic  ac id s . A n  a d d it io n a l  in te r e s t  lie s  in  t h e  n u m b e r  o f p o ss ib le  
s t r u c tu r a l  a l te rn a t iv e s  (k e to n ic  a n d  en o lic  fo rm s  to g e th e r  w ith  a  n u m b e r  
o f re so n a n c e  fo rm s) in  so m e  o f th e  s u b s t i tu te d  m a lo n ic  a c id  e s te rs  a n d  
in  e th y l  m a lo n a te  its e lf , w i th  t h e i r  p o ss ib ly  d iffe re n t v a lu e s  o f m a g n e tic  
su s c e p tib i l ity .

Experim ental
All th e  m alonates used in  th is  investiga tion  were purified b y  d istillation  

under reduced pressure th ro u g h  an  all-glass ap p ara tu s , using  a  well-lagged

T A B L E  I

Substance

•  •  {E thy l m alonate

E thy l diethylm alonate 
E thyl hutylm alonate .
E thy l ethylpropylm alonate 
E thy l ethylhutylm alonate 
E thy l phenylm alonate .
E thy l henzylmalonate .
E thy l methylphenylm alonate

Boiling Point

101-5

117-5
127

133
142
176
177

Press.
(mm.)

30-5

Refractive Index

Ohs. VaJ. L it. Val.

1-41363

1-42474
1-42291
1-42435
1-42834
1-49126
1-48709
1-49034

1-41428 * 
1-4112 
1-4141 
1-4226 n

D ensity (d̂ ®®)

Ohs. Val. L it. Val.

1-05496
1-0550 “ 
1-0490

0-5721

0-98762 0-9982 ,0-6492
0-97639 0-9749 0-6442
0-97846 , — 0-6619
0-97287 — 0-6683
1-09593 —r o-6oiy
1-07493 — 0-6172
1-07488 0-6121

Specific
Suscept.

-Z,Xio«

frac tio n a tin g  colum n packed w ith  sm all glass helices. A  nu m b er of separate  
fractions were collected, and  those  m iddle fractions were u se d Jo r  w hich a  con
s ta n t  value  of re fractive  index  was obtained. In  view of th e  p au city  of physical 
d a ta  on th e  su b s titu te d  e th y l m alonates, th e  boiling po in ts a t  th e  pressures 
em ployed are  recorded in  T able I.

® F arquharson  and  Sastri, Trans. Faraday Soc., 1937, 33» I 474-
• W eissberger and  P roskauer, Organic Solvents (Clarendon Press, 1935).

Pearson , J .  Am er. Chem. Soc., 1 9 4 9 , 71» 2212.
"  M um ford and  Phillips, J .  Chem. Soc., 1950, 75.
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T he refrac tive  indices of th e  m alonates were m easured a t  20° C b y  m eans 

of a  Pulfrich  refractom eter, using th e  D  line of th e  sodium  spectrum , and  these, 
to gether w ith  th e  densities, are also recorded in  Table I.

The m agnetic  susceptib ilities were m easured b y  th e  G ouy m ethod using a  
m odification of a  balance previously described.®* An air-cooled e lectrom agnet 
of 12,000 tu rn s  and  cobalt-steel pole pieces was em ployed. A i  cm. pole gap 
was m ain ta ined  using  a  cylindrical brass d istance piece fitted  betw een th e  
conical-shaped poles. The d istance piece was pierced above th e  poles to  allow 
passage of th e  suscep tib ility  tu b e  cen trally  betw een th e  pole gap, and a  second 
circular ap ertu re , w hich could be viewed by  a  telescope, enabled ex ac t align
m en t to  be m ade of th e  base of th e  tu b e  in  th e  region of m axim um  field. This 
ad ju s tm en t was m ade by  reference to  illum inated  cross-m arks fixed to  th e  back 
and  fron t of th e  distance piece. T he region of con stan t field betw een th e  poles 
was found to  be 0 2 cm. above and  below th e  m id -po in t of th e  pole faces. A 
m axim um  cu rren t of 5 A could be em ployed w ith  th e  m agnet, b u t  to  reduce th e  
h eating  effect to  a  m inim um  i t  was found m ost sa tis fac to ry  to  carry  o u t m easure
m ents a t  lower am perages. T hree sligh tly  different values of th e  cu rren t of 
1-8, 2-0 and  2 2 A were used, giving respectively  fields of 7,000, 7,180 and  7,390 
gauss. % T he am m eter scale and  po in ter were viewed b y  a  telescopic a tta ch m en t 
and, b y  m eans of a  variab le  resistance, th e  po in te r w as m ain ta ined  a t  one of 
th e  ex ac t readings n o ted  above during th e  tim e th e  m agnet was sw itched on. 
The leng th  of th e  specim en was carefully  ad ju s ted  so th a t  th e  u pper level was 
in  a region of zero field. T he wèighings were carried  o u t b y  m eans of a  sho rt 
beam  balance to  w hich th e  suscep tib ility  tu b e  was a tta ch ed  b y  m eans of a 
N ylon suspension th read . T his was found to  be  m ore sa tis fac to ry  th a n  a  
p la tin u m  suspension being less influenced b y  m inor v aria tions in  h u m id ity  
of th e  atm osphere. Benzene was used as th e  s ta n d a rd  for reasons previously 
discussed.®*

The susceptibilities were in  all cases calculated  b y  m eans of th e  equation  : ®*

10* X I o-0294\ , 0-0294

w here th e  subscrip t B  refers to  th e  s tan d ard  liquid benzene (Xg =  — 0-702 X 10-®) 
and A to  th e  liquid  under investigation . F  is th e  th ru s t  on th e  specim en and  
d i ts  density .

Results
The resu lts of th e  m easurem ents of m agnetic  suscep tib ility  a re  show n in 

Table I , th e  specific susceptib ih ties in  colum n 8 representing  th e  m ean of several 
(usually 6) closely agreeing values, th e  m axim um  v a ria tio n  being ±  0-0010 
suscep tib ility  u n its . T he values of th e  m olar m ass susceptib ilities are  shown 
in  T able I I ,  colum n 2. ■

T A B L E  I I

Molar Mass Susceptibilities ( — X jf  X 10*) Molar Refractivities

Substance
E xp t.
V al.

Max. 
E x p t. •

Calculated Values 
Pascal M ethod

E xp t.

Calculated

E rro r
Form  I Form  I I Form  I I I Form  I Form  II Form  I I I

E thy l m alonate . gr-62 ± o - i6 93-10 91-43 87-68 37-91 37-78 38-77 39-77
E thy l diethylm alonate. 140-41 ±0-22 143-62 —  , — 55-96 56-37 — —

E thy l hutylm alonate . 139.32 ±0-22 143-12 139.37 — 56-39 56-37 57 37 —

E thy l ethylpropyl
malonate 152-43 ±0-23 155-48 60-10

E thy l butylethyl- 
m alonate 163-27 ±0-24 167-34 64-66 65-66

E thy l phenylm alonate. 142-15 ±0-24 145-80 142-65 — 62-46 61-92 62-91 —
E thy l henzylmalonate . 154-45 ±0-25 15978 156-03 — 66-98 66-56 67-56 —
E thy l methylphenyl

m alonate 153-21 ±0-25 rs8-r6 - - 67-36 66-56 , - -

®* French and  Trew, Trans. Faraday Soc., 1945, 41, 439.
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D iscussion
O n ly  s l ig h t  c o m p a riso n  w ith  o th e r  e x p e r im e n ta l  v a lu e s  is  p o ss ib le . 

T h e  o n ly  c o m p o u n d  of th is  se rie s  w h ich  a p p e a rs  so  f a r  t o  h a v e  b een  
m e a su re d  is  e th y l  m a lo n a te  its e lf . T h e  o n ly  p re v io u s ly  re c o rd e d  v a lu e s  
a re  9 1 -5 0 /  w h ic h  is in  c lose  a g re e m e n t w ith  t h a t  n o w  p re se n te d , 93-60, 
a n d  92-56.^* I n  th e  case  o f th e  la s t  o f th e s e  v a lu es , p u rif ic a tio n  h a d  b e en  
e ffec ted  b y  d is t i l la t io n  a t  a tm o sp h e r ic  p re ssu re , a n d  c o n se q u e n tly  a t  a  
te m p e ra tu r e  n e a r ly  100° C h ig h e r  t h a n  t h a t  in  th e  p re s e n t  in v e s tig a tio n , 
a n d  i t  is  p o ss ib le , th e re fo re , t h a t  so m e  s lig h t d e co m p o s itio n  m a y  h a v e  
t a k e n  p lac e . I n  th is  c o n n e c tio n  i t  is of in te r e s t  t h a t  a  sp e c im en  o f e th y l  
m a lo n a te  p u rif ie d  b y  th e  sam e  m e th o d  a s  u sed  in  th e  e a r l ie r  in v e s tig a tio n  
g a v e  a  m o la r  m a s s  s u s c e p t ib i l i ty  of 92-52.

T h e  e x p e r im e n ta l  v a lu e s  w ere  c o m p a re d  w ith  v a lu e s  c a lc u la te d  u s in g  
P a s c a l 's  a to m ic  a n d  c o n s t itu t iv e  su s c e p t ib i l i ty  c o n s ta n ts  c o rre c te d  fo r 
th e  p re s e n t  a c c e p te d  v a lu e  fo r  t h e  su s c e p tib i l ity  o f w a te r  o f —0-720 x  io~®, 
a n d  a lso  w ith  th o s e  c a lc u la te d  th e o re t ic a l ly  b y  th e  m e th o d s  o f Slater,^® 
A n g u s ,"  P a u lin g ,^ ’ a n d  G ra y  a n d  C ruickshank.^®  T h e  v a lu e s  o b ta in e d

^  e th y l m alonate 

\

ethy l 
bu ty lm alonate

11-97

/
e th y l b u ty l- 
e thy lm alonate

11-92

11-94

\ l 3-ll

12-10

ethy l e thy l- ' 
10-84 propylm alonate

' F i g . I .

\
\ ^ 2 0

12-02 e thy l
d iethy lm alonate

(The figures ind ica te  th e  experim ental value for th e  C H , increm ent in  th e  cor
responding transition .)

b y  A n g u s ’s m e th o d  a re  10-15 %  h ig h e r  t h a n  th e  e x p e r im e n ta l  v a lu e s , 
a n d  th e  m e th o d s  o f S la te r  a n d  P a u lin g  y ie ld  e v e n  h ig h e r  v a lu e s , a ll  th r e e  
m e th o d s  in d ic a tin g  a n  id e n tic a l  su s c e p t ib i l i ty  fo r  th e  d iffe re n t ta u to m e rs  
a n d  re so n a n c e  fo rm s, a n d  a  c o n s ta n t  in c re m e n t in  th e  m a g n e tic  su s 
c e p t ib ih ty  fo r  e a c h  a d d it io n a l  CHg g ro u p . T h e  e x p e r im e n ta l  v a lu e s  o b 
ta in e d  in  th is  in v e s tig a tio n  sh o w  a  h ig h e r  fig u re  fo r  th is  in c re m e n t th a n  
is  u su a l ly  fo u n d  , in  t h e  m o re  s im p le  h o m o lo g o u s  series . A lth o u g h  a  
c o n s ta n t  v a lu e  fo r th e  in c re m e n t  is  n o t  o b ta in e d , c e r ta in  r e g u la r it ie s  m a y  
c le a r ly  b e  d e te c te d  a s  sh o w n  in  F ig . i .

I t  a p p e a rs  t h a t  w i th  th e  lo w er m e m b e rs  o f th e  a l ip h a tic  series , th e  
m a g n itu d e  o f t h e  CHg in c re m e n t d e p e n d s  v e ry  la rg e ly  o n  th e  size o f  th e  
g ro u p  re p la c in g  o n e  o r  b o th  o f th e  m e th y le n ic  h y d ro g e n  a to m s , a n d  is  
in v e rs e ly  re la te d  t o  th is  q u a n t i ty ,  s in ce  in  t r a n s i t io n s  fro m  e th y l  m a lo n a te  
a n  a v e ra g e  in c re m e n t o f 11-94 is  o b ta in e d  w h e n  o n e  s u b s t i tu e n t  is  a  b u ty l  
ra d ic a l,  12-16 w h e n  i t  is  th e  sm a lle r  p ro p y l  ra d ic a l,  a n d  12-20 fo r  th e  e v en  
s m a lle r  e th y l  g ro u p . W ith  c o m p o u n d s  c o n ta in in g  a ro m a tic  s u b s t i tu e n ts ,

"  Pascal, A n n . Chim. Physique, 1912, 25, 289.
"  French, Trans. Faraday Soc., 1947, 43, 356.
"  S later, Physic. Rev., 1930, 36, 57.
"  Angus, Proc. iîoy. Soc. 1932, 136, 569.
”  Pauling, Proc. Roy. Soc. A ,  1927, 114, 181. ;
"  G ray and  C ruickshank, T ra«s. Pararfay Soc., 1935, 31, 1491.
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i t  m a y  b e  o b se rv e d  t h a t  th e  v a lu e  o f th e  in c re m e n t in  o ne  case  is 11 o6 
a n d  in  th e  o th e r  12-30, b u t  th e  n u m b e r  of c o m p o u n d s  a v a ila b le  fo r  in 
v e s t ig a t io n  in  th is  se ries  w as in su ffic ien t fo r  a n y  g e n e ra l co n c lu s io n  to  be  
re ac h ed .

C a lc u la tio n  of th e  m a g n e tic  su sc e p tib il it ie s  of th e  s u b s t i tu te d  e th y l  
m a lo n a te s  fro m  P a s c a l’s a to m ic  a n d  c o n s t itu t iv e  c o n s ta n ts  re c e n tly  
re v is e d  b y  P a c a u lt ,  g ives d if fe re n t v a lu e s  fo r  th e  ta u to m e r ic  fo rm s I ,  I I  
a n d  I I I  (F ig . 2), a s  sh o w n  in  co lu m n s 4, 5 a n d  6 o f  T a b le  I I .  W h ere  
b o th  m e th y le n ic  h y d ro g e n  a to m s  h a v e  b e e n  s u b s t i tu te d  b y  a n  a lk y l  o r 
a ry l  g ro u p , o n ly  th e  ta u to m e r ic  fo rm  I  c a n  e x is t  w i th  e th y l  d ie th y l
m a lo n a te  a n d  e th y l  e th y lp ro p y lm a lo n a te .  H e re  th e  e x p e r im e n ta l  su s 
c e p tib il i tie s  a re  a p p ro x im a te ly  th re e  u n i ts  lo w er t h a n  th e  c a lc u la te d  
v a lu e s , w h ich  m a y  be  e x p la in e d  b y  c o n tr ib u tio n s  fro m  th e  re so n an c e  fo rm s. 
T h ese  c a n n o t  be  e v a lu a te d  b y  th is  m e th o d . T h e  e x p e r im e n ta l  v a lu e  fo r  
e th y l  b u ty lm a lo n a te  is  3-8 u n i ts  lo w er th a n  t h a t  c a lc u la te d  fo r  th e  p u re ly  
k e to n ic  s t ru c tu re ,  su g g e s tin g  a  s ig n ific a n t c o n tr ib u tio n  fro m  th e  p a r t ia l ly  
en o lic  fo rm  of ty p e  I I  (F ig . 2) w ith  i ts  lo w er su s c e p t ib i l i ty  v a lu e .

W h en  th e  g ro u p s  s u b s t i tu t in g  th e  m e th y le n ic  h y d ro g e n  a to m s  a re  of 
su ffic ien t size so  t h a t  th e  e ffec t o f th e  a c t iv a t in g  g ro u p  a t  a  d is t a n t  p a r t  
o f th e  m o le c u le  is  r e la tiv e ly  w eak , i t  w o u ld  b e  e x p e c te d  t h a t  th e  CHg 
in c re m e n t w o u ld  a p p ro x im a te  c lo se ly  t o  t h e  v a lu e  o b ta in e d  fo r  s im p le

O OH OH
LoCgHg i —OCgHg LoCgHg

H—i —H (!—H (I
, i —OCgHg i —OCgHg C—OCgH,

& (Ü i n
(I) (II) (III)

F i g . 2 .
I

(The above stru c tu res  will rep resen t th e  su b s titu ted  e th y l m alonates on re 
p lacem ent of th e  m ethylenic hydrogen a tom s b y  th e  ap propria te  radicals.)

Open c h a in  c o m p o u n d s . T h e  e x p e r im e n ta l  v a lu e  fo r th e  s u s c e p t ib ih ty  
o f e th y l  b u ty le th y lm a lo n a te ,  w h ile  m u c h  lo w er t h a n  t h a t  c a lc u la te d  
b y  th e  P a s c a l-P a c a u l t  m e th o d  a lth o u g h  n o  en o lic  fo rm  is  p o ss ib le  h e re , 
r e s u l ts  in  a  v a lu e  fo r  th e  CHg in c re m e n t b e tw e e n  th is  c o m p o u n d  a n d  
e th y l  b u ty lm a lo n a te  w h ic h  is  m u c h  c lo ser to  th e  s im p le  o p e n  c h a in  
v a lu e , t h a n  t h a t  fo r  th e  in c re m e n t b e tw e e n  c o m p o u n d s  w ith  sm a lle r  
s u b s t i tu e n ts .  T h e  lo w  v a lu e  fo r  th e  m a g n e tic  s u s c e p t ib i l i ty . o f e th y l  
b u ty le th y lm a lo n a te  m a y  a g a in  b e  d u e  to  c o n tr ib u tio n s  o f th e  re so n an c e  
form.®

W ith  e th y l  m a lo n a te  i t  is  u n h k e ly  t h a t  fo rm  I I I  w ith  i ts  tw o  a d ja c e n t  
d o u b le  b o n d s  w o u ld  m a k e  a n y  a p p re c ia b le  c o n tr ib u t io n  t o  th e  e q u ilib r iu m  
s ta te .  T h is  co n c lu s io n  is  s u p p o r te d  b y  th e  e x p e r im e n ta l v a lu e  w h ic h  
lie s  b e tw e e n  th e  c a lc u la te d  v a lu e s  fo r  fo rm s I  a n d  I I ,  a n d  d o es n o t  th e r e 
fo re  necessita te - a  c o n tr ib u t io n  fro m  fo rm  I I I  w i th  i t s  v e ry  lo w  su s
c e p tib ih ty .

T h e  e x p e r im e n ta l  v a lu e  fo r  e th y l  m e th y lp h e n y lm a lo n a te , fo r  w h ich  
th e  k e to n ic  fo rm  a lo n e  is  p ossib le , is  4-95 u n i ts  lo w er th a n  th e  c a lc u la te d  
v a lu e , d u e  p o ss ib ly  a g a in  t o  c o n tr ib u tio n s  fro m  o th e r  re so n an c e  fo rm s. 
W ith  e th y l  h e n z y lm a lo n a te  th e  d ifference  b e tw ee n  th e  e x p e r im e n ta l  
v a lu e  a n d  t h a t  c a lc u la te d  fo r  th e  k e to n ic  fo rm  is  e v en  g re a te r  (5-33 u n its ) , 
in d ic a tin g  a  s ig n ific a n t c o n tr ib u t io n  fro m  th e  p a r t ia l ly  e n o h c  s t r u c tu r e  
w ith  i t s  lo w er s u s c e p tib ih ty . C o m p ariso n  b e tw e e n  th e  e x p e r im e n ta l  a n d  
c a lc u la te d  v a lu e s  fo r th e  su s c e p tib ih ty  o f e th y l  p h e n y lm a lo n a te  su g g e sts  
t h a t  b o th  k e to n ic  a n d  p a r t ia l ly  e n o h c  s t ru c tu re s  c o n tr ib u te  t o  th e  e q u ih -  
b r iu m  c o n d itio n  o f t h is  c o m p o u n d  a lso . j
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G ra y  a n d  C ru ic k s h a n k ’s m e th o d  o f e v a lu a t in g  m a g n e tic  s u s c e p ti

b i l i ty  a lso  ta k e s  a c c o u n t  o f ta u to m e r ic  fo rm s, a n d  f u r th e r  e n ab le s  v a lu e s  
fo r  c e r ta in  o f th e  re so n a n c e  s t ru c tu re s  t o  be  c a lc u la te d . T h ese  th e o re tic a l  
v a lu e s  in  g e n e ra l g ive  s u p p o r t  t o  th e  c o n c lu s io n s  re a c h e d  b y  th e  P a sc a l-  
P a c a u l t  m e th o d . S ince, h o w ev er, i t  is  n o t  p o ss ib le  t o  c a lc u la te  v a lu e s  
fo r  a ll  th e  im p o r ta n t  re so n an c e  s t r u c tu r e s  b y  G ra y  a n d  C ru ic k s h a n k ’s 
m e th o d , th e  l a t t e r  c a n n o t  s a t is fa c to r i ly  be  u se d  to  a sse ss  th e  c o n tr ib u tio n  
m a d e  b y  th e  v a r io u s  fo rm s  to  th e  e q u ilib r iu m  c o n d itio n .

I t  is  o f in te r e s t  t o  n o te  a lso  t h a t  c o n c lu sio n s re a c h e d  b y  c o m p a riso n  
b e tw e e n  e x p e r im e n ta l  v a lu e s  a n d  th o se  c a lc u la te d  b y  P a s c a l-P a c a u l t ’s 
m e th o d  a re  la rg e ly  s u p p o r te d  b y  ev id e n ce  fro m  m o la r  re fra c tiv itie s . 
I n  T a b le  I I ,  co lu m n  7, a re  re co rd e d  th e  e x p e r im e n ta l  v a lu e s  fo r  th is  
p ro p e r ty .  I n  co lu m n s 8, 9 a n d  10 a r e 't h o s e  c a lc u la te d  fo r  th e  v a r io u s  
ta u to m e r ic  fo rm s  I , I I  a n d  I I I ,  u s in g  b o n d  re fra c tiv i t ie s  r e c e n tly  p u b 
lis h e d  b y  V o g e l ."  I n  v iew  o f th e  f a c t  t h a t  c o n tr ib u tio n s  fro m  p o la r  
fo rm s (w h ich  c a n n o t  b e  e v a lu a te d  b y  th is  m e th o d )  w o u ld  lo w er th e  c a l
c u la te d  v a lu e  o f th e  m o la r  r e f ra c tiv i ty ,  th e  d ifference  b e tw ee n  th e  e x p e r i
m e n ta l  a n d  c a lc u la te d  v a lu e s  fo r  th e  th re e  d is u b s t i tu te d  e th y l  m a lo n a te s , 
w h e re  b o th  s u b s t i tu e n ts  a re  a lk y l  g ro u p s , is  t o  b e  ex p ec te d , th e  e x p e r i
m e n ta l  v a lu e  b e in g  lo w  c o m p a re d  w ith  th e  c a lc u la te d  v a lu e  in  each  
in s ta n c e .  F o r  a ll th e  m o n o s u b s t i tu te d  d e r iv a tiv e s , in c lu d in g  th o s e  c o n 
ta in in g  a  p h e n y l  ra d ic a l, th e  e x p e r im e n ta l  v a lu e  is  so m e w h a t h ig h e r  t h a n  
t h a t  c a lc u la te d  fo r  th e  k e to n ic  fo rm , in d ic a tin g  in  e a c h  case  a  s ig n ifican t 
c o n tr ib u tio n  fro m  th e  p a r t ia l ly  en o lic  fo rm  w ith  i t s  h ig h e r  m o la r  re fra c 
t iv i ty ,  in  g e n e ra l a g re e m e n t w i th  th e  d a ta  f ro m  m a g n e tic  s u s c e p tib i l i ty  
m e a su re m e n ts . T h e  c o n tr ib u t io n  o f t h e  p u re ly  en o lic  fo rm  o f e th y l  
m a lo n a te  c a n n o t  b e  e v a lu a te d  fro m  th e  m o la r  r e f r a c t iv i ty  a lth o u g h  th e  
re s u l ts  d o  n o t  n e c e s s i ta te  a n y  s ig n if ic a n t c o n tr ib u t io n  fro m  th is  s t ru c tu re .  
T h e  h ig h  v a lu e  fo r  th e  m o la r  r e f r a c t iv i ty  o f e th y l  m e th y lp h e n y lm a lo n a te  
c o m p a re d  w ith  th e  c a lc u la te d  v a lu e  re m a in s  a n  a n o m a ly .

T h e  th a n k s  o f o n e  o f u s  (C. M . F .)  a re  d u e  t o  P ro f. E . E . T u rn e r , 
F .R .S .,  fo r  fa c ilitie s  p ro v id e d  fo r  th is  in v e s tig a tio n .
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The diamagnetic susceptibility o f the norm al alkyl benzenes and the norm al paraffins 
from  octane to  undecane and a  num ber o f branched chain isomers has been measured 
and the m agnitude of the CHg increment has been shown to have the value

— 10® a:jw(CH2) =  11 69.

There is, however, a  m arked “  end effect ” in the norm al paraffin series tending to  produce 
a  lower increment between earlier members o f the series. The chain branching incre
m ent has been found to  have the values o f 1 37, 2 33 and 3 04 m olar susceptibility units 
for one, two and three branches respectively. W ith increased num ber o f  branches it 
appears to increase to  a  more-or-less constant value.

The m agnetic da ta  have been correlated with changes in density, refractive index, 
m olecular volume and refraction. N o simple relation exists between the various p ro 
perties, but increase in m olecular volume can explain the end effect and  certain o f the 
enhanced values o f diamagnetism on chain branching. The results are discussed in 
relation to  Pascal’s atom ic susceptibility constants and values for the m olar suscepti
bility o f characteristic groups are suggested to  take account o f chain branching.

Within recent years the diamagnetic susceptibihties of homologous series of 
organic compounds have been investigated by a number of authors ; L 2, 3 for 
a number of such series the molar diamagnetic susceptibility increment for the 
CH2 group has been shown to be sensibly constant within the series. It has 
been foimd, however, that small deviations occur in the susceptibilities of isomeric 
compounds due both to chain branching and to positional isomerism. The 
hydrocarbon series of compounds is the simplest type in which to study the nature 
of the CH2 increment. Broersma  ̂ has published a detailed study of the dia
magnetism of some of the earher members of the ahphatic hydrocarbon series, 
together with a few members of the alkyl benzene series. The ranges studied by 
him are complementary to the present range which is one that ensures that any 
special effect due to end groups, which may influence the susceptibihty increment, 
will tend to be minimized. The magnitude of the isomer effect is small and thus 
especially pure materials have been employed and precautions taken to obtain 
results of high accuracy in the magnetic measurements.

E X P E R I M E N T A L

The pure materials used for this work, kindly supplied by Prof. E. E. Turner, F .R .S ., 
D r. Bryce-Smith,® Miss G . M. Owen ® and the Institute o f Petroleum, were refractionated 
and physical measurements m ade as rapidly as possible thereafter. The purity  o f the 
various compounds was checked by determ ination o f the densities and refractivities 
and com parison o f these with the m ore reUable hterature values.? (Corrected boiling 
points and m ethods o f preparation and purification will be found in ref. (5) and  (6).)

F o r the magnetic measurements certain improvements were m ade to  increase the 
accuracy o f the modified G ouy m ethod described previously.8 A  m axim um  field strength 
in the pole gap of 9500 gauss was used which gave a  th rust 15 mg in excess o f  the th rust 
on the tube alone, on a  water colum n o f approxim ately 1 cm2 cross-section, and 8 cm long. 
The field strength was varied, and the thrusts on  the specimen under investigation for four
teen different fields over the range 7000 to  9500 gauss were determined. The balance 

604 \  ■
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was calibrated for each of the fields used, with both benzene and water, and a plot of 
thrust against amperage was made for both standards and the substance investigated. 
Random errors in individual readings could thus be detected. Reproducibility of readings 
from one complete determination to another, on the same specimen, was generally within 
0 2 %. Deviations were never greater than 0 3 %. When necessary, measurements 
were repeated until satisfactory reproducibility of this order was obtained. An addi
tional degree of accuracy was obtained in studying the isomer effect by plotting the 
thrusts against amperage for the various isomers on the same graph as that for the straight 
chain member. For the fourteen field strengths used, the water/benzene susceptibility 
ratio was found to be 1-025 ±  0-001 which gave a specific susceptibility for benzene of 
0-7023 when that of water was taken as 0-7200 (e.m.u. per g X — 10®). All suscepti
bilities were calculated from the usual relationship :

giving in e.m.u. of susceptibility per gram, x — 10®. The volume susceptibility iT(air) 
=  0-0294 e.m.u. x 10®; Xg, and Fg are the mass susceptibility, density and thrust for 
the standard substance, and Xa, df, and Fa are the corresponding values for the compound 
under investigation. The tlirusts are expressed in mg.

The densities and refractive indices were measured at 20° ±  0-004° C. Densities 
were determined with a 2 ml Ostwald-type pyknometer, all weighings being corrected 
for the buoyancy effect, and the results reduced to vacuum. The readings were repro
ducible to ±  0-00003 g/ml. The refractive indices were measured with a calibrated 
Pulfrich refractometer, individual measurements being reproducible to ±  0-00002.

R E S U L T S

In table 1 are recorded the densities, molecular volumes, refractive indices, molar 
susceptibilities and refractions for the two series of compounds studied, together with 
the available literature values for the molar susceptibilities. The densities and refractive

T a b l e  1 .— M o l a r  d ia m a g n e t ic  s u s c e p t ib il i t y  a n d  o t h e r  p h y s i c a l  p r o p e r t i e s

com pound 

(a) alkyl benzenes

t/420 V „ ,= M ld f^ o /7d 20 [/?d ]20 -1 0 ® Y m*
litera tu re values 

-  10®%M

benzene 0-87883 88-88 1-50119 26-19 54-85 54-753  54-85.2 
etc.

toluene 0-86683 106-20 1-49691 31-10 65-46 66-11 4 66-10 2 
65-60 3 64-99» 
65-6 10

ethyl benzene 0-86709 122-34 i -49577 35-75 77-37 77-20 4 77-31 3
p-xylene 0-86106 123-20 1-49579 36-00 ' 76-97 76-78 4 76-91 3
n-propyl benzene i 0-86200 139-33 1-49186 40-44 89-24 '
4-phenyl bu t-l-ene 0-88153 149-85 1-50748 44-64 93-49
n-butyl benzene 0-86017 155-92 1-48975 45-09 ' 100-79
fjobutyl benzene 0-85345 157-15 1-48657 45-20 101-81
n-amyl benzene 0-85904 172-46 1-48827 49-74 112-55
l-phenyl-2-m ethyl

butane
0-86072 172-11 1-48906 49-71 113-53

w-hexyl benzene 0-85830 188-93 1-48698 54-37 124-23
1-phenyl-4: 6: 6-tri- 0-85591 

methyl heptane

(6) aliphatic hydrocarbons

255-13 1-48268 72-82 173-90

octane 0-70349 162-33 1-39812 39-20 96-47 96-63 4 94-85 13
nonane 0-71725 178-81 1-40550 43-85 108-00 108-13 4 104-45 13
4-methyl octane 0-72260 177-48 1-40678 43-67 109-63
decane 0-72990 194-93 1-41177 48-48 119-74 119-51 4
4-methyl nonane 0-73222 194-31 1;41185 48-33 121-39
2 ; 6-dim ethyl octane 0-72764 195-54 1-41056 48-50 122-54
undecane 0-74055 211-06 1-41697 53-08 131-84
2 : 4-dim ethyl nonane 0-73849 - 211-65 1-41576 53-08 134-68
3: 4-dim ethyl nonane 0-75119 208-07 1-42143 52-81 134-70
4: 5-dimethyl nonane 0-75120 208-07 1-42142 52-81 134-52

* all m olar susceptibilities Xm  expressed in  c.g.s. units o f  m agnetic susceptibility m ultiplied by — 10& 
thrôugh'out.
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indices are given as criteria o f purity, and are in good agreement with other recent liter
ature values where these are available.? Agreem ent is especially close with the recent 
values o f  Forziatti and Glasgow and co-w orkers.tt Furtherm ore, if  the densities and 
refractive indices are plotted against the num ber o f carbon atom s in the com pound, 
values for both properties fo r the straight chain series fall on regular curves from  which 
branched chain isomers o f sim ilar type exhibit deviations in a  systematic m anner. It 
will be noted th at where other values are available for the m olar susceptibilities there is 
good agreement with the present ones. The one unsaturated hydrocarbon was included 
for comparison wih the butyl benzenes.

T h e  GHz i n c r e m e n t .—The m ean value o f the GHz susceptibility increment was deter
m ined graphically by plotting the m olar susceptibility values against num ber o f  carbon 
atom s in the alkyl chain in the alkyl benzene series and against to ta l num ber o f carbon 
atom s in  the hydrocarbon series. The m ean GHz increment was then found from  the 
slope o f the graph and also by the intercept m ethod o f Farquharson and Sastri.t2 Owing 
to  a  slight tendency for the increment to  fall off in the lower members of the aliphatic 
series the intercept was taken a t Gy for this series. F o r the alkyl benzene series the value 
o f Xm(CHz) =  11-70 was obtained from the slope, and 11-685 from  the intercept, using 
the relationship

^^(CHz) ^  ~  (intercept)/'^-
is the m olar susceptibility for a  hydrocarbon with n carbon atom s in the side chain).

Similarly, for the aliphatic series the value from  the slope was 11-71 and from  the 
intercept 11-68 using the relationship

^ ^ (C H z )  =  -  7)-

Thus, a m ean value of 11-69 was obtained for the m olar susceptibility increment for the 
GHz group. I t  will be seen from  table 1 that a  similar increment occurs in such branched 
chain com pounds of similar structure as have been measured, e.g. the susceptibility difference 
between 4-methyl octane and 4-methyl nonane is 11-76 and between wobutyl benzene 
and l-phenyl-2-methyl butane is 11-72. The value 11-69 is in excellent agreement with 
that o f  11-68 obtained by Angus, supporting his figure for the GHz increm ent in hom o
logous series. I t  is ra ther higher than that deduced by Broersm a (11 -36) from  his m easure
ments on the lower members o f the saturated aliphatic hydrocarbon series, over the G5 
to  Gg range, on account o f a  considerable end effect which only becomes negligible by the 
tim e the Gg members are reached. A  similar effect is observed fo r bo th  the refractive 
index and density and hence m ust affect the molecular volume, a property which m ay 
be expected to  influence the m olar susceptibility. This is dealt with in a  later section.

In  the alkyl benzenes the constant value of the GHz increment is observed very m uch 
earlier in the series. The present figures also confirm the observation o f  Angus 3 th at 
the increment (10-61) between benzene and toluene is anomalously low bu t th at a  norm al, 
o r even slightly excessive value (11-91) is found between toluene and ethyl benzene. Density 
and refractive index show a  similar trend. A part from  the end effect n o  evidence has 
been found for any significant difference in the value o f the GHz increment in these two 
series o f norm al hydrocarbons.

D IS C U S S IO N

T h e  c h a in  b r a n c h in g  e f f e c t .—Molar susceptibilities of branched chain 
compounds are higher than those of straight chain compounds. The effect is 
dependent upon the number of branches in the isomer, in agreement with previous 
observations,^' 4,14 although estimates of the size of the effect by different authors 
have varied. Table 2 showing the magnitude of the chain-branching effect has 
been compiled from the molar mass susceptibility values obtained for the ali
phatic hydrocarbons in the present investigation and those of Broersma, together 
with one set of figures given by Angus.3 The chain branching increment is largest 
for a single branch, the successive effects of later branching becoming less. If 
the mean figures for this increment (one branch 1-4, two branches 2-3 and three 
branches 3-0 molar susceptibility units) are plotted against number of branches 
they lie on a curve passing throu^ the origin, and showing a tendency to approach 
a limiting figure of some 4 units of molar susceptibility for a chain of six branches 
or more.
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In the alkyl benzene series (see table 1) a rather lower value is found for a 
single branch (mean of three values 0 74 unit). The one example (1-phenyl- 
4 : 6 :6-trimethyl heptane) of a chain with three branches in this series can only 
be compared with an extrapolated figure for decyl benzene (170-8), derived 
graphically, but the value of the increment so obtained (3-1) is in agreement with

one branch.

aliphatic
hydro

carbons

n-pentane
2-methyl

butane

n-hexane
2-methyl 

pentane
3-methyl 

pentane

n-heptane
2-methyl

hexane

n-octane

3-methyl
heptane

3-ethyl
hexane

4-methyl
octane

n-decane

4-methyl
nonane

T a b l e  2 .— T h e  c h a in  b r a n c h in g  e ff e c t

two branches three branches

— A* hydrocarbon — 10®%M A*

6305(a)
6440(a)

7405(a) 
75 26(a)

7552(a)

85 24(a) 
86-24(0)

96-47(6)
96-63(0)
97-99(0)

97-68(c)

108-00(6)
108-13(0)
109-63(6)

119-74(6)
119-51(0)
121-39

1-35

1-21

1-47

1-00

1-45

1-14

1-56

1-76

/j-undecane 131-84(6)

2 : 2-dimethyl 
butane

2 : 3-dimethyl 
butane

2 ; 2-dimethyl 
pentane 

2 : 3-dim ethyl 
pentane 

2 ; 4-dimethyl 
pentane '

2 : 3-dimethyl
hexane

3 : 4-dii-nethyl 
hexane

2 : 5-dimethyl 
hexane

76-24(0)

76-22(0)

86-97(0)

87-51(0) 

87-48(0)

98-77(0) 
9826(c)
99-06(0)

98-15(0)

2 : 6-dimethyl

3 : 4-dimethyl 
nonane

4 : 5-dimethyl 
nonane

2  ; 4-dim ethyl 
nonane

122-54(6) 2-91

134-70(6)

134-52(6)

134-68(6)

2-86

2-68

2-84

hydrocarbon — 10®%M A*

2-19

2-17

1-73

2-27 

2-24

1-98

2-52 

1-61

2 : 2 :  3-trimethyl 
butane

2 : 2 :  3-trim ethyl 
pentane 

2 : 2 :  4-trim ethyl 
pentane 

2 : 3 :  4-trim ethyl 
pentane

88-36(o) 3-12

99-86(0) 3-25

98-34(0) 2.73

9968(c) 3-07

•  T he differences (A) due to  chain-branching are derived by subtraction o f  the susceptibility value fo r 
the norm al hydrocarbon from  th a t o f  th e  branched-chain isom er, except in  the case o f  p-cym ene where the 
com parison is w ith the  iso-com pound, (o) B roersraa’s values ; ^ (6) values o f  present paper ; (c) A ngus’ 
values. 3

the corresponding value in the aliphatic series. Broersma  ̂ and Manzoni- 
Ansidei 13 found additional evidence for a further modification in molar sus
ceptibility due to positional isomerism. This effect is, however, even smaller 
than that due to chain branching and barely lies outside the range of experimental 
uncertainty of the figures at present available. Attempts to make a quantitative 
estimate of it appear premature.

C o r r e la t i o n  w i t h  o t h e r  p h y s i c a l  p r o p e r t ie s .— B h a tn a g a r ,i4  Angus and 
Hill 2 and Angus 3 have found evidence of some correlation between the magnetic 
susceptibility and other properties. From studies on various normal and iso- 
alcohols and acids it has been suggested that the more diamagnetic isomeride
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has the lower value of boiling point, density and refractive index. So far as
density and refractive index are concerned the present data appear to support 
this in only a few cases, i.e. for normal and wobutyl benzene, decane and 2 : 6 - 
dimethyl octane, and undecane and 2 : 4-dimethyl nonane. In all other cases
the relationship with the other physical properties appears to be considerably
more complex as is shown by the variations in density with chain branching.

If the densities of the relevant C5 to Cn hydrocarbons are considered in relation 
to those of the normal series, certain systematic variations may be noted. Hydro
carbons with a single branch in the 2 -carbon position show lower, and those with 
a single branch in the 3 or 4 carbon position show higher densities than normal, 
the Variations being systematic over the range C5 to Cn. Similarly, compounds 
with two branches in the 2: 2, 2 :4 , 2: 5, and 2: 6  carbon positions have densities 
lower, and in the 2 :3 , 3 :4  and 4: 5 positions higher, than normal.* The molec
ular volume (M/^420) varies in the converse sense. Refractive indices vary similarly 
with the density. Thus, since deviations in density and refractive index are always 
in the same sense, the molar refractions in table 1 show httle indication of the 
chain branching effect.

In all these cases, however, the magnetic susceptibility chain branching incre
ment is positive and cannot be explained solely by enhanced molecular volume. 
Huggins,i5 Platt,!? and Wiener is have considered systematic variations in a number 
of properties of hydrocarbons on chain branching (boiling points, molecular 
volumes, etc.) and suggest that the contribution of a given C—C or C—H bond 
is modified by its position and by the number and nature of radicals or other groups 
attached to it. While no estimate can as yet be made of the magnitude of the 
position effect from the magnetic data, the general increase in susceptibility on 
chain branching, irrespective of the direction of the change in molecular volume, 
seems to point to some other factor, such as modification in charge distribution 
within the molecule, as a contributor to the changes in susceptibility.

The end effect observed in the magnetic measurements on the straight chain 
aliphatic hydrocarbons, may be compared with a similar effect found for the 
molecular volumes by Huggins,is on plotting against the number of carbon atoms 
in the chain. The earlier values show a marked departure from the linear relation
ship which holds for later members. This is apparent from the molecular volume 
figures in table 1 when supplemented by the values of 115-20, 130-70 and 146-60 
for normal pentane, hexane and heptane respectively, calculated from Broersma’s 

■ data. The molecular volume graph begins to approach a linear relationship 
only at about the eighth member of the series. Huggins proposed the general 
formula

Vm =  2 9 -9 7 iVcH3 +  1 6 -4 9 iVcH3 +  (2 9 -0 //Zc)

for the molecular volumes of the normal paraffins, where the first and second 
terms represent the contributions to the molecular volume of the CH3 and CH2 
groups in the molecule and the last term is a correction for the end effect, «c being 
the total number of carbon atoms. The present results and those of Broersma 
satisfy this relationship well. If the value of the increase in molecular volume 
due to the end effect is calculated (i.e., Vm (expt) — [29-97iVcH3 +  16-49AcHj) 
and plotted against the number of carbon atoms, the curve so obtained is of a 
similar shape to the corresponding molar susceptibility deviation curve, both 
curves approaching linearity in the same region in the hydrocarbon series (fig. 1). 
The molar susceptibility deviation curve is obtained from the relationship

AXm  =  [«Xc +  (« +  2)Xh ] — XM(expt),

where the term in brackets represents Xmv the calculated molar susceptibility 
derived from Pascal’s atomic susceptibility constants for carbon (6-00) and

* generalizations drawn from density data o f Forziatti and co-workers, Broersm a 4 
(from his volume and mass susceptibility figures) and the present investigation, see also (7).
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hydrogen (2 93). The end effect which is the cause of Broersma’s abnormally 
low CH2 increments thus appears to be produced by the enhanced molecular 
volume in these earlier members of the series.

G r o u p  s u s c e p t i b i l i t y  i n c r e m e n t s . —The experimental susceptibilities of both 
series of compounds fall consistently below the sum of the Pascal atomic constants^ 
for the carbon and hydrogen atoms as illustrated by fig. 1 for the hydrocarbon 
series. Even after allowance has been made for the end effect as discussed above, 
the Pascal constants are rather too high. The experimental susceptibility increment 
for the CH2 group stabilizes at the value 11-69, while that of Pascal is 11-86, An 
increasing divergence between the two values would thus be expected, irrespective

A X ,

curve f

G  curve Z

to
F ig .  1.—Deviations in m olar volume and m olar susceptibility for norm al paraffin 
hydrocarbons. Curve 1, m olar susceptibility deviations (A ya/); curve 2, m olar volume

deviations (A F„).

of any end effect. Furthermore, the Pascal atomic susceptibility constants give 
no indication of the chain branching effect, there being no constitutive constants 
on this system for bonds in saturated hydrocarbon compounds.

Broersma has suggested revised values for certain of the atomic susceptibility 
constants based on his experimental measurements, in which allowance has been 
made for the different types of carbon linkages in the molecule, but these are de
pendent upon his value for the CH2 increment, which is influenced by the end 
effect. The assumption, moreover, of constant atomic susceptibility values un
modified by the nature of the compound, even when this is of a simple type, such 
as a hydrocarbon, is, as suggested by Angus and Hill,2 open to question. It thus 
appears useful to approach the problem of susceptibility increments from a different 
standpoint. Since the total molar susceptibility can be expressed by a formula 
of the type

X m  =  C H 3) +  « 2 X M C 5 C H 2 )  +  " 3X M ( ^ C — H )  +  « 4X A f ( ^ C = r )  +
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in which the groups —CH3, etc., are bonded only to carbon atoms, and the last 
term is a constitutive correction for positional isomerism, it is possible from the 
molar susceptibility figures in table 2  to derive values for the contribution to the 
susceptibility of groups other than the CH2 group, in simple molecules of this 
type. From the molar susceptibilities of the normal hydrocarbons heptane to 
undecane the mean susceptibility contribution of the group —CH3 is 13-21 ±0-15

(Ç)

(mean of five values), while the value for the (C)—C—H group, derived from com-

(&
pounds with only one branch on a given carbon atom, is 11-36 ±  0-30 (mean of

(C)
I

fifteen values). There follows a mean value for the (C)—C—(C) group of

(6
10-40 ±  0-40. Only hydrocarbons with seven carbon atoms or more were used 
to calculate these figures, as the end effect may inffuence earlier members. 
Although based on the rather limited data available at present, it is of some interest 
that these increments show the same type of non-linear transition from one 
to the next as was found by Gibling I6 to hold for the parachor increments

when similarly expressed, namely, [P] for (C)—CH3 =  55-2, \C H 2 =  39-8,
( C ) /

(Q  (C)
\  I

(C)—CH =  27-2 and for (C)—C—(Q  =  2-4. As this effect is related to molecular
/  I

(C) (C)
volume, the parallel seems significant.

A further confirmation of the CH3 value was obtained from the alkyl benzene 
series. The intercept (3-07) on the graph of molar susceptibility of the normal 
paraffin hydrocarbons, plotted against number of carbon atoms, represents twice the 
susceptibihty contribution of the additional hydrogen atom in a CH3 group. 
The intercept on the graph of molar susceptibility of the alkyl benzenes, plotted 
against number of carbon atoms in the side chain represents the susceptibihty 
contribution of CgHs +  H—. Since this hydrogen represents that of the end 
methyl group in the ahphatic series, the subtraction of 1-54 from the intercept 
value 54-08 gives the contribution of the CgHg group in the alkyl benzenes. Using 
this value and that for CH2 a further estimate was made of the contribution of 
the —CH3 group to the total susceptibihty from the alkyl benzenes (13-24, 
five values). The final mean for the susceptibihty contribution of the —CH3 

group is 13-22 (mean of ten values). Similar calculations from wobutyl benzene 
and 1 -phenyl-2-methyl butane, give the values 11-25 and 11-28, which, with the 
previous values, yield a final mean for the contribution of the C—H group of
11-35 (seventeen values).

The next step would appear to be the substitution of these values in more com
plex types of compounds to determine whether they remain constant. If so, 
further extensions to cover other groups may be made which can be used to study 
possible end effects and group interaction effects. The values suggested above 
may need modification as more data on long series of compounds become avail
able, and a further extension to include position isomerism should later become 
possible.
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