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MOLECULAR INTERACTIONS AT OIL/WATER 
INTERFACES.

PART I. MOLECULAR COMPLEX FORMATION 
AND THE STABILITY OF OIL IN WATER 
EMULSIONS.

By J. H. Schulman and E. G. Cockbain.

Received 15 tli February, 1940.

It has been shown recently1 that when certain substances are injected 
under monolayers of cholesterol, glaidin, etc., spread on the surface of 
water, molecular association occurs. Two distinct phenomena could be 
observed. If interaction occurred only between the polar groups of the 
monolayer substance and the injected compound, adsorption of the 
latter on the monolayer took place with concomitant changes in the 
surface potential, and in some cases, the rigidity of the film. When, in 
addition to the polar interaction, there was strong association between 
the non-polar parts of the two reacting species, a penetration of the 
monolayer occurred with changes in the surface pressure as well as the 
surface potential. The non-polar association was very sensitive to the 
stereochemical configurations of the two reacting molecules, since a 
suitable stereochemical relationship permits the close adlineation of the 
molecules in the interface. In regard to various polar groups, the 
hydroxy group of cholesterol and the amino groups of proteins were 
found to be particularly reactive.

Such results on the formation of inter-molecular complexes are of 
importance in connection with the formation and stability of oil in 
water, or water in oil emulsions, since the phenomenon of penetration 
permits of extremely low interfacial tension, much below that which 
either component can produce separately. From a study of the pro­
perties of these emulsions it was seen that reactions taking place at the 
oil-water interface were closely analogous to the corresponding reactions 
at an air-water interface, which have been investigated by the method 
of surface films.

E xperim ental.
Systems composed of mineral oil “ nujol ” and water were studied in 

the presence of various emulsifying agents. In some cases émulsification 
occurred spontaneously. If, for example, an aqueous solution of sodium 
cetyl sulphate is poured into a solution of cholesterol in “ nujol,” extensive 
émulsification occurs without any further shaking, although shaking by 
hand for a few seconds improves the émulsification. In other cases an 
emulsifying machine was necessary to produce émulsification.

1 Schulm an  an d  R ideal, Proc. Roy. Soc. B, 1937, 122, 29, 46. 
24 651
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The stability of the emulsions was measured by observing the time 
required for the first visible signs of separation of the two phases. Such a 
criterion for emulsion stability is dependent on the efficiency of the émul­
sification process and on the degree of separation which one recognises 
as clearly visible. However, it is a satisfactory method of comparing the 
relative stability of different emulsions prepared under the same circum­
stances.

Influence of N on-Polar Steric Factors on Com plex Form ation  
of E m ulsion  Stab ility .

Schulman and Stenhagen 2 showed that strong complexes were formed 
at a water/air interface between sodium cetyl sulphate and cholesterol, 
cetyl alcohol or elaidyl alcohol (CH3(CH2)7CH=CH(CH2)7CH2OH trans 
isomer). On the other hand, sodium cetyl sulphate formed only a weak 
complex with oleyl alcohol which is the cis isomer corresponding to 
elaidyl alcohol. In the case of oleyl alcohol, the cis configuration of the 
hydrocarbon chain prevented close adlineation between the sodium cetyl 
sulphate and the oleyl alcohol molecules at the interface, with the result 
that the van der Waals forces of adhesion were small and the molecular 
complex correspondingly weak. To establish whether the same stereo­
chemical factors affected the stability of complexes at an oil/water 
interface, emulsions of “ nujol ” in water were prepared, émulsification 
being brought about by hand-shaking for ten seconds. In the “ nujol ” 
was dissolved the oil soluble agent (cholesterol, cetyl alcohol, etc.) and 
in the water, the sodium cetyl sulphate. Concentrations employed are 
given in Table I.

T A B L E  I.

10 ex. “Nujol.” 40 c.c. Water. Remaria.

140 m g. cholesterol

140 mg. cholesterol

140 m g. oleyl alcohol 
140 mg. e la idy l alcohol

140 m g. cety l alcohol

75 mg. N a  cety l su lp h a te  
75 m g. N a  cety l su lp h a te

75 m g. N a  cety l su lp h a te  
75 m g. N a  cety l su lp h a te

75 m g. N a  cety l su lp h a te

No em ulsion.
V ery  poor em ulsion. 
E x cellen t em ulsion.

(liquid)
V ery  poor em ulsion. 
V ery  good em ulsion 

(viscous)
V ery good em ulsion, 

(grease)

It is to be noted that the state of the interfacial film as observed at 
the air-water interface, i.e. solid, viscous or liquid, is reflected in the 
nature of the resultant emulsion being respectively a grease, viscous or 
a liquid emulsion. Thus a cholesterol film penetrated by cetyl sulphate 
is a liquid film giving a very fluid emulsion when these two stabilising 
agents are used. But a cetyl alcohol film goes solid on penetration by 
cetyl sulphate, these two stabilising agents produce a grease for the 
emulsion.

The viscosity of the penetrated elaidyl alcohol film lies between 
these two extremes, likewise does the viscosity of the resultant emulsion.

This phenomenon can be easily understood if one imagines that the 
oil droplets which have a solid interfacial film round them behave as

* Schulman and Stenhagen, P r o c .  R o y .  S o c .  B ,  19 3s ,  126 , 356 .
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solid spheres, which cannot slip past one another by distortion, as with 
the liquid spheres, thus giving a great rigidity to the emulsion.

In spite of the qualitative nature of the above experiments, it can 
be concluded that stabilisation of the oil in water emulsions has been 
effected by a complex formation at the oil/water interface between the
oil-soluble and the water-soluble components added. Furthermore, it is 
apparent that the stability of a complex at the oil/water interface is 
very sensitive to non-polar stereochemical relationships, just as it is at 
a water/air interface. The weak emulsifying power of cetyl sulphate 
plus elaidyl alcohol (trans isomer) illustrates the point particularly 
clearly. Table I shows the effect of the stereochemical configuration 
of the oil-soluble component on molecular complex stability and on 
emulsion stability. The stereochemical configuration of the water- 
soluble component is likewise important. “ Nujol ” in water emulsions 
were prepared using cetyl alcohol or cholesterol as the oil soluble com­
ponent and sodium stearate, sodium oleate or sodium elaidate as the 
water soluble component of the emulsifying agent.

Concentrations used are given in Table II, émulsification being 
brought about as before by hand-shaking.

T A B L E  I I .

10 C.C. "Nujol.1* 40 c.c. HjO. Remarks.

140 mg. cety l alcohol

140 m g. cety l alcohol 
140 m g. cety l alcohol 
140 m g. cholesterol 
140 m g. cholesterol

250 m g. sodium  s te a ra te

250 mg. sodium  e la idate  
250 m g. sodium  oleate  
250 m g. sodium  oleate  
250 m g. sodium  e la idate

S ta b ility  of th e  em ulsion 
good. V iscosity  high, 
g iv ing  th e  em ulsion  
grease-like p roperties.

S tab ility  good.
S tab ility  poor.
S tab ility  v e ry  poor.
S tab ility  good.

The results in Table II show that sodium elaidate, which is the 
trans isomer corresponding to sodium oleate, forms much stronger 
complexes with cetyl alcohol or cholesterol than does sodium oleate. 
This complex formation is difficult to determine quantitatively at an 
air/water interface owing to the strong and rapid capillary action of the 
oleate and elaidate.

Effect of Polar Interaction on Com plex Form ation and E m ul­
sion Stability.

Schulman and Rideal1 have shown that the penetration of a mono­
layer at an air/water interface by substances in the underlying solution 
and the stability of the resulting mixed film are strongly dependent on 
the degree of interaction between the polar groups of the film substance 
and the penetrating compound. For example, sodium cetyl sulphate 
rapidly penetrates a film of cholesterol and a stable equimolecular complex 
is formed. By substituting cholesterol acetate or cholesterol stearate 
for the cholesterol only a negligible interaction occurs. It is shown 
below that the stability of molecular complexes at an oil/water interface 
is likewise strongly dependent on the degree of polar interaction between 
the two components of the complex. Thus, Table III shows that a 
mixture of cetyl sulphate and cholesterol stearate (or cholesterol acetate)
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does not stabilise “ nujol ” in water emulsions whereas that of cetyl 
sulphate and cholesterol gives stable emulsions. Emulsification was 
produced by hand-shaking.

T A B L E  I I I .

10 c.c. " Nujol.” 40 c-c. Water. Remarks.

140 m g. cholesterol 
s te a ra te

250 m g. cety l su lp h a te N o em ulsion .

140 mg. cholesterol 
a ce ta te

250 m g. cety l su lp h a te V ery  poor em ulsion .

140 mg. cholesterol 250 mg. cety l su lp h a te E x ce llen t em ulsion.

Schulman and Rideal4 injected compounds of the type X
(X =  various polar groups) under cholesterol films at an air/water inter­
face, and found that the reactivity of the polar groups X towards the 
alcoholic group of cholesterol could be placed into the following series :—

NH3+ >  S0 4-  >  S0 3-  >  COO-  >  NMe3+ >  Bile acid anions.

That the same order of reactivity towards cholesterol holds at an oil/water 
interface can be seen from Table IV, the stability of the emulsions being 
taken as a measure of the stability of the complexes between cholesterol 
and the various long chain polar compounds (C16 hydrocarbon chains in 
all cases, except for the bile acids).

T A B L E  IV .

10 c.c. ” Nujol.’* 40 c.c. Water. Remarks.

100 m g. cholesterol 
100 m g. cholesterol 
100 m g. cholesterol 
io o  m g. cholesterol

100 m g. cholesterol 
100 m g. cholesterol 
100 m g. cholesterol

70 mg. cety l su lp h a te  
70 mg. cety l su lp h o n a te  
70 mg. sodium  p a lm ita te  
70 mg. cety l tr im e th y l 

am m onium  brom ide 
70 m g. sodium  tau ro ch o la te  
70 m g. sod ium  glycocholate  
70 m g. sodium  desoxy- 

cholate

S ta b ility  excellent. 
S ta b ility  excellent. 
S ta b ility  good. 
S ta b ility  good.

N o em ulsion.
N o em ulsion.
N o em ulsion.

The emulsions were prepared by hand-shaking.
Hexadecylamine was not available for inclusion in the above series. 

A mixture of the C17 amine and cholesterol did not stabilise “ nujol ” in 
water emulsions at all well at pH 7, but gave very good emulsions at 
pH 2*0. The poor emulsion at pH 7 was, therefore, probably due to 
the small solubility of heptadecylamine in water at pH 7. A series 
similar to that shown in Table IV can be obtained, using cetyl alcohol 
in place of cholesterol. The resulting emulsions, however, are very 
viscous (“ emulsion greases ”), and their true stability is rather difficult 
to determine. The high viscosity of the emulsions is presumably due

3 Schulm an an d  H ughes, Biochem. 1935, 29. I2 43-
4 Schulm an an d  R ideal, Nature, 1939, 144, 100.
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to the formation of solid molecular complexes at the oil/water interface, 
since it is known that cetyl alcohol and many long chain polar compounds 
form solid complexes at an air/water interface.

The effect of substituting for the long chain polar compound substances 
containing a polar group at each end of the chain is of great interest. 
It has been shown that sodium palmitate, for example, rapidly penetrates 
films such as cholesterol or octadecylamine with the formation of stable 
complexes. Cockbain and Schulman5 found, however, that sodium 
thapsate (Na OOC(CH2)14COONa) penetrated films of octadecylamine at 
an air/water interface only very poorly, and could readily be squeezed 
out of the surface to form an adsorbed double layer underneath. In the 
case of emulsions it is found that sodium palmitate -f- cholesterol give 
good emulsions of “ nujol ” in water, whilst, under the same conditions, 
sodium thapsate and cholesterol have no emulsifying action. Similarly, 
Palmityl amidine +  cholesterol give fairly good “ nujol ” in water 
emulsions under conditions for which cholesterol -f  palmityl diamidine 
(NH,—C— (CH2)14—C—NH2) have no emulsifying action. This contrast

II ' I I
NH NH

between monopolar and dipolar (polypolar) compounds has important 
biological implications. The latter compounds adsorb on to protein 
films, but do not penetrate lipoid films. The monopolar compounds 
penetrate lipoid films readily.

Effect of Concentration of the E m ulsifying Agent on Em ulsion  
Stability.

The stability of an emulsion is a function of the size of the dispersed 
droplets. Other things being equal, emulsions containing large droplets 
will separate rapidly, and emulsions containing small droplets will 
separate only slowly. There is plenty of evidence that oil droplets of 
about 4fi diameter (covered with an adsorbed layer of emulsifying agent) 
are sufficiently small to separate only slowly. Suppose, then, that a 
stable emulsion is to be prepared of 10 c.c. of “ nujol ” in 40 c.c. of water, 
using cholesterol +  cetyl sulphate as the emulsifying agent. The 
quantity of cholesterol required will be two-thirds the amount necessary 
to cover 10 c.c. of “ nujol ” dispersed into droplets of 4p. diameter, with 
a monolayer of cholesterol, providing that all the cholesterol in the 
system goes to the oil/water interface. This quantity is 16 mg. The 
factor § is put in because the “ nujol ” droplets contain an equimole- 
cular complex of cholesterol and cetyl sulphate at the interface and a 
cetyl sulphate molecule occupies 20 a 2  as compared with 40 a 2  for a 
cholesterol molecule. That the above deductions are correct is shown 
in a very striking manner by the experiments described below.

A  se ries  o f  e m u ls io n s  o f "  n u jo l  ”  (10 c .c .) in  w a te r  (40 c .c .) w a s  p r e p a r e d ,  
e m u ls if ic a tio n  b e in g  p ro d u c e d  b y  h a n d - s h a k in g  fo r  15 se c o n d s . I n  e v e r y  
c a se  75 m g . o f c e ty l  s u lp h a te  w e re  d isso lv e d  in  th e  w a te r  w h ils t  v a ry in g  
q u a n t i t ie s  o f c h o le s te ro l w e re  d isso lv e d  in  th e  "  n u jo l .”  T h e  re a s o n  f o r  
t a k in g  75 m g . o f c e ty l  s u lp h a te  w ill b e  e x p la in e d  l a te r .  I t  w a s  fo u n d  t h a t  
w i th  25 m g . o f  c h o le s te ro l  a  v e ry  g o o d  e m u ls io n  w a s  o b ta in e d , w h ils t  w ith
12-5 m g . o f  c h o le s te ro l  t h e  e m u ls io n  w a s  v e r y  p o o r . 50  m g . o r  m o re  o f 
c h o le s te ro l  r e s u l te d  in  e m u ls io n s  o n ly  a  l i t t le  m o re  s ta b le  t h a n  t h a t

5 Cockbain and Schulman, T r a n s .  F a r a d a y  S o c . ,  1939, 3 5 , 7 16 .
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o b ta in e d  w i th  25 m g . o f c h o le s te ro l.  T h is  is  sh o w n  in  F ig .  1, w h e re  
e m u ls io n  s ta b i l i ty  is  p lo t t e d  a g a in s t  t h e  c o n c e n tr a t io n  o f c h o le s te ro l.  O n  
th e  b a s is  o f t h e  a b o v e  c a lc u la tio n s  32 m g . o f  c h o le s te ro l c o u ld  c o v e r  10 c .c . 
o f "  n u jo l  ”  d isp e rse d  in to  p a r t ic le s  o f a b o u t  2/1 d ia m e te r ,  w i th  8 m g . o f 
c h o le s te ro l t h e  p a r t ic le s  w o u ld  h a v e  to  b e  a b o u t  8 /x d ia m e te r .  I t  c a n  b e  
seen  t h a t  s ta b le  e m u ls io n s  a re  o b ta in e d  a s  so o n  a s  su ffic ie n t c h o le s te ro l  is  
u se d  to  c o v e r  “ n u jo l  ”  d ro p le ts  b e tw e e n  3 a n d  4 ^  * d ia m e te r  w i th  a  m o n o -  
m o le c u la r  f ilm  (a m ix e d  film  w i th  c e ty l  s u lp h a te ) .

W ith  a  m ix tu r e  o f c e ty l  s u lp h a te  a n d  c h o le s te ro l a s  e m u ls ify in g  a g e n t ,  
m o re  c e ty l  s u lp h a te  t h a n  c h o le s te ro l sh o u ld  b e  re q u ir e d  in  o rd e r  t o  o b ta in  
s ta b le  e m u ls io n s . S c h u lm a n  a n d  S t e n h a g e n 2 sh o w e d  t h a t  a n  e q u i-  
m o le c u la r  c o m p le x  o f c e ty l  s u lp h a te  a n d  c h o le s te ro l a t  a n  a i r /w a te r  in te r ­
fa ce  c o lla p se d  a t  su rfa c e  p re s su re s  a b o u t  8 d y n e s /c m .,  b u t  w h e n  a n  e x ce ss  
o f so d iu m  c e ty l  s u lp h a te  (2 X  i o ~ 6 g ./c ,c .)  w a s  p r e s e n t  in  t h e  u n d e r ly in g  
so lu tio n , t h e  c o m p le x  w a s  s ta b le  u p  to  p re s su re s  o f  48  d y n e s /c m . T h u s  
a n  ex cess o f  c e ty l  s u lp h a te  u n d e r n e a th  th e  e q u im o le c u la r  c h o le s te ro l-c e ty l  
s u lp h a te  c o m p le x  g r e a t ly  in c re a se s  t h e  s t a b i l i ty  o f  t h e  c o m p le x . F ro m  
S c h u lm a n  a n d  S te n h a g e n ’s r e s u l ts  w e  c a n  c a lc u la te  t h e  c o n c e n tr a t io n  of 
c e ty l  s u lp h a te  re q u ir e d  to  s ta b il is e  1 c m .2 o f  in te r f a c e  o c c u p ie d  b y  th e  
e q u im o le c u la r  c h o le s te ro l-c e ty l s u lp h a te  c o m p le x . T h e  a m o u n t  o f  c e ty l  
s u lp h a te  re q u ir e d  to  s ta b il is e  10 c .c . o f "  n u jo l  ”  in  40  c .c . o f  w a te r  w h e n

4
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t h e  "  n u jo l  ”  is  d isp e rse d  in to  p a r tic le s  4 ¡i in  d ia m e te r  is  c a lc u la te d  t o  b e  
58  m g . T o  t e s t  th i s  c a lc u la tio n  a  se rie s  o f  e m u ls io n s  o f “  n u jo l  ”  (10 c .c .) 
in  w a te r  (40 c .c .) w a s  p re p a re d  b y  h a n d -s h a k in g . I n  a l l  c a se s  100 m g . of 
c h o le s te ro l w e re  d isso lv e d  in  t h e  “  n u jo l  ”  a n d  v a r y in g  q u a n t i t ie s  o f  c e ty l  
s u lp h a te  w e re  d isso lv e d  in  th e  w a te r .  T h e  r e s u l ts  a r e  sh o w n  in  F ig . 2, 
w h e re  t h e  e m u ls io n  s t a b i l i ty  is  p lo t t e d  a g a in s t  a m o u n t  o f c e ty l  s u lp h a te .  
W i th  le s s  t h a n  18-5 m g . o f c e ty l  s u lp h a te ,  n o  s ta b le  e m u ls io n s  a r e  o b ta in e d . 
A b o v e  18-5 m g . t h e  e m u ls io n  s ta b i l i ty  in c re a se s  in  d i r e c t  p r o p o r t io n  to  th e  
a m o u n t  o f  c e ty l  s u lp h a te  u n t i l  t h e  l a t t e r  is  a b o u t  75 m g ., a f t e r  w h ic h  th e  
e m u ls io n s  a r e  p e r m a n e n t  fo r  a  lo n g  tim e , a n d  d iffe re n ce s  a r e  d iff ic u lt 
to  d isc e rn . T h e  a g re e m e n t b e tw e e n  th e  c a lc u la te d  v a lu e  o f 58  m g . a n d  
th e  o b se rv e d  v a lu e  o f 75 m g . is  q u i te  s a t is fa c to ry .  A c tu a lly ,  b y  c a lc u la tio n , 
75 m g . o f  c e ty l  s u lp h a te  is  j u s t  su ffic ie n t t o  s ta b il is e  t h e  10 c .c . o f  "  n u jo l  "  
w h e n  p r e s e n t  a s  d ro p le ts  3 ^  in  d ia m e te r .  T h e  p ro p o r t io n a l i ty  in  F ig . 2 
b e tw e e n  s ta b i l i ty  a n d  c e ty l  s u lp h a te  c o n c e n tr a t io n  r a th e r  su g g e s ts  t h a t  
o n e  is  s ta b il is in g  m o re  a n d  m o re  “  n u jo l  ”  d ro p le ts  o f 3 ¡i d ia m e te r  u n t i l  
t h e  w h o le  o f th e  “  n u jo l  ”  is  s ta b il is e d  a s  d ro p le ts  o f  t h i s  d ia m e te r .*  E x ­
p e r im e n ta l ly  th e  f i r s t  s ig n s  o f  a n y  e m u ls io n  s t a b i l i ty  w e re  o b s e rv e d  w ith

* I n  th e  stab ilised  em ulsions th e  m ax im um  n u m b er of d ro p le ts  w ere of th e  
o rder 4-3 p d iam eter, th is  fa c t h a s  also been generally  estab lished  fo r oil d ro p le ts  
in  stab ilised  em ulsions. H a rk in s a n d  M uckhergee an d  K ing  (1939).
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i 8 '5  m g . c e ty l  s u lp h a te  w h ic h  is  su ff ic ie n t t o  s ta b il is e  t h e  “  n u jo l  ”  in to  
d ro p le ts  o f  12/x d ia m e te r .  I t  is  o f in te r e s t  t h a t  a c c o rd in g  to  H a r k in s ,0 
d ro p le ts  o f t h i s  d ia m e te r  a r e  j u s t  sm a ll  e n o u g h  to  sh o w  e m u ls io n  p r o ­
p e r tie s .  T h e  c a lc u la te d  c o n c e n tr a t io n  o f c e ty l  s u lp h a te ,  w h ic h , w h e n  
m ix e d  w ith  c h o le s te ro l, w a s  re q u ir e d  to  s ta b il is e  th e  “  n u jo l  ”  in  w a te r  
e m u ls io n s  w a s  o b ta in e d  f ro m  S c h u lm a n  a n d  S te n h a g e n ’s  d a ta  o n  th e  
s t a b i l i ty  o f a  c h o le s te ro l-c e ty l  s u lp h a te  c o m p le x  a t  a n  a i r /w a te r  in te r fa c e .  
T h e  a g re e m e n t,  th e re fo re , b e tw e e n  th e  c a lc u la te d  a n d  o b se rv e d  c o n c e n ­
t r a t i o n s  is  a n o th e r  c o n f irm a tio n  o f t h e  c lose  a n a lo g y  b e tw e e n  p h e n o m e n a  
o c c u r r in g  a t  a i r /w a te r  a n d  "  n u jo l  " / w a te r  in te r fa c e s .

The Stability of “ Nujol ”  in Water E m ulsions.
It has been shown in the preceding sections that intermolecular 

reactions taking place at a “ nujol ’’/water interface are very similar to 
those which occur at an air/water interface. A detailed knowledge of 
the latter reactions is now available, so that one can deduce the factors 
which are important for the stabilisation of “ nujol ” droplets in water. 
The one difference between “ nujol ’’/water and air/water interfaces is 
that “ nujol ” causes an expansion of liquid films present at the interface. 
If the interfacial films are brought into a closely packed condensed 
state, however, all the “ nujol ” is eliminated from the interfacial mono­
layer. We may consider a mixture of “ nujol ” and water ; if a substance 
such as cholesterol or cetyl alcohol is dissolved in the “ nujol ” there 
will be a certain aggregation of the molecules at the oil/water interface 
in accordance with Gibbs’ Law, but owing to the solubility of cholesterol 
or cetyl alcohol in the oil phase, the interfacial tension lowering will not 
be very large. Similarly, if a water soluble substance such as cetyl 
sulphate is dissolved in the water phase, the crowding of the molecules 
at the interface will not be large unless high concentrations of cetyl 
sulphate are used, e.g. 2 or 3 per cent. Thus we find that cholesterol 
and similar oil soluble substances do not emulsify “ nujol” at all whilst 
compounds like cetyl sulphate or soaps in high concentration only 
emulsify “ nujol ” with difficulty.

The conditions required for the production of stable emulsions are 
satisfied if complexes of certain types are formed at the oil/water inter­
face. The function performed by such complexes are described below, 
taking the cholesterol-cetyl sulphate complex as an example.

(1) The complex must consist of at least 2 components, one of which 
is appreciably soluble in water, and the other appreciably soluble in oil, 
and the complex must be a stable one. Under these conditions, mole­
cules of both types are held in the interface. The cholesterol cannot 
pull the cetyl sulphate molecules into the oil phase and the cetyl sulphate 
cannot pull the oil soluble cholesterol into the water. Since the complex 
remains stable when formed, only minute concentrations of each com­
ponent are required to cover the oil/water interface and stabilise the 
emulsion.

(2) The interfacial tension must be negligibly small, so that the dis­
persion of the oil in the water phase involves as small an increase in 
free energy as possible. It has been shown by Schulman and Rideal1 
that stable complexes at an air/water interface lower the surface tension2 
as much as 60 dynes/cm. (for the above-stated example), which is much 
greater than the surface tension lowering of 40 dynes/cm., or less, pro-

0 H ark ins, J. Physical Chem., 1932, 36, 98.
7 L yons a n d  R ideal, Proc. Roy. Soc. A, 1929, 124, 322.
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duced even by the concentrated cetyl sulphate solution at an air/water 
interface8 (at the equivalent concentration lowering of the surface 
tension, is only 22 dynes). The interfacial tension of the soap at an 
oil/water interface can go down to about 3 dynes/cm., so that, by analogy 
with the air/water interface results, the interfacial tension of stable 
complexes at an oil/water interface must be very small indeed. Each 
component of the complex holds the other component at the interface 
so that a very high concentration is obtained at the interface.

©

. CETYL SULPHATE. Na . 
-CHOLESTEROL

CLOSELY PACKED CONDENSED COMPLEX

EXCELL ENT tMULSIÇN

/

V

\

öS
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• “\  OLCYL ALCOHOL
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\>
o—  CETYL alcohol
0>— h* OLE AT E

FAlQLV CLOSELY PACKED MONQlAYEP 
NEGLIGIBLE COMPLEX EOPMATiOn

FAIRLY POOR EMULSION
A

F ig. 3.

(3) In conditions (1) and (2) the stability of the interfacial film and 
the interfacial tension lowering have both been stressed. These two 
factors depend markedly on the presence of an excess of the water 
soluble component under the equimolecular mixed film.

(4) The interfacial film must be a condensed liquid film, condensed 
because a high interfacial concentration of the complex is necessary, 
liquid because the film must be easily reformed on distortion.

8 Powney and Addison, T r a n s .  F a r a d a y  S o c . ,  19 37 , 33. 12 4 3 .
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(5) For oil in water emulsions the oil droplets must be electrically 
harged. In fact, one of the chief actions of the complex is to crowd 

ions into the interface, since ions on their own repel one another, and 
thus yielding only vapour films at the interface. It will be shown later 
that if a complex consisting of 2 neutral molecules is formed at the 
interface, water in oil emulsions are obtained.

In Fig. 3 is given a diagrammatic representation of the conditions 
existing at the interface of a stabilised oil droplet (“ nujol ”) in water. 
Three different complexes which show marked differences in stabilising 
power are illustrated.

The three diagrams represent the three possible types of stereo­
chemical packing at the interface. More molecules are crowded at the 
interface in diagram (1) than in (3) than (2). The emulsion stability 
actually decreases in this order.

Ease of Form ation of E m ulsions.
With some emulsifying agents, émulsification of “ nujol ” in water 

can be brought about merely by hand-shaking for 2 or 3 seconds. We 
call this “ spontaneous ” émulsification. With other agents émulsifica­
tion can only be produced by using high powdered homogenisers. Whether 
or not émulsification is spontaneous depends on the interfacial tension a 
■of the system. If a is extremely small, e.g. a fraction of dyne per cm., 
very little energy is required to break up the oil into droplets as small 
as 4/x in diameter. Hand-shaking is, therefore, sufficient. If <r is 
several dynes/cm. a considerable amount of such energy is necessary to 
disperse the oil into droplets of 4/2 diameter, necessitating the use of an 
•emulsifying machine. Adsorption of the emulsifying agent on to the 
oil droplets, artificially created by the homogeniser, occurs, the inter­
facial tension thereby being lowered.

For this adsorption process to be effective large concentrations of 
soap are necessary. Clearly, the condition of a very low interfacial 
tension would be of no avail in the easy formation of emulsions if the 
oil droplets produced immediately coalesced. A second condition can, 
therefore, be postulated, namely that the interfacial film of emulsifying 
agent should prevent the coalescence of the droplets. By using an 
emulsifying agent consisting of 2 components which form a suitable 
molecular complex at an oil/water interface, the above 2 conditions can 
be satisfied. As described in the last section, molecular complexes of 
the type cholesterol-cetyl sulphate present at an oil/water interface 
lower the interfacial tensions to negligible values and at the same time 
stabilise the oil droplets. For systems in which molecular complexes 
are used as emulsifying agents, the conditions required for spontaneous 
émulsification are the same as the conditions necessary for the production 
of emulsions of high stability, i.e. the interfacial tension should be very 
low, the interfacial molecular complex should be stable, and in the liquid 
condensed state, the oil droplet as a whole should be electrically charged. 
This charge is obtained by crowding ionic emulsifying agents, by means 
of a complex, into the interface.

It may be noted that if the molecular complex film is a viscous film, 
the resulting emulsion is very viscous and grease-like, and vigorous hand­
shaking is necessary to form the emulsion, even if the interfacial tension 
is very low.

It seems possible that the ultimate limit to the size of the oil droplets
24 *
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present in an emulsion (assuming excess of emulsifying agent is present) 
is determined by the Brownian movement of the droplets. Certainly, 
Brownian movement becomes very marked with droplets less than 0-5/a 
in diameter, and no stable emulsions could be made containing droplets 
smaller than this. This diameter is at least ten times greater than that 
of soap micelles, which are associated molecular complexes. On the 
above view, it will be seen that living cells bounded by a membrane 
cannot be expected to be smaller than 0'5/a in diameter unless the 
membrane is very rigid. For if they were, Brownian movement would 
tend to bring about fusion of the cells. The biological significance of 
this will be mentioned elsewhere.

Special Com plexes.
Bile Acids.

It has been found both from film penetration and emulsion stability 
experiments that the bile acids do not form complexes with long chain 
alcohols, cholesterol, glycerides or proteins. That they have an affinity 
for long chain fatty acids is shown by the following experiments. 200 
mg. of sodium desoxycholate dissolved in 40 c.c. of water were added 
to 10 c.c. of oleic acid. A good emulsion was produced on hand-shaking. 
Good emulsions were also obtained using sodium glycocholate and sodium 
taurocholate instead of sodium desoxycholate, but no emulsions were 
obtained with the bile acid salts using “ nujol ” or long chain glyceride 
oils. The biological significance of these results will be mentioned 
elsewhere.

Proteins.
The same general rules for oil in water emulsions with protein as 

the water soluble component of the emulsifying agents can be applied, 
as already mentioned, for the lipoids.

0-66 per cent, gelatin solution is a poor emulsifying agent for “ nujol ” 
but if cholesterol be added to the oil phase a greatly enhanced emulsion 
is obtained. Similarly, other substances which are known to form com­
plexes with proteins at the air/water interface greatly enhance the 
emulsion properties of the protein. Thus oleic acid, or elaidic acids, or 
oleyl alcohol aid the emulsion. There is some evidence that these sub­
stances work better than the saturated compounds.

The general order of reactivity of these compounds, as measured by 
emulsion stability, is the following (with gelatine),
cholesterol >  oleic acid >  oleyl alcohol >  elaidic acid >  stearic

acid >  cetyl alcohol.

Sum m ary.

1, I t  is  sh o w n  t h a t  m o le c u la r  in te r a c t io n s  o c c u rr in g  a t  a  “  n u jo l  ” /  
w a te r  in te r fa c e  a re  c lo se ly  a n a lo g o u s  to  th e  c o rre sp o n d in g  in te r a c t io n s  a t  
a n  a i r /w a te r  in te r fa c e  w h ic h  h a v e  b e e n  w id e ly  s tu d ie d  w ith  th e  L a n g m u ir  
T ro u g h  a p p a r a tu s .

2. T h e  s ta b i l i ty  o f  "  nujol ”  in water e m u ls io n s  d e p e n d s  o n  th e  p ro ­
p e r tie s  o f th e  in te r f a c ia l  film  o f e m u ls ify in g  a g e n t .  O p tim u m  s ta b i l i ty  
o f  th e  e m u ls io n  is  o b ta in e d  u n d e r  th e  fo llo w in g  c o n d itio n s  : (a) th e  in te r ­
fa c ia l film  m u s t  b e  e le c tr ic a l ly  c h a rg e d  ; (6) t h e  in te r fa c ia l  film  m u s t  b e  
s ta b le  a n d  in  th e  "  c o n d e n se d  ”  s ta te ,  i.e. a s  m a n y  c h a rg e d  m o le c u le s  a a
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p o ss ib le  sh o u ld  b e  c ro w d e d  in to  th e  in te r fa c e .  I n  th is  w a y , th e  in te r f a c ia l  
t e n s io n  is  re d u c e d  to  e x tr e m e ly  sm a ll  v a lu e s .

3. T h e  a b o v e  tw o  c o n d it io n s  a re  sa tis f ie d  w h e n  th e  in te r f a c ia l  film  
c o n s is ts  o f a  m o le c u la r  c o m p le x  o f  tw o  s u i ta b le  s u b s ta n c e s , o n e  o f w h ic h  
is  a n  oil so lu b le  s u b s ta n c e  a n d  th e  o th e r  a n  io n is a b le  w a te r  so lu b le  s u b s ta n c e .

4 . T h e  s ta b i l i ty  o f  t h e  in te r f a c ia l  c o m p le x  film  is  m a rk e d ly  in c re a s e d  
b y  th e  p re se n c e  o f ex ce ss  w a te r -so lu b le  m o le c u le s  a b o v e  t h a t  n e c e ssa ry  
fo r  a  m o n o la y e r  a ro u n d  th e  d ro p le ts ,  w h e re a s  o n ly  a  m o n o la y e r  is n e c e s sa ry  
fo r  th e  o il-so lu b le  c o m p o n e n t (fo r t h e  c h o le s te ro l  "  n u jo l  ”  sy s te m ) .

5. T h e  s ta b i l i ty  o f a  “  nujol ” in water e m u ls io n  d e p e n d s  m a rk e d ly  o n  
t h e  n a tu r e  o f t h e  tw o  c o m p o n e n ts  c h o se n  to  fo rm  th e  in te r f a c ia l  c o m p le x  
film . T h e  s t a b i l i ty  o f  s u c h  film s r u n s  p a ra l le l  w i th  th e  s t a b i l i ty  o f th e  
s a m e  film s a t  a n  a i r /w a te r  in te r fa c e , a n d  d e p e n d s  o n  th e  v a n  d e r  W a a ls  
fo rces  o f  a t t r a c t io n  b e tw e e n  th e  n o n -p o la r  p a r t s  o f th e  tw o  c o m p o n e n ts  
a n d  o n  th e  in te r a c t io n  b e tw e e n  th e  re s p e c t iv e  h e a d  g ro u p s . H e n c e  a l t e r ­
a t io n s  in  t h e  size  o f  t h e  n o n -p o la r  re s id u es , th e  s te re o c h e m ic a l  c o n f ig u ra tio n  
o f th e s e  re s id u e s , t h e  n a tu r e  o f  t h e  p o la r  h e a d s , e tc .,  c a u se  a l te r a t io n s  in  
th e  m o le c u la r  p a c k in g  a n d  s t a b i l i ty  o f th e  in te r f a c ia l  c o m p le x  film s a n d  
a l te ra t io n s ,  th e re fo re , in  th e  s t a b i l i ty  o f th e  “  nujol " in water e m u ls io n s , 
t h e  s t a b i l i ty  o f  th e  e m u ls io n  c a n  b e  d e d u c e d  f ro m  a  k n o w le d g e  of th e  
s t a b i l i ty  o f  t h e  c o r re sp o n d in g  m o le c u la r  c o m p le x  a t  a n  a i r /w a te r  in te r fa c e .
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By J. H. Schulman and E. G. Cockbain.
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In Part I 1 the conditions necessary for the formation of “ nujol ” 
in water emulsions were given. Two of the conditions were as follows :
(1) the interfacial film must be in the liquid condensed state, and (2) the 
film must be electrically charged. It will be shown below that in order 
to produce phase-inversion of such emulsions the electric charge on the 
oil droplets must first be removed, whereupon the oil in water emulsion 
breaks. If, in addition, the composition of the aqueous and oil phases 
is such as to enable a solid condensed film, or, better, an “ inter-linked ” 
solid condensed film, to be formed at the interface, then an inversion 
process occurs with the formation of a water in oil emulsion. This is 
true for different types of emulsifying agents and over a wide range of 
conditions.

1 Schulman and Cockbain, T r a n s .  F a r a d a y  Soc., 1939 , 3 5 , 7 16 .
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Positively Charged Long-Chain Compounds as E m ulsifying  
A gents.

When heptadecylamine is dissolved in “ nujol ” (io c.c.) and shaken 
with N/ioo HC1 solution (io c.c.) an oil in water emulsion is obtained. 
(The stability of the emulsion is rather poor, as would be expected from 
the conclusions of Part I.) Table I show's the effect of adding various 
salts and acids to this oil in water emulsion. The type of emulsion so 
obtained (oil in water or water in oil) and the nature of the interfacial 
film at an air/w'ater interface are given. The continuous phase was 
determined in the usual way by admixture of the emulsion with w'ater 
or oil and by addition of water-soluble or oil-soluble dyes.

T A B L E  I.

Emulsifying Agents. Interfacial Film. Emulsion Type.

(1) H ep tadecy lam ine  H C1 {pH 2-0) *
(2) (x) +  (N aP0 3)3
(3) (1) +  N a 2S0 4
(4) (1) 4- tan n ic  acid
(5) H ep tadecy lam ine  +  N a  ta n n a te  (pii 7

to  8)
(6) H ep tadecy lam ine  +  3N . HC1

(7) H ep tadecy lam ine  alone {pH 7-0)

L iq u id  (charged + )  f 
Solid (neutral)
Solid (neutral)
L iqu id  (charged + )  
Solid (neutral)

Solid (m ultilayer)
F ilm  (neutral)
A m ine to o  soluble in 

to  form  a n y  em ulsi

Oil in  w ater. 
W a te r  in  oil. 
W a te r in  oil. 
O il in  w ater. 
W a te r  in  oil.

W a te r  in  oil.

th e  oil phase  
Dn a t  all.

* Charge w as de te rm ined  b y  C ataphoresis experim en ts.
t  H ep tadecy lam ine  H C1 films, owing to  repu lsion  be tw een  like charges in  single 

com ponen t films a re  really  vaporous. On n e u tra lisa tio n  of these  charges b y  th e  
p o ly v alen t n egative  anions th e  film  is solidified, show ing th a t  th e  film  is no 
longer charged.

It can be seen in Table I that when the interfacial film at an air/water 
interface is solid, water in oil emulsions are obtained. The difference 
in rigidity of a given film at an air/water and an oil/water interface 
will be merely one of degree. It can be concluded, therefore, that a 
rigid, or at least a very viscous, film at the oil/water interface favours 
the formation of a water in oil emulsion. In example (i) the interfacial 
film w'ill not only be liquid but also positively charged, owing to the 
ionisation of the amine hydrochloride. The ionised film molecules will 
undoubtedly repel one another and have a marked freedom of move­
ment. By the addition of polyvalent negative ions, as in (2) and (3), 
the positive charge on the amine molecules is neutralised, and two or 
more of the molecules are inter-linked, depending on the valency of the 
anions added. The movement of the film molecules is, therefore, 
restricted, giving a rigid or viscous film. Thus a requirement for the 
formation of water in oil emulsions is that the interfacial film should be 
uncharged. The addition of tannic acid in examples (4) and (5) is of 
great interest. At p H 2-0 an oil in v'ater emulsion is obtained ; at p H  
7 to 8 a water in oil emulsion. The conversion of one emulsion into the 
other by a change of p H  was found to be a reversible phenomenon. 
Cockbain and Schulman showed that at p H 2-0 tannic acid interacts 
only weakly with long-chain amine films at an air-water interface, the 
amine film remaining liquid and ionised. This explains w'hy emulsion
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(4) in Table I is of the oil in water type. At pH 7 to 8, tannic acid 
reacts strongly with an amine film, converting it from a liquid to a rigid 
solid state. Hence emulsion (5) is of the water in oil type. Tannic 
acid at p H  7 to 8 acts in the same way as a polyvalent negative ion 
because a m u lt ip le - p o in t polar interaction occurs with the amine film. 
Heptadecylamine in “ nujol ” forms a water in oil emulsion with 3 n .  

HC1 solution. An amine film on 3 n .  HC1 at an air/water interface is in 
the viscous liquid or solid state. Actually we consider the film to be a 
multi-layer film such as is obtained with soap films spread on very 
alkaline solutions. In addition to the rigidity of the amine film on 3 n .  

HC1, it is very probable that the diffuse ionisation of the amine hydro­
chloride is largely suppressed by the high

[R NH3]+ Cl- ^  R  NH3+ +  Cl-

concentration of chloride ions, so that the interfacial film is uncharged. 
(These are the conditions in which salting out occurs probably by removal 
of the diffuse layer by the high ionic concentration and consequent 
discharging of the micelle on a “ mass law ” action.) The result is that 
emulsion (6) is of the water in oil type.

Long-chain quaternary ammonium compounds are too soluble in 
water and too highly ionised to form other than highly expanded vaprous 
films at an oil/water interface. Hence, lissolamine (cetyl trimethyl 
ammonium bromide) in dilute solution has very little emulsifying action 
on “ nujol ’’/water systems. But if the lissolamine molecules are held 
in the interface by cholesterol from the oil phase, good oil in water 
emulsions are obtained as explained in Part I. Table II shows the 
effect of adding salts or tannic acid to such emulsions.

T A B L E  I I .

Emulsifying Agents. Interfacial Film. Emulsion Type.

(1) L issolam ine (pH 7) *

(2) L issolam ine +  cholesterol (pH 7)

(3) (2) +  Na.SO«
(4) (2) +  (N aP0 3)3
(5) (2) +  tan n ic  acid  (pH 3)

L issolam ine too  soli 
phase  to  form  an  ei 

L iq u id  condensed 
(charged + )

L iq u id  (charged + )  
Solid (neutral)
Solid (neutral)

ible in  w a te r 
nulsion.

Oil in  w ater.

Oil in  w ater. 
W a te r in  oil. 
W a te r in oil.

* Charge de te rm in ed  b y  C ataphoresis experim ents.

We conclude that divalent sulphate ions are unable to neutralise the 
charge on the highly ionised quaternary ammonium salt, or to rigidly 
interlink the lissolamine molecules. These processes do occur in the 
presence of trivalent phosphate ions over a wide p H  range, and in the 
presence of tannic acid at pH 3. The marked differences between hepta­
decylamine (Table I) and lissolamine (Table II) are probably not due 
entirely to differences in the degree of ionisation. Thus, the presence 
of three methyl groups round the nitrogen atom in lissolamine might 
hinder association between the positively charged lissolamine molecules 
at the interface and polyvalent anions in the aqueous phase. It has 
been established experimentally that in mixed films of quaternary 
ammonium salts and long-chain alcohols, complex formation is strongly
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inhibited by steric factors connected with the quaternary ammonium 
group. No steric hindrance effects are observed when a long-chain
amine is substituted for the quaternary ammonium compound.

In the case of oil in water emulsions, a stable interfacial film was 
produced by using an emulsifying agent consisting of two suitable long- 
chain molecules which formed a complex. With water in oil emulsions, 
the use of tivo long-chain compounds should not, in general, be necessary, 
since rigid and uncharged interfacial films can be produced by the 
association of a single long-chain compound with polyvalent ions of the 
opposite charge present in the aqueous phase.

N egatively Charged Soaps as E m ulsifying A gents.
When negatively charged soaps are employed as emulsifying agents, 

the conditions necessary for the production of water in oil emulsions are 
the same as those formulated in the previous section. These conditions 
are :—

(1) The interfacial films should be uncharged.
(2) The film should be rigid, or at least very viscous.

The above requirements are fulfilled when long-chain carboxylic acid 
molecules are inter-linked at an oil/water interface by polyvalent metal 
ions. It is well known that oil in water emulsions stabilised by nega­
tively charged long-chain carboxylates are inverted to water in oil 
emulsions by the addition of Ca or Ba salts, for example. Similarly, 
when “ nujol ” in water emulsions are stabilised by a complex of choles­
terol and sodium cetyl sulphate or cholesterol and sodium palmitate, 
addition of Ba or Ca salts produces a phase inversion. At an air/water 
interface, liquid complex films of cholesterol -f- sodium cetyl sulphate 
(or sodium palmitate) turn solid on injection of Ba or Ca salts into the 
underlying solution. Sodium palmitate alone will normally give an 
emulsion of “ nujol ” in water. On addition of strong caustic soda to 
this emulsion, inversion occurs at pH >  14. It is probable that the 
diffuse ionisation of the sodium palmitate is suppressed by the strong 
caustic soda, so that the interfacial soap film is largely uncharged,

[R COO]" Na+ ^  R COO~ +  Na+.

In addition, the interfacial film is probably solid, since it has been shown 
that soap films spread on strongly alkaline solutions at an air/water 
interface are solid multilayer films.2 The inversion of Na palmitate 
emulsions at very high pH values is exactly analogous to the inversion of 
heptadecylamine emulsions at very low pH values. Addition of alu­
minium or thallous salts to “ nujol ” in water emulsions stabilised by a 
cholesterol-Na palmitate mixture produces inversion of the emulsions. 
It is interesting that thallous salts, which are 7>ionovaletit, give water in 
oil emulsions. It is known, however, that monovalent thallous (or 
silver) soaps are unionised. Furthermore, they would almost certainly 
form solid films.

Since the polyvalent metal soaps are insoluble in water or “ nujol " 
(except, perhaps, aluminium soaps at high temperatures), the corre­
sponding water in oil emulsions cannot be prepared directly, but must 
be produced by an inversion process.

1 Bikerman, P r o c .  R o y .  S o c . ,  A ,  1939 , 170 , 1 3 1 .
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Direct Preparation of Water in Oil E m ulsions.
To obtain directly a water in oil emulsion it is necessary to bring the 

emulsifying agent to the oil/water interface, so as to form a film which 
is uncharged and rigid. A very good example is the use of digitonin 
plus cholesterol as the emulsifying agent. Digitonin is a neutral molecule 
readily soluble in water, and has no emulsifying action by itself on 
“ nujol ’’/water systems. Nor has cholesterol any emulsifying action 
by itself. But if an aqueous solution of digitonin is added to a solution 
of cholesterol in “ nujol," excellent water in oil emulsions are obtained. 
The cholesterol and digitonin are both held at the oil/water interface 
owing to strong complex formation, giving a rigid and uncharged inter­
facial film. At an air/water interface, cholesterol-digitonin complexes 
form very rigid films indeed.

If an acid saponin is used in place of the digitonin, “ nujol ” in 
water emulsions are obtained. This is because acid saponins are nega­
tively charged molecules and the acid saponin-cholesterol complex 
formed at the oil/water interface will also be negatively charged. In 
addition, it is known that acid saponin-cholesterol complexes at an air/ 
water interface form viscous liquid but not rigid films.

If, in the above experiments, cholesterol acetate or cholesterol 
stearate be substituted for the cholesterol, hardly any emulsification 
occurs. As already described in Part I, this is due to the fact that no 
molecular complexes are formed between cholesterol esters and saponin 
or digitonin.

A general characteristic of water in oil emulsions is that under the 
microscope the water droplets have irregular shapes. They appear to 
be contained in “ sacks.” We attribute this appearance to the rigid 
nature of the film surrounding the water droplets, the film molecules 
being fixed as in a 2-dimensional crystal. Osmotic forces might cause 
alterations in the shape of tKe “ sacks.”

On the other hand, all oil in water emulsions which we have ex­
amined contain completely spherical droplets, owing to the interfacial 
film being in the liquid condensed state. With a liquid interfacial film, 
the oil droplets could easily regain their spherical shape after being 
deformed in any way.

The M echanism  of the Phase Inversion Phenom enon.
In emulsions of oil in water, the interfacial film is in the liquid con­

densed state, and is electrically charged. The fact that the water is the
continuous phase must mean that the oil droplets are electrically
charged ; since water, being an ionising medium, enables charged oil 
droplets to repel one another,* owing to the formation of a diffuse 
layer or ionic atmosphere around the oil droplets, so that a stable oil in 
water emulsion can be obtained (providing that the physical character­
istics of the interfacial film fulfil the conditions set out in Part I *). If, 
however, the oil were the continuous phase, the fact that the interfacial 
film consisted of charged molecules could not prevent the dispersed 
water droplets from coalescing because oil being a non-ionising medium, 
no electrical diffuse layer or ionic atmosphere can be built up. If, 
furthermore, the charged interfacial film were an interlinked solid, no 
coalescence would be likely to occur because of mechanical reasons (see

See T h eo ry  of G P o ten tia ls .
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WATER
CHARGED
• LIQUID 
condensed
FILM

Ha CETyl sulphate

g CHOLESTEROL

MULTILAYER
ASSOCIATION FORCES 
WATER SQUEEZED OUTWATER
ON SHAKING

WATERWATER
Rigid neutral

oil CANNOT BE 
SQUEEZED OUT

In Fig. lb is shown the state of affairs after polyvalent kations 
(Ca++ or Ba++, for example) have been added to the oil in water emulsion. 
Adsorption of the kations has destroyed the negative charge on the oil 
droplets, thus allowing them to coalesce, the diffuse double layer of 
sodium cetyl sulphate having been removed by kations in the process.

During the process of coalescence, water molecules can be squeezed 
out from between the oil droplets very readily because the interfacial 
film molecules have a strong tendency to align themselves with their

requirements for stable water in oil emulsions). However, the above 
film would not be a rigid interlinked solid, since films consisting of charged 
molecules are either liquid or gaseous, but not interlinked, owing to 
repulsion between the molecules in the film. Fig. I a shows diagram- 
matically, oil droplets dispersed in water and stabilised by a liquid 
condensed mixed film such as cholesterol +  sodium cetyl sulphate. 
The adsorbed diffuse double layer of sodium cetyl sulphate is also re­
presented, and the oil droplets are given a negative charge because of the 
negatively charged cetyl sulphate ions.
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polar heads together, as in their normal crystal packing (see diagram, 
Fig. 2).

In this connection it is significant that, in the Langmuir-Blodgett 
technique for obtaining multilayers on metals, the conditions required 
to produce film deposition are analogous with those necessary for the 
formation of water in oil 
emulsions. In film deposi­
tion, the molecules of the 
multilayer are known to be 
oriented in the normal 
crystal packing arrange­
ment shown in Fig. 2. Thus, 
the Ca salt of a long-chain 
fatty acids or the phosphate 
salt of a long-chain amine is 
deposited in double lattice 
form when built up as a 
multilayer on metals. The 
same substances stabilise 
water in oil emulsions. The 
reason for the film deposition and for the coalescence of oil droplets 
covered by an uncharged interfacial film is that water is so readily 
squeezed out from between the polar heads of the film molecules en­
abling them to take up their normal crystal packing arrangement.

Fig. lb shows a number of oil droplets in the coalesced state after 
removal of the charge on the oil droplets. If, now, the interfacial film 
is rigid and especially if a cross-linking of the film molecules has occurred 
to give the crystal packing arrangement described above, the water 
“ sacks ” enclosed by the coalesced oil droplets will themselves be 
stabilised, and will float away. This process is represented in Fig. Ic. 
The emulsion is now of the water in oil type and the interfacial film 
molecules have their long hydrocarbon chains directed outwards from 
the water “ sacks.” No coalescence of these water “ sacks ” will occur, 
because the oil cannot be squeezed out from between them. On the 
contrary, the hydrophobic chains of the film molecules will adhere to 
the oil molecules of the continuous phase just as ionic head groups in 
interfacial films adhere to water molecules in emulsions of the oil in 
water type. Water “ sacks ” of irregular shape are typical of all water 
in oil emulsions, the irregular shape being due to the necessary rigidity 
of the interfacial film.

Sum m ary.

1. Emulsions of water in “ nujol" are obtained when emulsifying 
agents are added which form interfacial films possessing certain character­
istics. These are (a) the interfacial film should possess no electric charge ; 
and (b) it should possess considerable rigidity. Thus, water containing 
digitonin when added to " nujol ” containing cholesterol, forms a water 
in oil emulsion directly. Similar behaviour is shown when water is added 
to “ nujol ” containing palmitic acid plus heptadecylamine.

2. Oil in water emulsions are inverted to water in oil emulsions if they are 
treated in such a way as to make the interfacial film fulfil the above two 
conditions. Addition of polyvalent ions to oil in water emulsions stabilised 
by a complex of the opposite charge produces two effects: (a) the interfacial 
film is discharged enabling the oil droplets to coalesce by a squeezing out

SQUEEZED OUT

F ig. 2.
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o f th e  w a te r  b e tw e e n  th e  in te r fa c e s  o f t h e  o il d ro p le ts  ; (b) a  m a rk e d  
in c re a se  in  th e  r ig id i ty  o f t h e  in te r f a c ia l  film  is  b r o u g h t  a b o u t  th r o u g h  a n  
in te r la c in g  o f t h e  f ilm  m o le c u le s  b y  th e  p o ly v a le n t  io n s . I n  t h is  w a y  
w a te r  "  s a c k s  ”  d isp e rse d  in  o il a r e  o b ta in e d .  T h e  w a te r  sa c k s  d o  n o t  
co a lesce  o n  a p p r o a c h  b e c a u se  o f th e  s t r o n g  a f f in i ty  b e tw e e n  th e  h y d r o ­
c a rb o n  c h a in s  o f th e  in te r f a c ia l  film s a n d  th e  s u r ro u n d in g  o il m e d iu m  w h ic h  
p r e v e n ts  t h e  o il b e in g  sq u e e z e d  o u t  f ro m  b e tw e e n  a p p ro a c h in g  w a te r  sa c k s .

3. T h e  a b o v e  c o n d it io n s  r e q u ir e d  fo r  t h e  fo rm a t io n  o f water in oil 
e m u ls io n s  a re  s im ila r  to  th o s e  n e c e s sa ry  fo r  t h e  p ro d u c t io n  o f m u lt i la y e rs  
o n  m e ta ls  u s in g  th e  L a n g m u ir -B lo d g e tt  te c h n iq u e .

4. I n  p la c e  o f p o ly v a le n t  io n s , c h a rg e d  m o le c u le s  c o n ta in in g  m a n y  
p o la r  .g ro u p s  c a p a b le  o f m u lt ip le  p o in t  in te r a c t io n  w i th  t h e  f i lm -fo rm in g  
su b s ta n c e  c a n  b e  u se d . T h u s  a d d i t io n  o f t a n n ic  a c id  t o  o il in  w a te r  
e m u ls io n s  s ta b il is e d  b y  a  c o m p le x  c o n ta in in g  lo n g  c h a in  a m in e s  o r  o th e r  
p o s i t iv e  lo n g  c h a in  io n s  p ro d u c e s  a n  in v e rs io n  o f t h e  e m u ls io n  a t  a  s u i ta b le  
pH v a lu e  fo r  th e  in te r a c t io n .
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The structural form of some inorganic pentahalides has been the 
object of recent investigations. Braune and Pinnow 1 have examined 
PF5 and IF5 using the method of electron diffraction by the vapours. 
They concluded that PFS is best represented by a regular trigonal bi­
pyramid structure. It was impossible from the electron diffraction 
results to assign any definite structure to the IFS molecule, but it was 
shown that the I—F distance is uniform. More recently, Brockway 
and Beach 2 have reinvestigated PFS by the electron diffraction method, 
and their results, considered together with the observed zero dipole 
moment in this compound,3 show conclusively that PFS has a regular 
trigonal bipyramid structure. Ewens and Lister1 investigated the 
structure of MoCls using electron diffraction by the vapour. Their 
examination favoured the trigonal bipyramid structure. The Raman 
spectra of liquid and solid PC15 have been studied by Moureu, Magat,

1 B rau n e  an d  P innow , Z. physikal. Chem., B, 1937, 35, 239.
3 B rockw ay a n d  B each, J.A.C.S., 1938, 60, 1836.
3 L inke  a n d  R o h rm an n , Z. physikal. Chem., B, 1937, 35> 256.
* E w ens a n d  L iste r, Trans. Faraday Soc., 1938, 34, 1358.
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and Wetroff,5 who concluded that in the liquid state, PC15 has the tri­
gonal bipyramid structure, and that in the solid state, the molecule is 
a complex ionic structure. Powell, Clarke and Wells 8 from the X-ray 
crystallographic examination of PC15, have shown that the ions in the 
crystal are [PC14]+[PC1S]_. Rouault and Schomaker 7<“b (!,) from electron 
diffraction studies of PC15 in the vapour phase, conclude that the mole­
cule is a trigonal bipyramid, but that there are two distances for the 
P—Cl links, differing by about o-io a .  The pentahalides NbBr5, 
NbCls, TaBr6 and TaCl5 have now been investigated in the vapour 
state by the method of electron diffraction. The results show that the 
above compounds are best represented by the regular trigonal bipyramid 
model. The molecule NbBrs is particularly suitable for electron dif­
fraction study, since in this molecule there is little disparity in scattering 
power between the metal-halogen and halogen-halogen terms. The 
complete evidence now available would indicate that the inorganic 
pentahalides as a class have the same structural form—namely that of 
the regular trigonal bipyramid.

T h e  c h lo r id e s  o f  N b  a n d  T a  w e re  p re p a r e d  b y  t h e  a c t io n  o f p u re  d r y  
C L  o n  th e  p o w d e re d  m e ta ls  a t  a  t e m p e r a tu r e  o f  a b o u t  250° C. T h e  c o m ­
p o u n d s  w e re  p u r if ie d  b y  r e p e a te d  s u b l im a t io n  in  a  s t r e a m  o f p u re  d r y  
n i tro g e n .  T h e  b ro m id e s  o f  th e  m e ta ls  w e re  a lso  p re p a r e d  b y  th e  d ire c t  
m e th o d .  T h e  B r 2, c a re fu lly  p u r if ie d  f ro m  C l2, a n d  d r ie d , w a s  p a s se d  in  
a  d r y  N 2 s t r e a m  o v e r  t h e  p o w d e re d  m e ta ls  a t  a b o u t  300° C. T h e  b ro m id e s  
w e re  p u r if ie d  b y  s u b l im a t io n  in  a  d r y  N 2 s t r e a m . I t  w a s  fo u n d  n e c e ssa ry  
t o  p u r i f y  t h e  N b B r 6 m o re  c o m p le te ly  b y  s u b l im a t io n  in vacuo. T h e  m a n ip ­
u la t io n  o f t h e  c o m p o u n d s  w a s  c a r r ie d  o u t  in  a  d r y  N 2-filled  b o x , b e c a u se  
o f  t h e  e x tr e m e  s e n s i t iv i ty  o f t h e  c o m p o u n d s  t o  t h e  m o is tu re  o f  t h e  a ir .

T h e  d if f ra c tio n  p a t t e r n s  f ro m  th e  v a p o u rs  o f t h e  c o m p o u n d s  w e re  
p h o to g r a p h e d  in  t h e  a p p a r a tu s  d e sc r ib e d  b y  d e  L a s z lo .8 T h e  p h o to g ra p h s  
w e re  t a k e n  w i th  t h e  fo llo w in g  o v e n  t e m p e r a tu r e s  :

TaCl6 . . x6o-i8o° C. NbCl5 . . 150-170° C.

T h e  c a m e ra  d is ta n c e  w a s  28-05 c m -> n n d  th e  e le c tro n  w a v e - le n g th s  a b o u t  
0-06 A .

E lectron  D iffraction by N iobium  Pentabrom ide.
T h e  p h o to g r a p h s  fo r  t h i s  c o m p o u n d  sh o w e d  fiv e  m a x im a , w h o se  i n ­

te n s i t i e s  a p p e a r e d  t o  d e c re a s e  f a ir ly  r e g u la r ly  w i th  in c re a s in g  d ia m e te r .  
T h e  r in g s  a p p e a r e d  t o  b e  s y m m e tr ic a l  w i th  t h e  e x c e p tio n  o f t h e  t h i r d  m a x ­
im u m  w h ic h  s h a d e d  off m a r k e d ly  to w a r d s  t h e  o u ts id e ,  a n d  g a v e  th e  
a p p e a r a n c e  o f  a  sh e lf  in  b e tw e e n  t h e  t h i r d  a n d  f o u r th  m a x im a .  T h e  sh e lf  
w a s  n o t  su f f ic ie n tly  d i s t in c t  t o  a llo w  o f a c c u r a te  m e a s u re m e n t .

in te n s i t ie s  o f t h e  m a x im a ,  a re  g iv e n  in  T a b le  I .  T h e  p o s i t io n s  o f t h e  
m a x im a  a n d  m in im a  w e re  m e a s u re d  v is u a lly  o n  a  c o m p a ra to r .  T h e  
C  v a lu e s  g iv e n  in  T a b le  I ,  a r e  t h e  “  w e ig h te d  ”  in te n s i t ie s  o f  t h e  m a x im a , 
c a lc u la te d  b y  t h e  m e th o d  o f S c h o m a k e r  a n d  D e g a rd .9 T h e  C  v a lu e s

s M oureu, M ag a t a n d  W etroff, C.R., 1937, 205, 276.
6 Pow ell, C larke a n d  W ells, Nature, 1940, 145, 149,
~ (a) R o u au lt, C.R., 1938, 207, 620 ; (6) Schom aker, rep o rte d  in  P au lin g , 

Nature of the Chemical Bond, 1939, foo tno te , p . 103.
8 de Laszlo, Proc. Roy. Soc., A, 1934, 146, 662.
9 D egard  a n d  Schom aker, J.A.C.S., in press.

E xperim ental.

T a B r6 . . 180-200° C. N bB r„ . . 200-230° C.

T h e  o b se rv e d v a lu e s , a n d  t h e  v is u a lly  e s t im a te d
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Max. Min. I. C. ■Sobs. SA- SB. S0- SD- 'a- B̂- ;o. lD-

I 10 10 (3-29) 3-57 2-80
3-5°

3-14 3-58 (2-496) — (2-503)

2
1

2
10 18

(4-So)
5 '8i
699

5-02
6-28
7-4°

4-17
5-12
6-17
7-38

4-16
5-97
6-85
7-58
8-20 
9-02

10-90

4-98
6-07
7-75

(2-4° 5)
2-486
2-435

(2-453)
2-443
2-428

—
(2-386)
2-403
2-550

3

3

7 12 7*95

10-02

8-43
9-32 
9-88

xo-68

8-46
9-37 

10-00 
10-78

8-83

9-85
10-85
11-30
12-14
13-36
14-40

2-439

2-451

2-448

2-474

— 2-555

4

5
4

6

3

5

X

xo-93
12-25
13-25

n -75
13-08
14-20

11-90
13-07
14-10

n - 8 o
12-93
14-55

2-473
2-456
2-465

2-504
2-454
2-448 —

2-555
2-508
2-500

M ean 2-458 2-457 — 2*512

A verage dev ia tio n • 0-014 0-018 — 0-042

F in a l v a lu e  . . N b— B r 2-46 ±  0 03 a .

a r e  o b ta in e d  b y  m u lt ip ly in g  e a c h  o f  t h e  v is u a lly  e s t im a te d  in te n s i t ie s  b y  
t h e  f a c to r  s 02 . e x p . ( — a s 02), w h e re  a is  c h o se n  so  t h a t  t h e  c o effic ien t o f

th e  s t r o n g e s t  r in g  is  
t e n  t im e s  t h a t  o f  th e  
w e a k e s t .

T h e  r a d ia l  d i s t r i ­
b u t io n  c u rv e , c a lc u ­
la te d  f ro m  th e  o b ­
se rv e d  s v a lu e s , a n d  
th e  C v a lu e s , is  r e ­
p ro d u c e d  in  F ig . 1. 
T h is  c u rv e  sh o w s p e a k s  
a t  d is ta n c e s  c o r re ­
sp o n d in g  to

N b — B r  =  2-46 a. 
a n d  B r— B r  = 3 - 5 1  a.
F r o m  th e s e  v a lu e s  i t  
fo llo w s t h a t  th e r e  a re  a  
n u m b e r  o f  B r— N b — B r 
a n g le s  o f  90°.

A s su m in g  a  u n i ­
fo rm  N b — B r  d is ta n c e  
o f 2-30 a. fo u r  m o d e ls  
w e re  in v e s t ig a te d  b y  
th e  c o r re la t io n  m e th o d . 
T h e  c h o ic e  o f  t h is  d is ­
ta n c e  m e re ly  a f fe c ts  

th e  sc a le , a n d  n o t  t h e  fo rm  o f t h e  th e o r e t ic a l  s c a t te r in g  c u rv e s , so  t h a t  
t h e  t r u e  v a lu e  o f  t h e  a s s u m e d  d is ta n c e  m a y  s u b s e q u e n t ly  b e  o b ta in e d  b y  
s im p le  p r o p o r t io n  f ro m  th e  o b se rv e d  a n d  c a lc u la te d  s  v a lu e s .

Raoul Distribution Curve
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T h e  m o d e ls  in v e s t ig a te d  a re  d e sc r ib e d  b e lo w  :
M o d e l  A . T h e  B r  a to m s  o c c u p y  th e  c o rn e rs  o f a  re g u la r  t r ig o n a l  

b ip y ra m id ,  w i th  t h e  N b  a to m  a t  t h e  c e n tre .
M o d e l  B . T h e  B r  a to m s  a t  t h e  c o rn e rs  o f a  s q u a re  p y r a m id  w i th  th e  

N b  a to m  a t  t h e  c e n tr e  o f th e  b a se .
B o th  m o d e ls  A  a n d  B  h a v e  a  n u m b e r  o f  B r — N b — B r  a n g le s  o f 90°, 

a c c o rd in g  t o  th e  r e ­
q u i r e m e n ts  o f  t h e  
r a d ia l  d i s t r ib u t io n  r e ­
su lts .

M o d e l  G . A  re g u ­
la r  p la n a r  m o d e l, w i th  
a l l  t h e  B r — N b — B r 
a n g le s  =  72°.

M o d e l  D . T h e  B r  
a to m s  a t  t h e  c o rn e rs  
o f a  s q u a r e  p y ra m id ,  
w i th  t h e  N b  a to m  
c e n t r a l ly  p la c e d  above 
t h e  s q u a r e  b a se , so  
t h a t  th e  a n g le  B r —
N b — B r  is  105°.

T h e  t h e o r e t i c a l  
s c a t te r in g  c u rv e s  fo r  
e a c h  o f t h e  a b o v e  
m o d e ls  a r e  re p ro ­
d u c e d  in  F ig .  2.

T h e  q u a l i t a t i v e  
d iffe re n ce s  in  th e s e  
f o u r  c u rv e s  a r e  w ell 
m a r k e d ,  a n d  t h e  
c o m p a r is o n  o f c u rv e s  
C a n d  D  w ith  th e  
g e n e ra l  a p p e a ra n c e  of 
t h e  p la te s  is  i ts e lf  
su ff ic ie n t t o  ru le  o u t  
t h e  c o r r e s p o n d i n g  
m o d e ls .

C u rv e  C h a s  a n  u n -  
s y m m e tr ic a l  se c o n d  
m a x im u m , a n d  a  sh e lf  
o n  th e  in s id e  o f  th e  
t h i r d  m a x im u m . T h e  
p la te s  sh o w e d  th e  
sh e lf  o n  th e  o u ts id e  o f 
t h e  t h i r d  m a x im u m , 
a n d  th e  se c o n d  m a x i­
m u m  w a s  q u i te  s y m ­
m e tr ic a l.

C u rv e  D  is  u n s a t is ­
f a c to r y  in  th e  re g io n s  
o f t h e  s e c o n d  a n d  
t h i r d  m in im a , a n d  t h e  f o u r th  m a x im u m . T h e  s h a d in g  off (shelf) o c cu rs  
o n  th e  in s id e  o f t h e  f o u r th  m a x im u m  so  t h a t  t h e  t h i r d  m in im u m  w o u ld  
lie  n e a r e r  t o  th e  t h i r d  m a x im u m  t h a n  to  t h e  f o u r th ,  w h e re a s  t h e  p la te s  
sh o w  th e  t h i r d  m in im u m  to  b e  d isp la c e d  d is t in c t ly  to w a r d s  t h e  f o u r th  
m a x im u m .

T h e  m o s t  m a r k e d  d if ie re n c e  in  th e  c u rv e s  A  a n d  B  lie s  in  th e  f i r s t
m a x im u m . W h e re a s  c u rv e  A  h a s  a  p e r fe c tly  s y m m e tr ic a l  f i r s t  m a x im u m ,
c u rv e  B  h a s  i t  c le a r ly  s p l i t  in to  tw o  p a r ts .  T h e  p la te s  o b ta in e d  fro m
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N b B r5 w e re  e x c e p tio n a lly  c le a n  a n d  d i s t in c t  a n d  th e r e  w a s  a b s o lu te ly  
n o  in d ic a t io n  o f a n y  d is y m m e tr y  o r  s p l i t t in g  in  t h e  f i r s t  m a x im u m . T h e  
q u a l i ta t iv e  c o m p a r is o n  o f t h e  th e o r e t ic a l  c u rv e s  w ith  t h e  p h o to g ra p h ic  
p la te s ,  d e f in i te ly  f a v o u rs  M o d e l A  ( th e  t r ig o n a l  b ip y ra m id )  a n d  w o u ld  
c e r ta in ly  ru le  o u t  M o d e ls  C a n d  D . M o d e l B  is  in c o m p a tib le  w i th  th e  
o b se rv e d  f ir s t  m a x im u m . A lth o u g h  i t  is  u n w ise  (as a  g e n e ra l  ru le )  to  re ly  
u p o n  th e  a p p e a ra n c e  o f t h e  f i r s t  m a x im u m , i t  is  f e l t  t h a t  su c h  a  m a rk e d  
d iffe re n ce  in  th e  f i r s t  m a x im u m , a s  t h a t  r e q u ir e d  b y  m o d e ls  A  a n d  B ,

w o u ld  b e  o b se rv a b le  
o n  th e  p la te s .

T a b le  I  g iv es  th e  
s  v a lu e s  fo r  t h e  fo u r  
c a lc u la te d  c u rv e s  a n d  
t h e  d is ta n c e s  o f  th e  
N b — B r  l in k  d e r iv e d  
f r o m  th e s e  v a lu e s  
[i.e., 2-30 . S c a le ./ S o b s .)  

in  t h e  v a r io u s  m o d els . 
T h is  ta b le  sh o w s t h a t  
t h e  b e s t  q u a n t i t a t iv e  
a g re e m e n t  is  g iv e n  
b y  c u rv e  A , a l th o u g h  
th is  is  o n ly  s l ig h tly  
b e t t e r  t h a n  t h a t  o f 
c u rv e  B .

I t  w o u ld  b e  e x ­
p e c t e d  t h a t  t h e  
m o d e ls  A  a n d  B  
s h o u ld  g iv e  th e o ­
r e t i c a l  s c a t t e r i n g  
c u rv e s  s im ila r  to  
o n e  a n o th e r ,  s in ce  
b o th  m o d e ls  h a v e  a  
n u m b e r  o f B r — N b —  
B r  a n g le s  o f  90°, a n d  
c o n s e q u e n t ly  h a v e  
m a n y  o f th e  B r— B r 
d i s t a n c e s  e q u a l .  
M o d e l B  is  l ik e ly  to  
b e  less  s ta b le  t h a n  
M o d e l D , b e c a u se  
in  t h e  l a t t e r  th e  
w e ig h te d  m e a n  of 
t h e  B r — B r d is ta n c e s  
is  3-77 a . ,  a s  c o m ­
p a re d  w ith  3-86 A .  
in  t h e  fo rm e r , a n d  
th e  p o te n t i a l  e n e rg y  
o f re p u ls io n  b e tw e e n  
t h e  B r  a t o m s  i s  

la rg e r .  C o n se q u e n tly , a l th o u g h  th e  m o d e l B  is  in  g o o d  a g re e m e n t  w i th  
t h e  e le c tro n  d if f ra c tio n  r e s u l ts  (e x c e p t in  t h e  u n re lia b le  re g io n  o f t h e  f i r s t  
m a x im u m ) , i t  is  in  i ts e lf  a  le s s  l ik e ly  s t r u c tu r e  t h a n  m o d e l D — w h ic h  h a s  
b e e n  sh o w n  to  b e  f a r  less  in  a g re e m e n t  w ith  t h e  e x p e r im e n ta l  r e s u l ts  t h a n  
m o d e l A . I t  m a y  th e re fo re  b e  c o n c lu d e d  t h a t  o f th e  m o d e ls  c o n s id e re d , 
t h e  m o s t  s a t is f a c to r y  is  t h e  re g u la r  t r ig o n a l  b ip y ra m id , w i th  a  N b — B r 
d is ta n c e  =  2-46 ±  0-03 a .

I n  v iew  o f  t h e  r e p o r te d  v a r ia t io n  o f th e  le n g th s  o f th e  P — Cl b o n d s  in  
PC15T « i. i1» i t  w a s  d e e m e d  n e c e s sa ry  to  c o n s id e r  so m e  t r ig o n a l  b ip y ra m id

S — >
F i g .  3.
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m o d e ls  w i th  u n e q u a l  d is ta n c e s .  T h re e  su c h  m o d e ls  w e re  th e re fo re  e x a m ­
in e d  b y  th e  c o r re la t io n  m e th o d , th e  th e o r e t ic a l  s c a t t e r in g  c u rv e s  fo r  w h ic h  
a r e  sh o w n  in  F ig .  3. T h e  m o d e ls  w e re  a ll  o f  t h e  t r ig o n a l  b ip y r a m id  ty p e ,  
w i th  d im e n s io n s  a s  fo llo w s :

M o d e l  E .

M o d e l  F .

/ N b — B r  (ap ices) =  2-50 A.
\ N b — B r (base) =  2-40 A.
/ N b — B r  (ap ices) =  2-60 a.
\ N b — B r  (base) =  2-30 A.
/ N b — B r  (apices) =  2-jO A.
\ N b — B r  (base) =  2-30 A.

a n d  G  a g re e  c lo se ly w ith  t h e  c

M o d e l G .

in  g e n e ra l  fo rm , a n d  a re  less s a t is f a c to r y  o n ly  in  t h a t  th e  sh e lf  o n  th e  o u t-

T A B L E  I I .

5obs. SE- SF‘ SG- 5E/sobs. 5f/s obs. *o/Jobs.

(3-29) 3-53 3 -7° 3-71 (1-073) (1-125) (1-128)
(4-8°) 4-70 4-66 479 (0-979) (0-971) (0-998)
5-8r 5 -9° 5-87 5-9S 1-015 IO IO 1-029
6 9 9 7 00 6-99 7-17 1*001 1-000 1-026
7’95 792 7-89 8-09 0-996 0-992 1-018

10-02 10-16 r o -47 10-58 1-014 1-045 1-056
10-93 11-14 n -34 11-48 1*019 1-038 1-052
12-25 12-20 12-27 12-43 0-996 1-002 1-015
1 325 13-23 13-04 13-29 0-998 0-984 1-003

M ean 1-006 I-OIO 1-028

A verage dev ia tion 0-009 0-018 00 1 5

s id e  is  m o re  m a r k e d  in  th e s e  m o d e ls . T h e  c u rv e  fo r  m o d e l F  is  d e f in i te ly  
u n s a t is f a c to r y ,  s in c e  t h is  m o d e l  w o u ld  h a v e  th e  sh e lf  c le a r ly  m e a su ra b le ,  
a n d  t h e  in te n s i t ie s  o f  t h e  m a x im a
d o  n o t  fo llo w  c lo se ly  t h e  in -  T A B L E  I I a .
t e n s i t ie s  e s t im a te d  fro m  th e  ----------------------------------------------------------------
p la te s .

T h e  q u a n t i t a t i v e  c o m p a r is o n  
o f th e s e  c u rv e s  sh o w s t h a t  in  a ll  
th r e e  c ases  t h e  a g re e m e n t  is  n o t  
a s  g o o d  a s  t h a t  g iv e n  b y  m o d e l 
A ; b u t  t h e  q u a n t i t a t i v e  a g re e ­
m e n t  o f c u rv e  E  is  su ff ic ie n tly  
c lo se  t o  m a k e  a  d e f in ite  ch o ice  
b e tw e e n  th e  m o d e ls  E  a n d  A  
im p o ss ib le .

T h e  m e a su re d  s v a lu e s  a n d  
th e  v a lu e s  o f  t h e  S c a ic ./ S o b s .  r a t io s
fo r  t h e  m o d e ls  E , F ,  a n d  G  a re  g iv e n  in  T a b le  I I .  T h e  a v e ra g e  d e v ia tio n s , 
f ro m  th e  m e a n  v a lu e s  o f th e s e  r a t io s  fo r  a ll  t h e  m o d e ls  c o n s id e re d  a re  
g iv e n  s u b s e q u e n tly .

M o d e l A  is  th e re fo re  in  t h e  b e s t  q u a n t i t a t iv e  a g re e m e n t,  b u t  t h e  a g re e ­
m e n t  is  o n ly  s l ig h tly  b e t t e r  t h a n  in  m o d e l E .  I t  is th e re fo re  n o t  p o ss ib le  
t o  s t a te  t h a t  in  N b B r 5 a ll  th e  N b — B r l in k s  a re  o f th e  sa m e  le n g th ,  a l th o u g h  
i t  c a n  b e  s t a te d  t h a t  th e  l in k  le n g th s  d o  n o t  d e v ia te  f ro m  th e  m e a n  value- 
(2-46 a.) b y  m o re  t h a n  ±  0-05 a.

Mode!. Average Deviation ScalcAoba.

A  . 0-006
B
C .
D . o-oiS
E  . 0-009
F  . 0-018
G . 0-015
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Electron Diffraction by N iobium  Pentachloride.
T h e  p h o to g ra p h s  fo r  t h is  c o m p o u n d  sh o w e d  five  r in g s , t h e  in te n s i t ie s  

o f e a c h  d e c re a s in g  r e g u la r ly  w i th  in c re a s in g  d ia m e te r .  T h e  m a x im a  
a p p e a re d  s y m m e tr ic a l  -with t h e  e x c e p tio n  o f th e  t h i r d  w h ic h  fe ll a w a y  
s lo w ly  o n  th e  o u ts id e .  T h e  o b se rv e d  s  v a lu e s  a n d  in te n s i t ie s  a r e  g iv e n  
in  T a b le  I I I .

T h e  r a d ia l  d i s t r ib u t io n  c u rv e , re p ro d u c e d  in  F ig .  I ,  sh o w e d  s t ro n g  
p e a k s  a t  d is ta n c e s  c o r re sp o n d in g  to  th e  in te r n u c le a r  d is ta n c e s  :

N b — Cl =  2-29 a . C l— Cl =  3-23 a . .

F ro m  th e s e  v a lu e s  i t  fo llo w s t h a t  th e r e  a r e  a  n u m b e r  o f Cl— N b — Cl a n g le s  
of 90°.

A ssu m in g  a  N b — Cl d is ta n c e  o f 2-00 a ., t h r e e  m o d e ls  w e re  in v e s t i ­
g a te d  b y  th e  c o r re la t io n  m e th o d . T h e se  m o d e ls  w e re  s im ila r  to  th o se  
d e sc r ib e d  fo r  N b B r 5.

M o d e l A .— R e g u la r  t r ig o n a l  b ip y ra m id .
M o d e l B .— S q u a re  p y ra m id ,  Cl— N b — Cl a n g le s  =  90°.
M o d e l C .— P la n a r  m o d e l.

T h e  th e o r e t ic a l  i n te n s i ty  c u rv e s  d e r iv e d  f ro m  th e s e  th r e e  m o d e ls  a re  
-sh o w n  in  F ig . 4.

C u rv e  C  is  u n s a t is f a c to ry  : i t  sh o w s n o  s ig n  o f th e  o b se rv e d  s h a d in g  
off o f  t h e  t h i r d  m a x im u m  o n  th e  o u ts id e , in s te a d  th is  a p p e a r s  o n  th e  
in s id e . C u rv e s  A  a n d  B  a re  v e ry  s im ila r  e x c e p t  in  t h e  r e g io n  o f  t h e  f ir s t  
m a x im u m . T h e  a p p e a ra n c e  o f  t h is  o n  th e  p la te s  w a s  p e r fe c t ly  s y m ­
m e tr ic a l,  a n d  th e r e  w a s  n o  s ig n  o f t h e  d i s y r r m e t r y  t h a t  c u rv e  B  sh o w s. 
Q u a n t i ta t iv e ly ,  t h e  b e s t  a g re e m e n t is  g iv e n  b y  m o d e l A , a l th o u g h  th e  
a g re e m e n t  is  o n ly  s lig h tly ' b e t t e r  t h a n  t h a t  o f m o d e l B . T h e  q u a n t i t a t i v e  
a g re e m e n t  o f m o d e l C is  p o o r, a n d  th e  p la n a r  m o d e l c a n  be  d e f in i te ly  
ru le d  o u t .

O n  th e  w h o le , t h e  e x p e r im e n ta l  e v id e n c e  is  m o re  in  f a v o u r  o f  m o d e l A  
t h a n  o f m o d e l B , a n d  fu r th e rm o re ,  th e  c o n s id e ra tio n s  o f  th e  s t a b i l i ty  

■of m o d e l B , d e sc r ib e d  u n d e r  N b B r5, a p p ly  e q u a lly  in  th e  c h lo r id e . T h e



H . A . S K I N N E R  A N D  L . E . S U T T O N 675

s v a lu e s  fo r  th e  th r e e  c a lc u la te d  c u rv e s , a n d  th e  N b — Cl d is ta n c e s  d e r iv e d  
f ro m  th e s e  v a lu e s  (i.e. 2 -00 . Scale.Aobs.). a re  g iv e n  in  T a b le  I I I .

T h e  v a lu e  fo u n d  fo r  t h e  N b — Cl d is ta n c e  is  2-29 ±  0-03 a .

T A B L E  I I I .

Max. Min. I. C. ^obs. SA- sB. 50- 'a- ;B- ;o-

N io b iu m  P e n ta c h lo r id e .
i 10 10 (339 ) 3-93 3-50 3-70 (2-319) (2-065) (2-183)

I (5-II) 5-62 5-79 5-00 (2-200) (2-266) (1-957)
2 10 19 6-25 7-14 7-07 6-94 2-285 2-2Ó2 2-237

2 7-52 8-53 8-53 8-20 2-269 2-269 2-181
3 7 12 8-48 9-83 9-86 10-32 2-318 2-325 2-434

3 10-62 12-11 12-13 n -94 2-281 2-284 2-249
4 4 4 11-67 I 3-42 13-54 I 3-56 2-300 2-320 2-324

4 13-02 14-98 15-00 14-87 2-301 2 >304 2-284
5 3 I 14-26 16-40 16-24 16-67 2-300 2-278 2-338

M ean 2-293 2-293 2*2g2

A verage dev ia tio n 0 0 1 3 0021 0*002

F in a l v a lu e  : N b— Cl =  2-29 ±  0-03 a .

T a n t a l u m  P e n ta b r o m id e .
I 10 10 (3-12) 3-37 3-08 3-23 (2-484) (2-270) (2-381)

I (4.80) 4-66 5-°3 4-32 (2-233) (2-410) (2-070)
2 10 22 5-85 6-23 6-14 6 0 8 2-449 2-414 2-390

2 7-03 7-54 7-40 7-12 2-467 2-421 2-329
3 8 20 7-97 8-56 8-50 9-13 2-470 2-453 2-635

3 9-88 10-47 io-6o 10-17 2-437 2-468 2-367
4 6 10 11-04 11-50 Il-S o 11-92 2-396 2-458 2-483

4 12-32 13-16 13-02 13-00 2-457 2-431 2-427
5 3 3 13-37 I 4-38 I 4-Í3 H -50 2-474 2-431 2-494

5 14-68 15-60 15-35 15-74 2-444 2-405 2-466
6 3 i 15-84 17-00 17-44 16-88 2-468 2-532 2-451

M ean 2-451 2-446 2-449

A verage dev ia tio n 0-020 0-028 0-065

F in a l v a lu e  : T a— B r =  2-45 ±  0-03 A.

T a n t a l u m  P e n ta c h lo r id e .
I 10 10 (3-13) 3-86 3-78 3-73 (2-42S) (2-377) (2-346)

I (5-09) 5-4° 5-65 5-30 (2-122) (2-220) (2-083)
2 10 24 6-i6 7-10 7-05 6-97 2-305 2-289 2-263

2 7-51 8-65 8-56 8-48 2-3°4 2-280 2-258
3 6 16 8-58 10-00 9-95 10-30 2-331 2-319 2-401

3 10-44 t i -95 t i -95 I I -77 2-289 2-289 2-255
4 3 6 11-57 13-24 t 3-46 13-50 2-289 2-327 2-334

4 13-02 14-95 14-96 14-89 2-296 2-298 2-287
5 I I 14-28 16-52 16-32 16-62 2-314 2-286 2-328

M ean 2-304 2-298 2-304

A verage dev ia tion O-OII 0-014 0-043

F in a l v a lue  : T a— Cl =  2-30 ± 0-02 a .
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T h e  p h o to g ra p h s  fo r  th is  c o m p o u n d  sh o w e d  s ix  r in g s , t h e  in te n s i t ie s  
o f  e a c h  d e c re a s in g  w i th  in c re a s in g  d ia m e te r .  T h e  m a x im a  a p p e a r e d  to

  b e  s y m m e tr ic a l  w i th
t h e  e x c e p tio n  o f th e  
t h i r d  w h ic h  fe ll off 
s lo w ly  to w a r d s  t h e  o u t ­
s id e . T h e  s v a lu e s  a n d  
m e a su re d  in te n s i t ie s  
a re  g iv e n  in  T a b le  
I I I .  T h e  r a d ia l  d is ­
t r ib u t io n  c u rv e  (re p ro ­
d u c e d  in  F ig .  5) sh o w e d  
s t r o n g  m a x im a  a t  d is ­
ta n c e s  c o r re sp o n d in g  t o

T a — B r  =  2-47 a .  
B r — B r  =  3-45 a .

F r o m  th e s e  v a lu e s  i t  
fo llo w s t h a t  t h e r e  a re  
a  n u m b e r  o f B r — T a  
— B r  a n g le s  o f go°.

A ssu m in g  a  T a — B r  
d is ta n c e  o f 2*30 a . ,  
th r e e  m o d e ls  w e re  
s tu d ie d  b y  t h e  c o r re ­
la t io n  m e th o d . T h e  
m o d e ls  w e re  s im ila r  t o  
th o s e  c h o se n  in  t h e  in ­
v e s t ig a t io n  o f N b B r s.

M o d e l A  —  re g u la r  
t r ig o n a l  b ip y ra m id .

D istr C u r v eADIAL IBUTJON

F i g .  5.

M o d e l B — s q u a re  p y r a m id ,  B r — T a — B r  a n g le s  =  90°.

Electron D iffraction by Tantalum  Pentabrom ide.

F i g .  6.

S
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M o d e l C— p la n a r  m o d e l.
T h e  th e o r e t ic a l  s c a t te r in g  c u rv e s  fo r  th e s e  th r e e  m o d e ls  a r e  sh o w n  

in  F ig .  6.
T h e  a p p e a r a n c e  o f  c u rv e  C a t  o n c e  su g g e s ts  t h a t  t h e  p la n a r  m o d e l is 

im p o ss ib le . T h is  c u rv e  is  u n s a t is f a c to r y  in  th e  re g io n s  o f  t h e  t h i r d  
m a x im u m  a n d  t h e  s e c o n d  a n d  t h i r d  m in im a . T h e  s h a d in g  off o f  t h e  
t h i r d  m a x im u m  a p p e a r s  o n  th e  in s id e  in  c u rv e  C, w h e re a s  t h e  p la te s  sh o w  
t h e  sh e lf  o n  t h e  o u ts id e .  T h e  o n ly  a p p re c ia b le  d iffe re n ce  in  c u rv e s  A  
a n d  B  o c c u rs  in  t h e  f i r s t  m a x im u m . T h e  p la te s  sh o w ed  th e  f ir s t  m a x im u m  
t o  b e  q u i te  s y m m e tr ic a l,  a n d  th e r e  w a s  n o  s ig n  o f t h e  sh e lf  w h ic h  m o d e l B  
w o u ld  r e q u ire .  Q u a n t i ta t iv e ly ,  c u rv e  A  is  s l ig h tly  b e t t e r  t h a n  c u rv e  B , 
a n d  v e r y  m u c h  b e t t e r  t h a n  c u rv e  C. T h e  e x p e r im e n ta l  e v id e n ce , t h e r e ­
fo re , f a v o u rs  m o d e l A  r a th e r  t h a n  m o d e l B , a n d  ru le s  o u t  m o d e l C 
c o m p le te ly .

T h e  s  v a lu e s  fo r  t h e  th r e e  c a lc u la te d  c u rv e s , a n d  t h e  T a — B r  d is ta n c e s  
d e r iv e d  f ro m  th e s e  v a lu e s  (i.e., 2 -30 . Scaio./soi®.) a r e  g iv e n  in  T a b le  I I I .

T h e  v a lu e  fo r  t h e  T a — B r  d is ta n c e  w a s  fo u n d  to  b e  2-45 -± 0-03 a.

Electron Diffraction by Tantalum  Pentachloride.
T h e  p h o to g r a p h s  fo r  t h is  c o m p o u n d  sh o w e d  five  r in g s , t h e  in te n s i t ie s  

o f  w h ic h  d e c re a s e d  f a i r ly  r e g u la r ly  w i th  in c re a s in g  d ia m e te r .  T h e  m a x im a

F i g .  7 .

a p p e a r e d  s y m m e tr ic a l  w i th  t h e  e x c e p tio n  o f t h e  th i r d ,  w h ic h  fe ll a w a y  
m o re  s lo w ly  o n  th e  o u ts id e ,  t h e  su c c e e d in g  m in im u m  fa ll in g  n e a r e r  th e  
f o u r th  m a x im u m .

T h e  o b se rv e d  s  v a lu e s  a n d  e s t im a te d  in te n s i t ie s  a re  g iv e n  in  T a b le  I I I .
T h e  r a d ia l  d i s t r ib u t io n  c u rv e  is  re p ro d u c e d  in  F ig .  5, a n d  sh o w ed  

p e a k s  a t  d is ta n c e s  c o r re sp o n d in g  to

T a — Cl =  2*32 A. a n d  Cl— Cl =  3-20 a.
A ssu m in g  a  T a — Cl d is ta n c e  o f 2-00 a., th r e e  m o d e ls  w e re  in v e s t ig a te d  

b y  th e  c o r re la t io n  m e th o d , s im ila r  to  th o s e  c h o se n  in  th e  p re v io u s  p e n ta -  
h a lid e  in v e s t ig a t io n s  :

M o d e l  A — re g u la r  t r ig o n a l  b ip y ra m id .
M o d e l  B — s q u a re  p y ra m id ,  w i th  Cl— T a — Cl a n g le s  =  90°.
M o d e l  C — p la n a r  m o d e l.
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T h e  th e o re t ic a l  s c a t te r in g  c u rv e s  d e r iv e d  f ro m  t h e  a b o v e  th r e e  m o d e ls  
a re  sh o w n  in  F ig . 7.

C u rv e  C is  u n s a t is f a c to r y  in  t h e  re g io n  o f t h e  t h i r d  m in im u m — th e r e  
is  n o  in d ic a t io n  o f t h e  o b s e rv e d  s h a d in g  off o f  t h e  t h i r d  m a x im u m , w ith  
c o n s e q u e n t  d is p la c e m e n t  o f  t h e  t h i r d  m in im u m  to w a r d s  t h e  f o u r th  
m a x im u m .

T h e  g e n e ra l  fo rm  o f t h e  tw o  c u rv e s  A  a n d  B  is  a lm o s t  id e n tic a l,  a n d  
i t  is  im p o ss ib le  in  t h is  c o m p o u n d  to  c h o o se  b e tw e e n  t h e  m o d e ls  A  a n d  B  
fro m  e ith e r  q u a l i ta t iv e  o r  q u a n t i t a t i v e  c o m p a r is o n  o f t h e  c u rv e s .

T h e  s v a lu e s  fo r  t h e  th r e e  c a lc u la te d  c u rv e s , a n d  t h e  d e r iv e d  T a — Cl
d is ta n c e s  (i.e. 2-00 . Scaic./sobs.) a r e  g iv e n  in  T a b le  V .

T h e  b e s t  v a lu e  fo r  t h e  T a — C l d is ta n c e  is  2-30 ±  0-02 a .
T w o  f u r th e r  t r ig o n a l  b ip y r a m id  m o d e ls , in  w h ic h  th e  d is ta n c e s  T a — Cl 

w e re  n o t  a s s u m e d  to  b e  u n ifo rm , w e re  in v e s t ig a te d  b y  th e  c o r re la t io n
m e th o d . T h e  m o d e ls  h a d  th e  d im e n s io n s  :

M o d e l  E .  T a — Cl (ap ices) =  2-35 a.
T a — Cl (base) =  2-25 a .

M o d e l  F .  T a — Cl (ap ices) =  2-40 a .
T a —Cl (base) =  2-20 a.

T h e  s c a t te r in g  c u rv e s  fo r  th e s e  m o d e ls  a r e  in  a l l  e s s e n tia ls  s im ila r  t o  
t h e  c u rv e  fo r  m o d e l A , a n d  a r e  n o t  r e p ro d u c e d . T h e  q u a n t i t a t i v e  a g re e ­

m e n t  o f  t h e  c u rv e  
T A B L E  IV . fo r  m o d e l E  is  o n ly

s l ig h tly  in fe r io r  to  
t h a t  o f  t h e  c u rv e  
fo r  m o d e l A . T h e  
c u r v e  F  is  p o o r  
c o m p a re d  q u a n t i ­
t a t i v e ly  w i th  c u rv e  
A , a n d  th e  m o d e l 
F  c a n  b e  ru le d  
o u t .

I t  is  c o n c lu d e d  
t h a t  if  in  T a C l5 a ll  
t h e  T a — Cl b o n d s  
a r e  o f  t h e  sa m e  
le n g th ,  t h a t  t h i s  
d is ta n c e  is  2-30 ±  
0-02 a . ; b u t ,  if  
t h e  b o n d s  a r e  n o t

 _______________________________u n ifo rm , e a c h  b o n d
m u s t  lie  w i th in  th e  

l im i ts  o f 2-30  ±  0-05 a . ,  a n d  th e  average b o n d  le n g th  m u s t  b e  2-30.
T h e  s  v a lu e s , a n d  th e  s 0bB./-Scale. r a t io s  fo r  t h e  c u rv e s  E  a n d  F  a r e  

g iv e n  in  T a b le  IV .

D iscussion .

The electron diffraction investigation of the four pentahalides 
described in this paper shows that in all cases the most satisfactory 
representation of the structure is the trigonal bipyramid. The only 
alternative form compatible with the experimental results is the square 
pyramid described as model B. Because of the greater repulsion be­
tween bromine atoms, this model is less stable than model D, which is, 
however, not acceptable on experimental grounds. A conclusive choice 
between the models A and B could be made from measurements of the 
dipole moments of these compounds. In the case of PF5, the dipole 
moment of the vapour has been measured and found to be zero—so

sobs- je . sF. sE/Jobs. sF/soba-

(3-13) 3-4° 3-46 (1-069) (1-088)
(5-09) 4-33 4-86 (0-949) (0-955)
6 -i6 6 1 9 6-20 1-005 1-006
7-51 7-49 7-52 0-997 I-OOI
S.58 8-68 8-74 I-OI2 1-018

i o -44 i o -47 IO-78 1-003 1-033
n -57 11-76 II-Ç2 i -o i6 1-030
1302 13-00 13-01 0-998 0-999
14-26 14-30 I4 -I2 I -001 0-989

M ean 1-005 I - o n

A verage dev ia tio n 0-006 0-014
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that in this compound the trigonal bipyramid is the only acceptable 
structure.

It would appear that the trigonal bipyramid form is general for the 
class of compounds of the type MX5. This structure has been shown to 
obtain also in such mixed pentahalides10 as PF3CI2, and substituted 
pentahalides 11 as Me3SbX2. The general stereochemical form of the 
pentahalides suggests a common bond orbital type existing in these 
compounds. The problem of directed valency in 5-co-ordinated com­
pounds has been recently treated by Kimball,12 from the group theory 
point of view. This author concludes that the trigonal bipyramid form 
occurs when bond orbitals of the types sp3d and spd3 are employed, 
and that the square pyramid structural form should be found with 
bond orbitals of the types sp2d2, sd4, p3d2 and pdx. The valence configura­
tion d5 has the bonds directed along the slant edges of a pentagonal 
pyramid.* The possible valency configurations for the relevant Group 
5 elements, and their characteristics, are summarised in the following 
table :—

Phosphorus Pentahalides.

N eon core . . . . 3s 3 P 3<*

(10) 2 222 2 sp3d
■

T rig . B i-pyr.
VV yt'f.P. ■ ■■

(a) Niobium, (b) Tantalum pentahalides.

(a) K ry p to n  core 

(36) •

(J) H afn iu m  core 
(68) .

P en u l­ U ltim a te
tim a te

d 5 P d
* 22222 0 000 d5

02222 2 000 sd4
00222 2 200 spd3
00022 2 220 sp*d*
00002 2 222
00000 2 222 2 > sp a

P en tag o n a l 
P y ram id . 

Sq. P y r. 
T rig. B i-pyr. 
Sq. P y r.
T rig . B i-pyr.

Orbital theory in its present state enables us to say only that the 
first sp3d arrangement for the niobium and tantalum pentahalides is 
more likely than the second, because the d levels must be less stable in 
the ultimate group than in the penultimate group. No definite choice 
between the remaining five states can be made. The experimentally 
observed trigonal bipyramid structures in these compounds indicates, 
however, that the spd3 or sp3d valency configurations are preferred.

As was explained in the experimental section, the question as to

10 B rockw ay  a n d  B each, J.A.C.S., 1938, 60, 1836.
11 A. F . W ells, Z. Krisl., 1938, 99, 367.
12 G. E . K im ball, J. Chem. Physics, 1940, 8, 194.
* T he p en tag o n al p y ram id  s tru c tu re  h as n o t  been considered in th e  ex p eri­

m en ta l section  for a n y  of th e  pen tahalides. T here  is no  d o u b t, how ever, th a t  
th is  s tru c tu ra l form  will n o t  be in  ag reem en t w ith  th e  d iffraction  resu lts . T he 
ha logen-m etal-halogen  angles in  such  a  s tru c tu re  m u s t be less th a n  720, a n d  th e  
ra d ia l d is tr ib u tio n  resu lts  in d ica te  t h a t  a t  lea s t som e of these  angles a re  ap p ro x i­
m a te ly  90°.
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whether the metal-halogen links in the niobium and tantalum penta- 
halides are of uniform length, or vary in a similar manner to the re­
ported variation in the link distances in phosphorus pentachloride, can­
not be conclusively answered. The diffraction results show that the 
length of a metal-halogen link in the niobium and tantalum pentahalides 
does not vary from the experimentally determined link length in the 
regular trigonal bipyramid model by more than ±  °'°S A-, and that 
the average length of the M—X link is that determined in the regular 
trigonal bipyramid model.

The bond lengths in the niobium and tantalum pentahalides are 
about O - I O  a .  shorter than the normal covalent bond lengths for these 
compounds. There is some uncertainty in the normal covalent radii 
of Nb and Ta, and the values taken here are the metallic radii. (Gold­
schmidt values for co-ordination number six.)

Compound. Observed M-X Distance, Metal Atom 
Radius (in a).

Calc. M-X 
Distance (in a).

Per Cent. 
Shortening.

N b B rs 2-46 ±  0*03 1*40 2*54 3-2 %
N bC lj 2*29 ± 0-03 1*40 2-39 4-2 %
T a B r6 2-45 ± 0-03 1-40 2*54 3'5 %
TaC lj 2*30 ±  0*02 1*40 2-39 3-8 %

The contraction of the links in these compounds is of the same order 
of magnitude as the contractions observed in MoCls and IF5, and not 
quite as great as that in PFS.

Sum m ary.
T h e  s t r u c tu r e s  o f n io b iu m  a n d  t a n t a lu m  p e n ta b r o m id e s  a n d  p e n ta -  

c h lo r id e s  in  t h e  v a p o u r  p h a se  h a v e  b e e n  in v e s t ig a te d  b y  e le c tro n  d if f ra c ­
t io n .  T h e  c o m p o u n d s  h a v e  th e  t r ig o n a l  b ip y r a m id  s t r u c tu r e ,  a n d  th e  
o b se rv e d  b o n d  le n g th s  a r e  :

N b — B r  =  2-46 ±  0-03, N b — C l =  2-29 ±  0-03 : T a — B r  =  2-45 ± 0 -0 3  : 
a n d  T a — Cl =  2-30 ±  0-02 a .

T h e  s ig n ific a n ce  o f t h e  e x p e r im e n ta l  r e s u l ts  h a s  b e e n  d isc u sse d .

T h e  a u th o r s  a r e  in d e b te d  to  P ro fe s s o r  N . V . S id g w ic k , F .R .S .,  fo r  
h is  i n te r e s t  a n d  a d v ic e ,  to  th e  D e p a r tm e n t  o f S c ie n tif ic  a n d  I n d u s t r i a l  
R e s e a rc h  fo r  a  m a in te n a n c e  a llo w a n c e  to  o n e  o f th e m  (H .A .S .) ,  to  th e  
R o y a l  S o c ie ty  fo r  th e  lo a n  o f a n  e le c tr ic  c a lc u la t in g  m a c h in e ,  a n d  to  
I m p e r ia l  C h e m ic a l I n d u s t r i e s  L td .  fo r  a  g r a n t  to w a r d s  th e  c o s t  o f th e  
r e s e a rc h .

The Dyson Perrins Laboratory,
Oxford University.
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The structure of several of the trihalides of the Group 5B elements 
have been determined, and give a series of experimental results, whose 
eventual interpretation should be of considerable importance in the 
elucidation of the cause or causes of the shortening of metal-halogen 
links. The diffraction experiments with the bismuth halide vapours 
were undertaken to complete further the investigated structures of the 
Group 5B trihalides.

E xperim ental.
B is m u th  b ro m id e  w a s  p re p a r e d  b y  p a s s in g  a  s t r e a m  o f p u re  d r y  N s 

c a r ry in g  p u r e  d r y  B r 2 v a p o u r ,  o v e r  a  s a m p le  o f  p u re  m e ta ll ic  B i, a t  a b o u t  
250°. T h e  c o m p o u n d  w a s  p u r if ie d  b y  r e p e a te d  s u b l im a t io n  in  a  d r y  
N 2 s t r e a m .

B is m u th  c h lo r id e  w a s  p re p a r e d  b y  t h e  d i r e c t  a c t io n  o f p u r e  d r y  C L  
o n  h e a te d  m e ta ll ic  B i, 
a n d  p u r if ie d  b y  r e p e a te d  
su b l im a t io n  in  a  s t r e a m  
o f d r y  n i tro g e n .

T h e  d if f ra c tio n  b y  
th e  c o m p o u n d s  w a s  
s tu d ie d  in  t h e  a p p a r a ­
t u s  d e sc r ib e d  b y  d e  
L a s z lo .1

T h e  sa m p le s  o f th e  
c o m p o u n d s  w e re  c o n ­
ta in e d  in s id e  a  p y r e x  
tu b e  w i th in  a  c o p p e r  
o v e n . T h e  b e s t  o v e n  
te m p e ra tu r e s  fo r  p h o to ­
g ra p h in g  th e  p a t t e r n s  
f ro m  th e  v a p o u rs  w ere  
fo u n d  to  b e  B iB rs a t  
220°-23o° C., a n d  B iC l2 
a t  220°-230° C.

Diffraction by B is­
m uth  Brom ide.
N in e  p la te s  w e re  

m e a su re d , e a c h  sh o w in g  
fiv e  m a x im a , w h ic h  
a p p e a r e d  to  b e  s y m ­
m e tr ic a l.  T h e  f i r s t  tw o
r in g s  w e re  v e ry  in te n se , t h e  o th e r  th r e e  a p p e a re d  t o  d e c re a se  i n  in te n s i ty -

Fig. i .

1 de Laszlo, Proc. Roy, Soc., A, 1934, 146, 662. 
681
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r e g u la r ly  -w ith in c re a s in g  d ia m e te r .  T h e  o b se rv e d  s  v a lu e s  a n d  th e  
e s t im a te d  in te n s i t ie s  o f  t h e  m a x im a  a re  g iv e n  in  T a b le  I .  T h e  r a d ia l

T A B L E  I.

Max. Min. I. sobs. S90- s»s- S102- s 10d- h i s -

I 10 ( 3 - 4 4 )
I 4 '3 5

2 9 5 '2 5 5 '4 5 5 ' 3 ° 5 - 2 7 5-22 5 - 3 0
2 6-67

3 5 7-87 7.70 800 7-96 7-87 7-78
3 9-ii

4 3 9 - 9 9 10-40 10-18 10-16 i o - 3 5 i o - 3 5
4 10-40

5 i 12-26 12-58 12-86 1 2 - 7 5 12-60 12-60

d is t r ib u t io n  c u rv e , c a lc u la te d  f ro m  th e s e  v a lu e s , is  r e p ro d u c e d  in  F ig .  i . 
T h is  sh o w e d  p e a k s  a t  d is ta n c e s  c o r re sp o n d in g  to  B i— B r  =  2-58 a., a n d  
B r — -Br =  4-02 a. T h e se  v a lu e s  in d ic a te  t h a t  b is m u th  b ro m id e  h a s  a

p y r a m id a l  s t r u c tu r e ,  w i th  
t h e  B r—B i—B r  a n g le  =  ioi°.

A ssu m in g  th is  t o  b e  th e  
c o r re c t  m o d e l, a n d  a l lo t t in g  
a  v a lu e  o f 2-60 a. t o  t h e  
B i— B r  d is ta n c e ,  fiv e  th e o ­
r e t ic a l  s c a t te r in g  c u rv e s  
w e re  c a lc u la te d ,  fo r  m o d e ls  
i n  w h ic h  t h e  B r— B i— B r  
a n g le  v a r ie d  (90°, 98°, 102°, 
1 060 a n d  112°).

T h e s e  c u rv e s  a r e  r e p ro ­
d u c e d  in  F ig .  2. T h e y  d o  
n o t  d iffe r  f ro m  o n e  a n o th e r  
m a r k e d ly  in  g e n e ra l  a p p e a r ­
a n c e , a n d  i t  is  n o t  p o ss ib le  
t o  ch o o se  a n y  o n e  m o d e l 
f ro m  q u a l i t a t iv e  c o m p a r is o n  
a lo n e , a l th o u g h  t h e  c u rv e s  
fo r  t h e  a n g le s  1060 a n d  112° 
a r e  c o m p a ra t iv e ly  u n s a t is ­
f a c to r y  in  th e  re g io n  o f th e  
se c o n d  m a x im u m . T h e  
q u a n t i t a t i v e  a g re e m e n t  is  
b e s t  fo r  t h e  c u rv e s  o f th e  
m o d e ls  w i th  a n g le s  9 8 ° a n d  
1020, a n d  th e  g e n e ra l  a p p e a r  
a n c e  o f  th e s e  c u rv e s  is  in  
v e ry  g o o d  a g re e m e n t  w i th  
t h e  p la te s .  T h e  s  v a lu e s  o f 
t h e  m a x im a  a n d  m in im a  o f 
t h e  five  c a lc u la te d  c u rv e s  

a r e  l is te d  in  T a b le  I .  T h e  B i— B r  d is ta n c e s  d e r iv e d  f ro m  th e  s v a lu e s
o f  th e  m a x im a  {i.e., 2-60 . -Scale./-Sobs.) a re  g iv e n  in  T a b le  I I .  F r o m  th e s e
ta b le s  i t  is  seen  t h a t  t h e  b e s t  q u a n t i t a t i v e  a g re e m e n t  is  g iv e n  b y  th e
m o d e ls  w i th  B r — B i— B r  a n g le s  o f 98° a n d  102°, w ith  th e  B i— B r  d is ta n c e  
o f  2-63 a. T h e  m o d e l f in a lly  c h o se n  is  th e re fo re  t a k e n  a s

B i— B r  =  2-63 ±  0-02 a .

B r— B i— B r =  10 0  ±  4 0.
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Diffraction by B ism uth Chloride.

S ix  p la te s  sh o w in g  fiv e  r in g s  w e re  m e a su re d . T h e  r in g s  a p p e a re d  
to  b e  s y m m e tr ic a l  a n d  d e c re a s e d  in. in te n s i ty  w i th  in c re a s in g  d ia m e te r ,  
t h e  f i r s t  tw o  r in g s  
b e in g  c o n s id e ra b ly  
m o re  in te n s e  t h a n  
th e  o th e rs .

T h e  m e a su re d  s 
v a lu e s  a n d  e s t i­
m a te d  in te n s i t ie s  
a r e  g iv e n  in  T a b le  
I I I ,  a n d  th e  r a d ia l  
d is t r ib u t io n  c u rv e  
is  re p ro d u c e d  in  
F ig .  1. T h is  c u rv e  
sh o w e d  p e a k s  a t  
d i s t a n c e s  c o rre ­
s p o n d in g  to  B i—
Cl =  2-45 a. a n d  
C l —  Cl =  4-05 A.
T h e  r a d ia l  d i s t r i ­
b u t io n  r e s u l ts  in d i ­
c a te  t h a t  th e  B iC l3

m o le c u le  is  a  t r ia n g u la r  p y r a m id  w i th  Cl— B i— Cl =  m ° .
A ssu m in g  th is  m o d e l t o  b e  c o r re c t,  f iv e  m o d e ls  w e re  e x a m in e d  b y  th e

c o r re la t io n  m e th o d . In  
e a c h  m o d e l, th e  B i— Cl 
d is ta n c e  w a s  a s su m e d  to  
b e  2-45 a ., a n d  th e  a n g le  
w a s  v a r ie d  (90°, 96°, io o ° , 
106° a n d  110°). T h e  th e o ­
re t ic a l  s c a t te r in g  c u rv e s  
fo r  th e s e  m o d e ls  a re  r e ­
p ro d u c e d  in  F ig . 3.

T h e  c u rv e s  a re  v e ry  
s im ila r  t o  o n e  a n o th e r  in  
g e n e ra l fo rm , a n d  n o  ch o ice  
b e tw e e n  th e  m o d e ls  c a n  b e  
m a d e  fro m  th e  q u a l i ta t iv e  
e x a m in a t io n  a lo n e .

T h e  5 v a lu e s  o f th e  
m a x im a  a n d  m in im a  of 
t h e  c a lc u la te d  c u rv e s  a re  
g iv e n  in  T a b le  I I I ,  a n d  
th e  B i— Cl d is ta n c e s  d e ­
r iv e d  f ro m  th e s e  v a lu e s  in  
T a b le  IV .

T h e  q u a n t i t a t iv e  c o m ­
p a r is o n  g iv es  t h e  b e s t  
m o d e l th e  d im e n s io n s  :

B i— Cl =  2-48 ±  0-02 A. 

a n d

Cl— B i— Cl =  io o °  ± 6 ° .

T A B L E  I I .

Max. i»0' hs- ho«- hi2-

2 2-70 2 6 2 2-61 2-58 2 6 2
3 2-54 2-64 2 6 3 2-60 2-57
4 2 7 1 2-65 2-64 2-69 2-69
5 2-59 2-65 2-63 2-60 2-60

M ean . 2-63 2-64 2-63 2-62 2-62

Av. dev. 0-07 O-OI O-OI 0-04 0 0 4

B est v a lu e  : B i— B r =  2-63 ±  0-02 a . 
a

B r— Bi— B r angle =  100 ±  4°.

25
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T A B L E  I I I .

Max. Min. / . sobs. s»o- *86* sioo- SI08- S110*

I
I

10 (3-32)
(4-64)

3-12 3-22 3'23 3-20 3-20

2
2

9 5-62
6-99

5-78 5-72 5-68 5-66 5-78

3
3

5 8-26
9-69

S-24 8-35 S'40 8-33 8-30

4
4

3 1072
I 2-IÖ

1100 10-88 10-80 10-90 i o -95

5 i 13-43 13-4° 13-45 13-50 I 3'40 134 0

T A B L E  IV .

‘no-‘»O’ l9ß‘ *100* *106-

I (2-30) (2-38) (2-38) (2-36) (2-36)
2 2-52 2-49 2-48 2-47 2-52
3 2-44 2-48 2-49 2-50 2-40
4 2-51 2-49 2-49 2-49 2-50
5 2-44 2-45 2-46 2-44 2-44

M ean . 2-48 2-48 2-48 2-48 2-48

Av, dev. 0-04 o-oi o-oi 0-02 0-03

T herefore, th e  b e s t values a re  :

B i— Cl =  2-48 ±  0 02 a. CI— B i— CI ±  100 ±  6°.

Conclusion.

The bismuth-halogen link distances in the two halides are almost 
the normal link distances given by the sum of the covalent radii :

The slight con­
tractions observed 
are to be antici­
pated from extra­
polation of those 
already observed 
in the Group 5B 
trihalides, where

it is found that for the same halogen attached to different central atoms 
the percentage shortening decreases from P to Sb. In accordance with 
this rule, the percentage shortening in the Bi halides is less than in the 
corresponding Sb halides, where the corresponding values are 1-25 °/0 
and 1-2 •/„.

The bond angles of 100° measured in the bismuth halides agree 
closely with those in the antimony and arsenic halides.

Compound. Observed Bi-X. Calculated. °/0 Contraction.

BiCl3 2-48 ±  0-02 A. 2-50 A. o-8 %
B iB r3 2-63 ±  0-02 A. 2-65 A. o -75 %
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Sum m ary.
T h e  s t r u c tu r e s  o f b is m u th  t r ib ro m id e  a n d  t r ic h lo r id e  h a v e  b e e n  in ­

v e s t ig a te d  b y  th e  e le c tro n  d if f ra c tio n  m e th o d . B o th  c o m p o u n d s  h a v e  
a  p y r a m id a l  s t r u c tu r e ,  w i th  t h e  d im e n s io n s  :

(1) B iB r 3 : B i— B r  =  2-63 ±  0-02 a.
B r— B i— B r  =  io o °  ±  4°-

(2) B iC l3 : B i— C =  2-48 ±  0-02 a.
Cl— B i— Cl =  io o °  ±  6°.
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towards the cost of the research, and to the Department of Scientific 
and Industrial Research for a maintenance allowance to one of them 
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THE ULTRA-VIOLET ABSORPTION AND CHEMI­
CAL CONSTITUTION OF SUBSTITUTED UREAS 
AND THIOUREAS.

By Archibald Clow and N. L. Helmrich.

Received 17th April, 1940.

The chemical constitution and diamagnetic susceptibility of a large 
number of substituted ureas and thioureas have already been in­
vestigated by one of the authors 1 who concluded that no static formula 
would represent the constitution of urea or its derivatives. As the 
various constitutions deduced from the diamagnetic susceptibilities 
might have different absorptive powers in the ultra-violet, the present 
investigation was undertaken to determine whether a parallel could 
be traced between their constitutions deduced magnetically and their 
absorption spectra, especially as a short investigation by Rivier and 
Borel 2 of the absorption spectra of thiourea, trimethylthiourea (normal 
and iso), tetramethylthiourea, dimethyldiphenylthiourea (normal and 
iso) and tetraphenylthiourea indicated that such a parallel did indeed 
exist. In this discussion the ultra-violet absorption curves between 
2200 a. and 4000 a. of some 35 urea and thiourea derivatives are cor­
related with their chemical constitutions. A list of the compounds 
discussed is given in the experimental part.

The ultra-violet absorption of urea derivatives should be of con­
siderable interest because the different possible constitutions contain 
a variety of chromophores : = C = 0 , —NH2, = C = S , —S—H, while 
the substituents may themselves be chromophoric, e.g., phenyl groups,

1 Clow, Trans. Faraday Soc., 1937, 33, 381 ; 1938, 34, 457.
2 R iv ier an d  Borel, Helv. Chim. Acta, 1928, I I ,  1219.
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or transparent within the range discussed, e.g., methyl or ethyl groups.3 
Practically nothing has been done spectroscopically on urea beyond the 
researches of Rivier and Borel already mentioned and the various 
determinations of the absorption of urea and thiourea.4 Data for the 
ultraviolet absorption of thio-compounds are equally scanty.5- 6 Several 
workers in closely related fields, however, have obtained results of con­
siderable importance. As early as 1913 V. Henri 7 concluded that 
substances with labile molecules such as urea would absorb strongly 
in the ultra-violet, but this has been criticised first by Radalescu 8 
and subsequently by Ramart-Lucas.9 Closely related to the absorption 
of substituted urea derivatives is the work on the absorption of sub­
stituted amides and thio-amides by Hantzsch,10 Amagat,u  the Frey- 
manns 12 and Ramart-Lucas.13 The considerable evidence that amides 
and thio-amides exist in solution in two forms, normal and imido-hydrin, 
led Hantzsch to investigate the absorption of substituted acid amides 
and thio-amides on which he showed that (a) CC13C0 NH2 and 
CCl3C(OCH3)=N H , (b) C6H5CONH2 and C6H5C(OC2H6)= N H  have 
similar continuous absorption curves. From this he concluded that 
these amides exist, at least partially, in the imido-hydrin form, the 
absorption of the dimethyl derivative C6H5CONMe2 being quite distinct. 
These compounds present a close parallel to iso-ureas. It should be 
noted that a marked solvent effect was displayed by these amides.14 
With regard to the thio-amides CH3CSNH2 and C2H5CSNH2, these 
display strong selective absorption while CH3C(SC2H5)= N H  shows 
weak continuous absorption, from which Hantzsch concluded that the 
former are true amides. As above, this is relevant to the absorption 
of iso-thioureas. On account of the conclusions obtained, the study of 
the absorption curves of mono- and di-substituted diamides15 is of 
considerable importance, the presence of the —CH2— group having 
at least partially the effect of detaching the two chromophores from 
one another.18 While ArNHCOCH2CONH2 and ArNHCOCH2CONHAr 
have the same type of absorption curve, the completely substituted 
compound Ar2NCOCH2CONAr2 is distinctive, being more transparent 
and only absorbing further into the ultra-violet. Ramart-Lucas 
concludes, therefore, that the ArN=C(OH)CH2— group should have 
its absorption bands nearer the visible and of greater intensity than 
those of ArNH—C (= 0 )CH2—, and most of the amides investigated 
had constitutions corresponding with the first formula. These changes 
are the same as may take place in substituted ureas.

When the results of the above investigations are applied to the inter­
pretation of the absorption spectra of urea and its derivatives it is found

3 R am art-L u cas , Bull. Soc. Chim., 1932, v . I ,  2S9.
I (a) H en ri a n d  B ielecki, (b) Castille an d  R uppol, Tables Annuelles, 1930,

vii, 789.
6 Lorenz a n d  Sam uel, Z. physik. Chem., B, 1931, 14, 219.
6 L ey a n d  A rends, ibid., 1932, 15, 311.
7 H enri, C.R., 1913, 156, 1979.
8 R adalescu , Bull. Soc. Sci. de Cluj (Roumania), 1928, 4 , 297.
• R am art-L u cas , C.R., 1928, 186, 1301.
10 H an tzsch , Ber., B, 1931, 64, 661.
II A m agat, C.R., 1934, *9®- 2 I72-
12 F rey m an n  an d  F rey m an n , ibid., 1936, 202, 1850.
15 R am art-L u cas , Bull. Soc. Chim., 1937, v, 4, 478.
14 Scheibe, Ber., B, 1924, 57, 1330.
15 R am art-L u cas , Bull. Soc. Chim., 1934, v > *» 525-
18 Ibid., 1932, iv, 51, 289.
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that the problem is one of considerable complexity on account of the 
several factors which influence the absorption. The introduction of 
substituents which are not themselves chromophores should not, at 
least in the higher members of a homologous series, influence the ab­
sorption,17 but these same substituents may alter the constitution of 
the urea molecule to one or other of the possible alternative constitutions 
with a resulting change in absorption due to the formation of new 
chromophores within the molecule. The substituent may, however, 
be chromophoric as in the case of a phenyl group, which possesses a 
very characteristic selective absorption, and this substituent in addition 
may, as above, alter the chemical constitution. Further, the presence 
of two or more chromophores close to one another may exert a mutual 
influence on the absorption, e.g., the disappearance of the fine bands 
characteristic of the aromatic ring in all the phenyl substituted ureas 
discussed, which must be attributed to the chromophore already present 
in the molecule.

Experimental.
(a ) M a t e r ia ls .— T h e  com pound s m easured w ere o b tain e d  fro m  a 

v a r ie ty  of sources o r w ere m ade in  th e  la b o ra to ry . E a c h  specim en w as 
su b je cte d  to  a th o ro u g h  p u rific a tio n , u s u a lly  b y  re c ry sta llisa tio n  fro m  
p u re  e th y l alcohol, co n sta n cy  of m e ltin g -p o in t a fte r fu rth e r p u rific a tio n  
b ein g  ta k e n  as th e  c r ite rio n  of p u r it y . T hose com pou nd s w h ic h  are 
liq u id s  w ere liq u id  a ir  d is tille d  im m e d ia te ly  before use. W h e re v e r 
possible  d is tille d  w a te r w as used as th e  s o lv e n t in  th e  d e te rm in a tio n  of 
th e  a b so rp tio n  curves, b u t w here th e  s o lu b ilit y  o f th e  sub sta n ce  in  w ate r 
w as too sm all, as in  th e  case of th e  p h e n y l d e riv a tiv e s, p u re  e th y l alco h o l 
w as used in ste a d .18 T h e  so lv e n t used is  in d ic a te d  in  th e  figures. W h e re  
th e  ure a o r th io u re a  w as a  liq u id  i t  w as m easured b o th  as a p u re  liq u id  
a n d  in  so lu tio n, thou gh, a  m icro m eter c e ll n o t being a v a ila b le , it  w as n o t 
possible  to  m ake th e  co m p ariso n  o ve r th e  w hole range.

(b ) M e th o d s.— T h e  sp ectra  w ere photographed  w ith  a  H ilg e r  Q u artz 
Spectro g rap h  a n d  S p e k k e r P ho to m e te r u sin g  tu n g ste n  steel electrodes 
as the source o f illu m in a tio n . T h e  a c c u ra c y  of the o p tic a l system  an d  
th e  tra n sm issio n  of th e  photom eter w ere checked b y  e x a m in in g  the 
ab so rp tio n  sp ectrum  of A .R .  K 2C r 0 4 w h ich  h a d  been re cry sta llise d  ten 
tim es fro m  d is tille d  w ater, the a b so rp tio n  c u rv e  o b tain e d  b ein g  in  com ­
ple te  agreem ent w ith  t h a t  g iv e n  b y  v . H a lb a n  a n d  E is e n b ra n d . 19 T h e  
p u re  liq u id s  w ere co n ta in e d  in  H ilg e r  q u a rtz  faced  ab so rp tio n  tub e s g iv in g  
la y e r th ickn e sse s betw een 1 an d  1 0  m m ., w h ile  the so lu tio n s w ere co n ­
ta in e d  in  1 0  cm . tubes. T h e  e x tin c tio n  coefficient w as ca lcu la te d  acco rd ­
in g  to  the e q u a tio n  log10 I  „¡I =  t . c . d. I 0 a n d  I  being th e  resp ective  
in te n sitie s  of th e  in c id e n t a n d  tra n sm itte d  lig h t, c th e  co n ce n tra tio n  in  
g. m ol. p e r litre , d  the d epth of th e  ab so rp tio n  p a th  in  cm . T h e  lo g a rith m  
of e is  p lo tte d  a g a in st th e  w ave -le n g th  A in  a .  th ro u g h o u t. T h e  fo llo w in g  
su bstances w ere m easured : U re a  : N -m e th y l-u re a  ; N -e th y l-u re a  ; N -  
p h e n y l-u re a  ; O -m ethyl-A o-urea ; O -e th yl-iso -u re a h y d ro c h lo rid e  ; N  . N - 
d im e th y l-u re a  ; N  . N -d ip h e n y l-u re a  ; N  . N '-d im e th y l-u re a  ; N  . N '-  
d ie th y l-u re a  ; N  . N '-d im e th y lo l-u re a  ; N  . N '-d ip h e n y l-u re a  ; N  . N — N ' . N '-  
te tra m e th y l-u re a  ; N  . N — N ' . N '-te tra e th y l-u re a  ; N  . N '-d im e th y l-N  . N '-  
d ip h e n y l-u re a  ; N  . N '-d ie th y l-N  . N '-d ip h e n y l-u re a . T h io u re a  : N -m e th y l- 
th io u re a  ; N -e th y l-th io u re a  ; N -p h e n y  1-thiourea ; N -a lly l-th io u re a  ; O - 
m e th y l - iso  - th io u re a  - h y d ro c h lo rid e  ; N  . N  - d im e th y l - th io u re a  ; N  . N - 
d ip h e n y l-th io u re a  ; N  . N '-d im e th y l-th io u re a  ; N  . N '-d ie th y l-th io u re a  ;

17 Ley, Ber., B, 1 9 2 1 , 5 4 , 3 6 3 .
18 Clow andPearson, Nature, 1 9 3 9 , 144. 2°9-
1 9  v .  H a l b a n  a n d  E i s e n b r a n d ,  Proc. Roy. Soc., A ,  1 9 2 7 ,  l l 6 ,  1 6 0 .
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N -p h e n y l-N '-e th y lo l-th io u re a  ; N . N -d im e th y l-N '-p h e n y l-th io u re a  ; N  . N -  
d ip h e n y l-N '-a c e ty l-th io u re a  ; N  . N -d ip ro p y l-N '-o -to ly l-th io u re a  ; N  . N —  
N ' . N '-te tra m e th y l-th io u re a  ; N  . N — N ' . N '-tc tra -e th y l-th io u re a  ; N  . N —  
N ' . N '-te tra p h e n y l-th io u re a  ; N  . N '-d im e th y l-N  . N '-d ip h e n y l-th io u re a .

Part I.—Urea Derivatives.
Discussion.

(a) The Absorption of True Carbamides.—When ureas, in which 
all four hydrogen atoms had been replaced by alkyl or aryl groups, were

investigated magnetic­
ally, an absolute con­
firmation of their ac­
cepted constitution as 
true carbamides was 
obtained, consequently 
it will be advantageous 
to consider the absorp­
tion of these ureas first. 
From the point of view 
of diamagnetism it was 
not necessary, but for 
the present discussion 
th e  tetra-substituted 
ureas must be divided 
into two groups, de­
pending on the sub­
stituent i t s e l f  being 
chromophoric or other­
wise. The absorption 
curves of the tetrasub- 
stituted ureas formed 
without chromophoric 
groups are given in 
Fig. i, those containing 
chromophoric groups  
being discussed with 
the phenyl ureas. The 
absorption curves of 
N . N — N' . N'-tetra- 
methyl-urea and N . N 
—N '. N'-tetraethyl-urea 
reveal that over the 
range investigated there 

is practically no difference between the absorption of the pure substance 
and its solution in alcohol. Both tetra-ureas display marked end ab­
sorption, the shape of the curves being in marked contrast to the 
selective absorption characteristic of a compound like acetone contain­
ing a single chromophore with a pronounced selective absorption maxi­
mum at 2730 a . The effect of the additional chromophoric groups is 
evidently to displace this band towards the ultra-violet, as well as to 
increase the absorption. The introduction of even one —NH2 group 
into acetone, giving CH3CONH2, causes a marked change in the trans-

F ig . I . — (1) N  . N — N ' . N'-tetram ethyl-urea. 
(2) N . N — N ' . N'-tetraethyl-urea. 
x x x  pure liquid .
----------  soln. in  alcohol.
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mission of the molecule,10 which is also true of urea itself as will be
seen in the following section.

(b) The Absorption of Incompletely Substituted Ureas.—On
substitution a series of changes in the constitution] of urea takes place, 
the extent of the change 
depending on the nature 
and position of the 
substituent. The dia­
magnetic susceptibility 
of urea itself suggested 
that it was a zwitterion 
which on mono-sub­
stitution passed to an 
equilibrium between the 
z w i t t e r i o n  and the 
amino-imino constitu­
tion. This was true of 
N-methyl-urea, N-ethyl- 
urea and N-propyl- 
urea, the equilibrium 
lying in general close to 
the amino-imino form.
The absorption spectra 
of urea and mono-sub­
stituted ureas will be 
found in Fig. 2 , where 
it will be seen that 
there is, neglecting the 
difference in intensity, 
a marked similarity between their absorption and that of urea. All 
display end absorption like the tetra-substituted ureas, but the increased 
absorption which resulted from complete substitution is very striking, 
the increase being more than can readily be accounted for simply by

the successive introduc­
tions of alkyl groups. 
Indeed the increase in 
absorption is indubit­
ably suggestive of a 
change in constitution, 
and if the structures 
conforming with the 
diamagnetic suscepti­
bilities are taken as a 
guide, an absorption of 
the type just given 
would represent the 
absorption of the urea 
molecule when its con­
stitution is that either

F i g . 2 .- - ( 1 ) Urea.
(2 ) N-methyl-urea.
(3 ) N-ethyl-urea. 
in  water.

F i g .  3 .— (1 ) N  . N-dim ethyl-urea.
(2) N . N'-dim ethyl-urea.
(3) N  . N'-diethyl-urea.
(4 ) N . N'-dim ethylol-urea. 
in  water.

of a zwitterion or of the amino-imino form.
One of the most important results obtained from the diamagnetic 

susceptibilities of disubstituted ureas was the difference between the 
constitutions of N . N and N . N' disubstituted isomers, the weighting 
effect of both groups attached to one nitrogen being to stabilise the

2 5  *
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F i g . 4 . - ( 1) O-methyl-tso-urea.
(2 ) O-ethyl-iso-urea hydrochloride, 
in  water.

carbamide constitution. Of the di-substituted ureas only the N . N- 
dimethyl-urea had a susceptibility approximating to that required for

a carbamide constitu­
tion, N . N'-dimethyl- 
urea and N . N'-di- 
methylol-urea being in 
all probability substi­
tuted zwi itérions. In 
Fig. 3 are given the 
absorption spectra of 
N . N- and N . N'-di- 
ethyl-urea, N . N'-dim- 
ethyl-urea and N . N'- 
dimethylol-urea. The 
resemblance be t we en  
the various curves is 
still quite definite, but 
N . N-d i methyl - urea  
shows a decided devia­
tion from the general 
form of these curves 
b e tw e e n the w av e- 
lengths 2400 a . and 
2800 a . not unsug- 
gestive of the selective 
absorption of a carbonyl 
group and in agreement 
with its diamagnetic 
susceptibility.

There does not ap­
pear to be any obvious 
correlation between the 
changes whi ch  take  
place on substitution in 
the absorpt i on  of 
amides and the above 
ureas,15 the explanation 
probably lying in the 
possession of a zwit­
terion constitution by 
urea, to which there is 
no corresponding con­
stitution in substituted 
amides.

(c) The Absorp­
tion of Iso-Ureas.*— 
According to Hantzsch,10 
on acc ount  of the 
similarity in their ab­
sorption spectra the 
constitutions

F i g .  5 .— (1 ) N-phenyl-urea.
(2) N  . N'-dipheuyl-urea.
(3 ) N  . N-diphenyl-urea.
(4 ) N  . N '-dim ethyl-N  . N'-dipheny 1-urea.
(5 ) N  . N '-diethyl-N  . N'-diphenyl-urea. 
in  alcohol.

* Measured in  this laboratory by G avin D . Pearson.
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of benzamide and its ethyl de- C6H5—C=NH 2 C8H3—C=NH 2
rivative will be represented by
(I) and (II) respectively. Two OH OC2H5
analogous urea derivatives have (i) (H)
been measured, O-methyl-wo-
urea and O-ethyl-wo-urea hydrochloride, the hydrochloride being 
measured in the second instance on account of the instability of the 
free O-ethyl-wo-urea, their absorption spectra being given in Fig. 4 , 
where it will be seen that both the free base and the hydrochloride have

°  - a• •=! ’S.ST 
iJ-g  o
3 o ~ 
d a  f t

g . g 3
S 8  8K3o .

j.1 3  3  
£ 2 2

p  4-> -W 5  O <13
2  S 
-S-b-fc 
- ?  J i - S

o
£

practically the same absorption. It is now possible to compare (a) 
(III) with (IV) and (b) (V) with (VI).
H2N—c = n h  c h 3h n —C=NH H2N—C=NH C2H5HN—C=NH

OCH3 OH OC2H 5 OH
(III) (IV) (V) (VI)

As the N-substituted ureas were represented as having a constitution 
lying between that of a zwitterion and an amino-imino structure it was 
thought probable that there would be a similarity in the absorption of 
the normal and iso-ureas, but it is evident from the curves just given 
that the effect of substitution outweighs any other effects that might 
be present.
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(d) The Absorption of Phenyl-substituted Ureas.— T h e  s u b s t itu ­
tio n  of p h e n y l g ro u p s in  u re a  in tro d u c e s  c e rta in  new  c o m p lic a tio n s ' on 
a c co u n t of the b enzene r in g  itse lf  p ossessing a n  a b s o rp tio n  c h a ra c te r­
ised b y  a n u m b e r of fine b an d s. T h e se  b a n d s d is a p p e a r in  c e rta in  
co m pound s, e.g., d ip h e n y l, a n d  in  none of the p h e n y l su b s titu te d  u reas 
in ve stig a te d  h a s a n y  e v id e n ce  of them  been fo u n d . T h e  a b so rp tio n  of 
the p h e n y l gro u p  w o u ld  be e xp e cted  to m ake  a  co n sid e ra b le  d ifferen ce 
betw een the a b so rp tio n  sp e c tra  of a lk y l a n d  a r y l u re a s even if  the c o n ­
s titu tio n  of the m o lecules re m ain e d  id e n tic a l, a su rm ise  w h ic h  is  b o rn e

o u t b y  e xp e rim e n t. T h e  a b s o rp ­
tio n  c u rv e s  of fiv e  p h e n y l s u b ­
s titu te d  u re as are  g iv e n  in  F ig . 5 , 
w h ic h  re v e a ls  im m e d ia te ly  the 
p ro fo u n d  in flu e n ce  w h ic h  the 
p h e n y l g ro u p  h a s on the a b s o rp ­
tio n , m a k in g  it  q u ite  im p o ssib le  to 
co m p are  these u re as w ith  those 
w h ic h  h a v e  a lre a d y  been d iscussed .

T h re e  of the cu rve s, those fo r 
N  . N '-d im e th y l- N  . N '-d ip h e n y l-  
u r e a ,  N  . N '-d ie t h y l-N  . N '- d i-  
p h e n y l-u re a  a n d  N  . N -d ip h e n y l-  
u rea, m ake  a n  id e n t it y  of s tru c tu re  
a lm o st c e rta in . T h e  tw o te tra - 
s u b s titu te d  u re a s m u s t be tru e  
ca rb a m id e s, so th is  suggests th a t 
N  . N -d ip h e n y l-u re a  is  also a tru e  
ca rb a m id e  in  ag reem en t w it h  it s  
d ia m a g n e tic  s u s c e p tib ility . B e ­
tw een these three a b so rp tio n  
sp e ctra  a n d  those of N -p h e n y l- 
u re a  a n d  N  . N '-d ip h e n y l-u re a  
there is  a  co n sid e ra b le  d ifference. 
F ro m  the d ia m a g n e tic  s u sc e p ti­
b il it y  it  w a s b e lie v e d  th a t N - 
p h e n y l-u re a  h a d  a  c o n s titu tio n  r e ­
p resen ted  b y  ( V I I ) ,  w h ic h  is  n o t 
in c o n siste n t w ith  its

7- 5 '  O

20CC

Fig. 7 -—(1) 
2)

Thiourea.
(2) N-methyl-thiourea.
(3 ) N-ethyl-thiourea.
(4 ) N-aUyl-thiourea. 
in  water.

C 6H 5H N - -c/
O H

NNH

h a v in g  a n  a b s o rp tio n  sp e c tru m  d iffe re n t fro m  t h a t  of the co m p le te ly  
s u b s titu te d  u re as. S im ila r ly ,  there is a difference m a g n e tic a lly  betw een 
the N  . N  a n d  N  . N '-d ip h e n y l-u re a s , w h ic h  "was in te rp re te d  as a r is in g  
fro m  th e  N . N '-d ip h e n y l-u re a  h a v in g  a n  a m in o -im in o  stru c tu re . 
A lth o u g h  N -p h e n y l-u re a  a n d  N  . N '-d ip h e n y l-u re a  h a v e  n o t id e n tic a l 
a b s o rp tio n  sp e ctra , th is  is n o t  in c o n siste n t w it h  the a b o v e  suggestio ns 
re g a rd in g  th e ir  co n s titu tio n s  as the presence of the second p h e n y l g ro u p  
m ig h t  be th e  cause. F u r t h e r  evidence is  the d ifferen ce b etw een the 
a b s o rp tio n s  of N  . N '-d ip h e n y l-u re a  a n d  N  . N '-d im e th y l- N  . N '-d i-
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p h e n y l-u re a , w h ic h  d iffe r b y  m ore th a n  can re a d ily  be a cco u n te d  fo r 
b y  the s u b s titu tio n  of tw o m e th y l g ro u p s fo r  tw o h y d ro g e n  atom s.

R e v ie w in g  the u ltra -v io le t  a b so rp tio n  of the u re a  m o le cule  ; u re a 
itse lf  is h ig h ly  tra n s p a re n t, an d  th is  tra n s p a re n c y  is  o n ly  s lig h t ly  lessened 
b y  m o n o -su b stitu tio n , p ro v id e d  a lw a y s  th a t th e  s u b s titu e n t  is  no t chrom o- 
p h o ric . T h e re  is a co n sid e rab le  increase in  a b so rp tio n  on co m plete su b ­
s tit u tio n , b u t  in  no case in v e stig a te d  is se le ctiv e  a b so rp tio n  e x h ib ite d . 
N  . N -d im e th y l-u re a  alone h as a n  a b so rp tio n  c u rv e  w h ic h  m ig h t be 
d iffe re n tia te d  fro m  those of the o th e r ureas, p ro b a b ly  a t tr ib u ta b le  to 
th e  sam e d ifferen ce in  c o n s titu tio n  
w h ic h  w a s re v e ale d  b y  its  d ia ­
m a g n e tic  s u s c e p tib ility . W h e n  the 
s u b s titu e n ts  are  p h e n y l gro up s the 
w h o le  a b s o rp tio n  c u rv e  is d o m in ­
ate d  b y  th e ir  presence, b u t n e v e r­
theless s m a lle r changes in  the 
a b s o rp tio n  sp e c tra  w h ic h  are s t ill  
p re se n t can be refe rred  to c o n ­
s t it u t io n a l chang es w it h in  the 
m o le cu le. W h ile  the a b so rp tio n  
sp e c tra  o f the p h e n y l u re as b ear a 
co n sid e ra b le  rese m b lan ce  to those 
o f the a r y l a m id e s,13i 15 d ifficu ltie s  
in  th e  d e te rm in a tio n  of the co n ­
s titu tio n s  o f the la t t e r  co m p o u n d s 
m a k e  it  u n so u n d  to d ra w  d o g m atic 
co n clu sio n s b ased  on the s im ila r it y  
o f the a b so rp tio n  c u rv e s  of the tw o 
series of d e riv a t iv e s .

Part II.—Thioureas.

f3-0

12-0

t  -0

zooo

A lth o u g h  in  g eneral lit t le  is 
k n o w n  of the u ltr a - v io le t  a b so rp ­
tio n  o f th io  co m p o u n d s, the d iffe r­
ence b etw een the a b s o rp tiv e  
p o w e rs of th e  — S— H  an d  
— 0 — H , = C = S  an d  = C = 0  
g ro u p s w o u ld  be e xp e cted  to m ake  
a  co n sid e ra b le  d ifferen ce betw een 
th e  a b s o rp tiv e  pow ers of u reas an d  
th io u re a s. F u rth e rm o re , the m a g ­
n e tic  in v e s tig a tio n  of these com ­
p o u n d s show ed t h a t  there is  less 
v a r ia t io n  in  th e  c o n s titu tio n  of the
t h io u re a  m o le cu le  on s u b s titu tio n  th a n  in  u re a, the fo rm e r m o le cu le
n o t g iv in g  a  z w itte rio n  as d id  u re a, th u s  one w o u ld  e xp e ct le ss^ v a ria tio n
in  the a b so rp tio n  sp e ctra  of th io u re a s  th a n  in  ureas.

(a) The Absorption of True Thio-Carbamides.— A s  b efore it  w il l  
b e a d v a n ta g e o u s to co n sid e r the a b so rp tio n  of the te tra -s u b s titu te d  th io ­
u re a s first, a n d  in  F ig . 6  w ill  be fo u n d  the a b so rp tio n  c u rv e s  of 
N  . N — N ' . N '-te tra m e th y l-th io u re a  a n d  N  . N — N ' . N '-te tra e th y l-th io - 
u re a , the la t t e r  as a  p u re  liq u id , o v e r a  s h o rt  ran g e  of w a v e -le n g th s  a s  
w e ll as in  so lu tio n , w h ic h  as in  the o th e r u re a  d e r iv a t iv e s  e xa m in e d  h a s

F i g . 8 .— (1) N . N '- d im e th y l - th io u r e a .
(2) N . N '- d i e t h y l - th io u r e a .
(3) N . N - d im e th y l - th io u r e a .
(4) O - m e th y l - i s o - th io u r e a .  
h y d r o c h lo r id e  i n  w a te r .
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s e n sib ly  the sam e a b so rp tio n  w h e th e r as p u re  liq u id  o r in  so lu tio n . 
T h e se  a b so rp tio n  sp e ctra  are  d is t in c t  fro m  those of te tra -s u b s titu te d  
u re a  d e riv a tiv e s . B o th  co m p o u n d s h a v e  p r a c t ic a lly  the sam e a b so rp tio n  
sp ectru m  w h ic h  g iv e s  in d ic a tio n s  o f c o n sistin g  of th re e  b a n d s, the t h ird  
of w h ic h  does n o t a tta in  it s  m a x im u m  w it h in  th e  ran g e  in v e stig a te d . 
I t  is d o u b tfu l if  one ca n  a ssig n  a n y  of these b a n d s to sp ecific  p a rts  of 
the m o le cu les, as v e r y  d iv e rs e  th io -co m p o u n d s h a v e  a b so rp tio n  sp e ctra  
of a  s im ila r  t y p e .5

(b) The Absorption of Incompletely Substituted Thioureas.— 
A s  a lre a d y  m e n tio n e d , th ere  is  no m a g n e tic  e v id e n ce  fo r  th e  e xiste n ce  
of th io u re a  as a z w itte rio n , w h ic h  red u ces the p o ssib le  chang es in  co n ­
s titu tio n  w h ic h  m a y  ta k e  p lace  on s u b s titu tio n . F ro m  the v a lu e  of
it s  d ia m a g n e tic  s u s c e p tib ility  th io u re a  a p p e a rs to be an  a m in o -im in o
reso n an ce  h y b rid  w h ic h  ch anges to w a rd s a tru e  th io -c a rb a m id e  on 
su b s titu tio n . T h u s  there are o n ly  tw o p o ssib le  c o n s titu tio n s  fo r 
su b s titu te d  th io u re a s, co m p are d  w it h  three in  the case of u re a, in

con seq u en ce of w h ic h  less 
v a r ie d  a b s o rp tio n  sp e ctra  
are  to be exp e cted . F ig s. 
7  an d  8  g iv e  the a b s o rp ­
tio n  c u rv e s  of th io u re a ,
N -m e th y l- , N -e th y l-, N - 
a lly l- ,  N  . N - a n d  N  . N '-  
d im e th y l-, a n d  N  . N '-  
d ie th y l-th io u re a , a ll of 
w h ic h  h a v e  p r a c t ic a lly  
th e  sam e a b s o r p t i o n
c u rv e s , w it h  a n  a b s o rp ­
tio n  m a x im u m  b etw een
2 3 0 0  a n d  2 4 0 0  a .  an d  
an e x t in c tio n  co efficient 
w h o s e  l o g a r i t h m  i s  
a b o u t 4 .

T h e  d ia m a g n e tic  s u s ­
c e p tib ilit ie s  of the su b -

(2) N  . N — N ' . N '- t e t r a p h e n y l - t h i o u r e a .  s titu te d  co m p o u n d s su g- 
i n  a lc o h o l .  gested a c o n s t i t u t i o n

m ad e u p  of b oth the 
a m in o -im in o  a n d  tru e  ca rb a m id e  fo rm s, an d  the p ro n o u n ce d  s im ila r it y  
in  th e ir  a b so rp tio n  sp e ctra  is  in  agreem en t w ith  th e ir  a ll  h a v in g  the 
sam e c o n s titu tio n , w h ic h  w o u ld  be n e a re r th a t o f th e  u n s u b s titu te d  
th io u re a  th a n  in  th e  case of u re a a n d  it s  d e riv a t iv e s .

W h ile  d i-s u b s titu te d  th io u re a s  h a v e  d iffe re n t d ia m a g n e tic  s u sc e p ti­
b ilit ie s  fo r the N  . N - an d  N  . N '-iso m e rs  in d ic a tin g  a d ifferen ce in  
c o n s titu tio n , the d ifferen ce b e in g  in  fa v o u r  of a  g re a te r p re p o n d e ra n ce  
of th io -c a rb a m id e  in  the N  . N -d e riv a tiv e s , the a b so rp tio n  sp e ctra  o f 
N  . N -d im e th y l-  a n d  N  . N '-d im e th y l-th io u re a  h a v e  o n ly  fra c t io n a lly  
d iffe re n t a b so rp tio n  coefficients, the sh ap e  of the a b s o rp tio n  c u rv e s  
b e in g  p r a c t ic a lly  id e n tic a l.

(c) The Absorption of Phenyl-Thioureas.—T h e  in tro d u c tio n  of 
p h e n y l g ro u p s in to  the u re a  m o le cu le  caused  a v e r y  m a rk e d  change in  
th e  n a tu re  of the a b s o rp tio n  c u rv e  ; the sam e in tro d u c tio n  in to  th io u re a , 
h o w e ve r, does n o t m ake  s u ch  a  m a rk e d  ch ange ow in g  to th e  fa c t  t h a t  
the a b so rp tio n  c u rv e  of th io u re a  its e lf  is n o t u n lik e  the se le ctive  a b ­

F i g . 9 .— (1) N  . N '- d i p h e n y l - N '- a c e ty l - t h io u r e a



A. CLOW AND N. L. HELMRICH 695

so rp tio n  c u rv e  o f the p h e n y l g ro u p . O ne o -to ly l- an d  e ig h t p h e n y l- 
s u b s titu te d  th io u re a s  h a v e  been in v e stig a te d , a n d  as w il l  be seen fro m  
F ig s. 9  a n d  1 0  th e ir  a b so rp tio n  sp e ctra  f a ll  in to  tw o g ro u p s, d iffe rin g  
c o n s id e ra b ly  in  the w id th  a n d  p o s it io n  of the m a x im u m  of th e ir  ab 
s o rp tio n  b a n d . T h e  first  gro u p  co n ta in s  N . N -d ip h e n y l-N '-a c e ty l 
th io u re a  a n d  N  . N — N ' . N '-te tra p h e n y l-th io u re a , the second N -p h e n y l- 
N  . N -d ip h e n y l- , N  . N '-d ip h e n y l, a n d  N  . N '-d im e th y l- N  . N '-d ip h e n y l-  
N  . N  - d im e t h y l- N '- p h e n y l,  N - p h e n y l- N '- e t h y lo l,  N  . N - d ip r o p y l- N '- o  
to ly l-th io u re a .

T h e  re la tiv e  p o sitio n s  of the a b so rp tio n  b a n d s in  N  . N — N ' . N '-  
t e t r a m e t h y l  - th io ­
u r e a ,  N  . N ' - d i ­
m e th y l - N  . N ' - d i ­
p h e n y l - th io u re a , an d  
N  . N — N ' . N '-te tra - 
p h e n y l-th io u re a  a r e  
q u a l i t a t i v e l y  the 
sam e as those g iv e n  
b y  R iv ie r  a n d  B o re l, 
w ho also o b ta in e d  the 
v e r y  w id e  a b so rp tio n  
b a n d  f o r  N .  N —
N ' . N ' - t e tra p h c n y l - 
th io u re a .

T h e  N . N — N '. N '-  
te tra p h e n y l - th io u re a  
in  the f irs t  gro u p  
m u st u n d o u b te d ly  be 
a  tru e  ca rb a m id e , b u t  
its  a b so rp tio n  b a n d  
ca n n o t be a ttr ib u te d  
so le ly  to a th io -c a r- 
b a m id e  c o n s titu tio n , 
th is  fo rm  of a b s o rp ­
t i o n  b a n d  b e in g  
caused  ra th e r  b y  the 
p r e s e n c e  o f  t w o  
p h e n y l g r o u p s  a t ­
tach e d  to the sam e 
n itro g e n  ato m  co m ­
b in e d  w it h  the im ­
p o s s ib ility  of am in o - 
im in o  g ro u p  fo rm a ­
tio n . A s  N  . N -d ip h e n y l-N '-a c e ty l-th io u re a  d is p la y s  the sam e ty p e  of 
a b s o rp tio n  it  p ro b a b ly  also has' a  th io -ca rb a m id e  c o n s titu tio n . H e re  
w e also h a v e  tw o p h e n y l g ro u p s a tta ch e d  to the sam e n itro g e n  atom , 
an d  one of the re m a in in g  h y d ro g e n  atom s rep la ced  b y  a n  a c e ty l 
g ro u p , so it  w o u ld  a p p e a r t h a t  the c o n d itio n s  fo r  th is  ty p e  of a b s o rp ­
tio n  are f ir s t ly  the w e ig h tin g  of one end o f the th io u re a  m o le cu le  w ith  
tw o  g ro u p s s u ch  as p h e n y l g ro u p s, a  m e th y l o r s in g le  p h e n y l gro u p  
n o t b ein g  su ffic ie n t, com b ined  w it h  som e d e te rre n t to the fo rm a tio n  
of a n  a m in o -im in o  stru c tu re . T h is  suggestio n is stren g th e n e d  b y  the 
fu rt h e r  e x a m in a tio n  of th e  a b so rp tio n  c u rv e s  o f th e  th io u re a s  g iv e n  
in  F ig . 1 0 , w h ic h  h a v e  th e ir  a b so rp tio n  m a x im a  som e 4 0 0  a .  f u rt h e r

+4-0

1 3-0

+2-C

tt-0

300025002000

F i g . 10.- ~(i) N-phenyl-thiourea.
(2 ) N  . N-diphenyl-thiourea.
(3 ) N . N'-diphenyl-thiourea-
(4 ) N  . N '-dim ethyl-N . N'-diphenyl-thiourea.
(5 ) N . N-dim ethyl-N'-phenyl-thiourea.
(6 ) N-phenyl-N'-ethylol-thiourea.
(7 ) N  . N-dipropyl-N'-o-tolyl-thiourea. 
in  alcohol.
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in to  the u ltra -v io le t . H e re  N  . N '-d im e th y l- N  . N '-d ip h e n y l-th io u re a  
has the b ro a d e st a b s o rp tio n  b a n d  w h ic h  is, h o w e ve r, s t i l l  d is t in c t  
fro m  the tw o th io u re a s g iv e n  in  F ig . 9 . A s  a lre a d y  suggested th is  
ty p e  of a b so rp tio n  does n o t a rise  fro m  th e  presence in  the m o le cu le  of 
a  = C = S  gro u p  alone, b u t  ra th e r fro m  the p resen ce of tw o p h e n y l 
gro u p s. F ro m  it s  d ia m a g n e tic  s u s c e p tib ility  N -p h e n y l-th io u re a  w a s 
a p p ro a c h in g  a  c o n s titu tio n  rep rese n ted  b y  a  p u re  th io ca rb a m id e , w h ile  
w h o lly  th io -c a rb a m id e  c o n s titu tio n s  w e re  suggested fo r  N  . N - a n d  
N . N '-d ip h e n y l-th io u re a . N o n e  of the p h e n y l-s u b s titu te d  th io u re a s  
h a v e  the sam e ty p e  of a b s o rp tio n  c u rv e  as th a t  c h a ra c te r is t ic  o f N  . N - 
N ' . N '-te tra m e th y l-  a n d  N  . N - N ' . N '-te tra e th y l-th io u re a , a d ifferen ce 
w h ic h  m u st be a ttr ib u te d  to the in flu e n ce  of the p h e n y l g ro u p . A s  
w il l  be re a lise d  fro m  th e  a b s o rp tio n  c u rv e s  of these u re a  d e r iv a t iv e s  
the in te r-re la t io n s h ip s  in  th is  gro u p  are  e x c e e d in g ly  co m p le x , due to 
the re a ctio n  of the s u b s titu e n t  ch ro m o p h o re  on the c h ro m o p h o ric  
g ro u p  of the p a re n t m o le cu le, a n d  th e  effect of w e ig h tin g  one end of the 
m o le cu le  on th e  p r o b a b ilit y  o f its  a ssu m in g  a n  a m in o -im in o  c o n s titu tio n .

( d )  T h e  A b s o r p t i o n  o f  i s o - T h i o u r e a s . — T h e  a b so rp tio n  of one iso- 
thiourea. h a s been m easured  as its  h y d ro c h lo rid e , viz., o -m e thyl-fso- 
th io u re a  h y d ro c h lo rid e , th e  a b s o rp tio n  c u rv e  b e in g  g iv e n  in  F ig . 4 . 
I t  w il l  be seen t h a t  i t  h a s th e  g e n e ral fo rm  c h a ra c te r is t ic  of the s im p le r  
th io u re a s, a n d  th a t, b a rr in g  its  so m ew h a t lo w e r a b s o rp tio n  coefficient, 
it  is  in d is t in g u is h a b le  fro m  its  N -iso m e r.

Sum m ary.

T h e  u ltra -v io le t  ab so rp tio n  o f som e t h irt y -f iv e  u re a a n d  th io u re a  
d e riv a t iv e s  ha s been m easured, m o stly  fo r  th e  firs t  tim e, o v e r th e  range 
2 2 0 0  a .  to  4 0 0 0  a . ,  a n d  t h e ir  a b so rp tio n  c u rv e s  co rrela te d  w ith  th e ir  chem ­
ic a l co n stitu tio n  as d eterm ined  fro m  t h e ir  d iam ag n e tic su sce p tib ilitie s.

T h e  a u th o rs  w is h  to e xp re ss t h e ir  g ra titu d e  to P ro fe sso r A . J .  A llm a n d , 
K in g ’s College, L o n d o n , a n d  P ro fe sso r A le x . F in d la y ,  M a ris c h a l C ollege, 
A b e rd e en , fo r th e ir  in te re s t in  th is  w o rk , a n d  to t h a n k  the C a rn e g ie  
T ru s te e s  fo r  a  T e a c h in g  F e llo w sh ip . T h e y  also  w is h  to a ckn o w le d g e  a 
g ift  o f s e v e ra l su b s titu te d  th io u re a s  fro m  P ro fe sso r E .  A . W e rn e r, 
T r in it y  C ollege, D u b lin .

K in g 's  College,
London University.

M arischal College, 
Aberdeen University.



E X P E R IM E N T S  ON IN C R E A S IN G  T H E  C H E M I­
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B y  J .  A r v i d  H e d v a l l ,  P . W a l l g r e n  a n d  S. M a n s s o n . *  

Received n t h  Ja n u a ry , 1940 .

M u c h  a tte n tio n  is n o w a d a y s g iv e n  to the in flu e n ce  of s tru c tu re  or, 
g e n e ra lly , of la tt ic e  b u ild in g  fa cto rs  on the p h y sico -ch e m ica l p ro p erties 
of so lid s. Som e of the m o st im p o rta n t  re su lts  of in v e stig a tio n s  co n ­
c e rn in g  these to p o ch e m ica l p ro b lem s ca n  be sum m ed  u p  as fo llo w s :

T h e re  are  three k in d s  of la tt ic e  irre g u la rit ie s , w h ic h  are a ll of im ­
p o rta n c e  fo r  th e  c h e m ica l a c t iv it y  of a  so lid  su b sta n ce . S c h o ttk y  an d
C. W a g n e r  1 h a v e  w o rk e d  o u t th e  th e o ry  o f the reversible la tt ic e  defects 
b ased  on p re v io u s  w o r k  ca rrie d  o u t a b o ve  a ll b y  F a ja n s ,2 F re n k e l ,3 

v .  H e v e s y ,4 J o s t ,5 S m e k a l, 0 a n d  Z w ic k y . 7 T h e se  defects are p ro d uced  
b y  the th e rm a l v ib ra t io n s  o f th e  la tt ic e  p a rtic le s , a n d  are  due to in te rs tit i-  
a l ly  p la c e d  p a rtic le s  of g re a t m o b ility  o r to m ig ra tin g  la tt ic e  holes, from  
w h ic h  su ch  p a rtic le s  h a v e  been re m o ve d , o r to the n o rm a l io n s of the 
co m p o u n d s h a v in g  been su b s titu te d  b y  io n s of g re a te r charge, o r to s to i­
c h io m e tric  a n o m a litie s. T h e rm o d y n a m ic a lly  con sidered , th e  re v e rs ib le  
defects a lw a y s  co rre sp o n d  to e q u ilib r iu m  sta te s of the c ry s ta ls . In  
re ce n t y e a rs  W a g n e r a n d  h is  co -w o rk e rs h a v e  sh o w n  th a t the e x p e rim e n t­
a lly  d ete rm in e d  ra te  of d iffu sio n  processes acco rd s w e ll w ith  th a t fo u n d  
b y  th is  th e o ry . In  a few  system s, w h e re  th e  re v e rs ib le  defects are v e ry  
p ro n o u n ce d , a n d  are  n o t in flu e n ce d  b y  o th e r ( irre v e rs ib le ) s tru c tu ra l 
ir re g u la r it ie s , it  h a s also been p o ssib le  to fo llo w  k in e t ic a lly  the course of 
ch e m ica l re a ctio n s b etw een so lid s, e.g. 2 A g I  +  H g l 2 =  A g 2H g I 4.

In  v e r y  m a n y  system s, h o w e ve r, w h e re  so lid  su b sta n ce s are  c h a r ­
a cte rise d  b y  a m ore o r less p ro n o u n ce d  ch e m ica l a c t iv it y  w ith o u t  p o s­
sessing io n ic  c o n d u c t iv it y  the re a ctio n  c a p a c ity  m u st be a scrib e d  to 
o th e r s tr u c tu r a l defects, g e n e ra lly  k n o w n  as irreversible o r  topochemical 
irre g u la rit ie s . T h e se  h a v e  been u tilise d , e sp e c ia lly  w h e n  p re p a rin g  
c a ta ly s ts  a n d  a d so rb e n ts. R e s u lts  o b ta in e d  d u rin g  the la s t  tw e n ty  o r 
t h ir t y  y e a rs  h a v e  sh o w n t h a t  it  is ju s t  th is  k in d  of s tr u c tu r a l in flu e n ce  
w h ic h  is  o f p ro fo u n d  im p o rta n ce  in  d e te rm in in g  the re a l re a ctio n  c a p a c ity  
a n d  su rfa ce  a c t iv it y  of s o lid s  g e n e ra lly . 8 W e  no w  k n o w  th a t su ch

* Owing to the interruption of Scandinavian m ails the authors have been 
unable as yet to correct proofs of this paper. The E d ito r is much indebted to 
Prof. J .  D . B ernal for looking through the proof.

1 C. W agner and W . Schottky, Z. physikal. Chem. B, 1 9 3 0 , I I ,  1 6 3 ; W . 
Schottky, Z. Elektrochem., 1 9 3 9 , 4 5 , 3 3  ; C. Wagner, Bcr., Deutsch. Keram. 
Ges., 1 9 3 8 , 1 9 , 2 0 7 .

1 K . Fajans, Z. Krist., 1 9 2 5 , 6 1 , 3 9  ; 1 9 2 8 , 6 6 , 3 2 1 .
3 J .  Frenkel, Z. Physik, 1 9 2 6 , 3 5 , 6 5 2 .
* G. v. Hevesy, Geiger and Scheel, Handbuch Physik, 1 3 , 2 8 6 .
5 W . Jost, J .  Chemical Physics, 1 9 3 3 , I ,  4 6 6  ; Z. physik. Chem. B, 1 9 3 6 , 3 2 , 1 ; 

Diffusion und chemische Reaktion in festen Stoffen (Dresden, 1 9 3 7 ).
6 A. Smekal, Geiger and Scheel, Handbuch Physik, 2 4  : 2 , 7 9 5 -9 2 2 .
7 F . Zw icky, Proc. Nat. Acad. Sei. U.S.A., 1 9 2 9 , 1 5 , 5 2 4  ; Physic. Rev., 1 9 3 1 , 

3 8 , 1 7 7 2 .
8 J . A. H edvall, Reaktionsfähigkeit fester Stoffe (Leipzig, 1 9 3 8 ) ; Chemie. Rev., 

1934. »5, 139-
6 9 7
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irre g u la rit ie s , w h ic h  do n o t co rresp o n d  to e q u ilib r iu m  states, an d  conse­
q u e n tly  rep rese n t a n  excess of la tt ic e  e n e rg y , 9 m a y  b e d ue to an  in ­
co m plete d e v e lo p m e n t of the la tt ic e  of th e  re a c tio n  p ro d u c t, fo rm e d  
fro m  su b sta n ce s (o r c ry s ta llo g ra p h ic  m o d ifica tio n s  of o th e r co m p o sitio n  
o r sy m m e try ) w h ic h  h a v e  been in c o m p le te ly  e lim in a te d  (in h e rita n c e  
fa c to rs  10), o r due to “  fro ze n  ”  re v e rs ib le  s tru c tu re s , co rre sp o n d in g  to 
h ig h e r te m p e ra tu re s. S u c h  sta te s of f a u lt y  s tru c tu re  ca n  be p ro d u ce d  
b y  q u e n ch in g  su b sta n ce s d o w n  to  te m p e ra tu re s  a t  w h ic h  the la tt ic e  is  too 
rig id  to a llo w  the p a rtic le s  to d iffu se  in to  th e ir  n o rm a l p o sitio n s. T h is  
k in d  of a c t iv it y  c o n se q u e n tly  d isa p p e a rs  w h e n  th e  r ig id it y  of the la tt ic e  
in  q u e stio n  b egin s to r e la x . I f  the tim e of h e a tin g  is a d a p te d  to the 
ra te  of the s t r u c t u r a l change, it  is  often p o ssib le  to sh o w  t h a t  the re a ctio n  
in t e n s ity  of a su b sta n ce , the a c t iv it y  of w h ic h  d epend s on su ch  la tt ic e  
a n o m a litie s, h a s a  re la tiv e  m a x im u m  a t tra n s it io n  te m p e ra tu re s of 
d iffe re n t k in d s .11

S in ce  the s y ste m a tic  s t u d y  o f th e  re a ctio n  p ro p e rtie s  of so lid s began, 
ab o u t tw e n ty -fiv e  y e a rs  ago, m a n y  re a ctio n s  h a v e  been d escrib ed , w h ic h  
o c c u r in  system s of n o n -co n d u cto rs, o r a t  su ch  lo w  te m p e ra tu re s th a t  it  
is  im p o ssib le  to e x p la in  the ch e m ica l in te rch a n g e  b y  m ig ra tin g  io n s. F o r  
e xa m p le  : B a O +  C a S 0 4 =  B a S 0 4 +  C a O  (a b o u t 3 7 0 ° C.) ; C a O  +  C u S 0 4 

=  C a S 0 4 +  C u O  (a b o u t 5 1 5 ° C . ) ; 12 B a O  +  CoO  . A120 3 =  B a O . A l20 3 -f- 
C oO  (a b o u t 3 5 0 ° C. ; 13 C aO , S rO  +  A g 2S 0 4 =  C a, S r S 0 4 +  2 A g  +  0  
(a b o u t 4 I 5 ° C . ; t ra n s it io n  p o in t  of A g 2S 0 4 : 4 H ° C . ) ;  14 a n d  o th e r s im ila r  
re a ctio n s t a k in g  p lace  a t  a tra n s it io n  p o in t  o f one o f th e  co m p o n e n ts ,15 

e.g. the fo rm a tio n  of so lid  s o lu tio n s  o r s ilic a te s  in  p o w d e r m ix tu re s  c o n ­
t a in in g  q u a rtz  a t  its  tra n s it io n  p o in ts  ( 5 7 5 ° C., a  ^  ß  ; a b o u t 8 7 0 3 

a -q u a rtz -c r is to b a lite ) . 16  S u c h  syste m s u n d o u b te d ly  sh o w  t h a t  a  t ra n s ­
p o rt  o f re a c tin g  m a tte r in  so lid  sta te  ca n  also  be c a rrie d  o u t b y  o th e r 
p a rtic le s  th a n  io n s .17

T h is  ca n  be un d e rsto o d , if  w e rem em b er th a t n o t o n ly  the m o b ility , 
b u t  also the c h a ra c te r  of the p a rtic le s  a t  in n e r  o r o u te r su rface s, o r in  
in co m p le te  re a ctio n  film s, d iffe r v e r y  m u c h  fro m  the c o n d itio n s  of the 
n o rm a l in te rio r  la tt ic e . N o  d o u b t s e v e ra l p h e n o m e n a o f th is  k in d  are 
c lo se ly  re la te d , on the one h a n d , to th e  change of p o s itio n  o f those ato m  
co m p le xes of a n h y d rid e  ty p e  the fo rm a tio n  of w h ic h  m u s t p recede the 
th e rm a l b re a k d o w n  of the la tt ic e s  of sa lts  of o x y g e n  a c id s, an d , on the 
o th e r, to the ch e m ica l a c t iv it y  of su c h  d ip o le s of m o le c u la r ty p e  as are 
ob served  in  a d so rp tio n  film s on m e ta ls . 18

In  fa ct, h o w e ve r, it  is  im p o ssib le  to fin d  a g e n e ral e x p la n a tio n  o f the 
m e ch a n ism  of re a ctio n s o f so lid s. In d e e d , th e  co n d itio n s  m a y  v a r y  
w id e ly , n o t o n ly  fro m  one syste m  to an o th e r, b u t  also fo r th e  fo rm a tio n  
o f th e  sam e re a ctio n  p ro d u c t  in  d iffe re n t te m p e ra tu re  in t e rv a ls . In  
a d d it io n , co n sid e ra tio n  m u s t also  be g iv e n  to the to p o ch e m ical in flu e n ce  
o f d iffe re n t m odes o f p re p a rin g  the re a c tin g  su b sta n ce s a n d  o f the 
re a ctio n  c o n d itio n s  in  general.

A  t h ird  g ro u p  of la tt ic e  chang es ca n  in flu e n ce  th e  p h y sic o -c h e m ic a l 
a c t iv it y .  W e  are  n o t lim ite d  m e re ly  to a th e rm a l in flu e n ce  on the la tt ic e . 
A s  w a s sh o w n  som e y e a rs  ago, there is  a lso  a  co n n e ctio n  b etw een the

• R . Fricke, Z. Elekirochem., 1 9 3 4 , 4°> 6 3 ° : I 939. 45. 2 3 4 .
10 G. H üttig, Sitz.Ber. Akad. JFiss. Wien, 1 9 3 6 , 7 , 6 4 8 .
11 J. A. H edvall, Reaktionsfähigkeit fester Stoffe (Leipzig, 1 9 3 8 ), p. 1 4 1 .
,s Ibid., p. 6 8 . 13 Ibid., p. 1 9 7 . 14 Ibid., p. 7 3 .
15 Ibid., pp. 1 2 7 -4 2 , 16 Ibid., p. 2 1 2 . 17 Ibid., p. 1 3 2 .
18 Ibid., pp. 6 9 - 7 2  ; J. H . de Boer and E. J. E. Venvey, Rec. trav. chini.

Pays Bas, 1 9 3 6 , 4 4 3 , 6 7 5 .
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m a g n e tic  o r e le ctric  p ro p e rtie s of a su b sta n ce  a n d  it s  ch e m ica l a c t iv it y .  
I n  v e r y  m a n y  co m b in a tio n s of c a ta ly s ts  an d  su b stra te  re a ctio n s we h a v e  
fo u n d  a n  a b ru p t  change in  the c a ta ly t ic  effect of fe rro m a g n e tic  su b sta n ce s 
w h e n  p a ssin g  th ro u g h  th e ir  C u rie - in te rv a ls .19 In v e s tig a tio n s  s t ill  go in g  
on sh o w  th a t the a c t iv a t io n  e nerg y of the p a ra m a g n e tic  sta te  a b o v e  the 
C u rie -p o in t  is g re a te r th a n  fo r the fe rro m a g n e tic  la tt ic e . 20 N o w  the 
c a ta ly t ic  effect is, w ith o u t  e xce p tio n , g reate r a b o ve  the C u rie -p o in t, an d  
th is  ca n  o n ly  be u n d e rsto o d  if  w e assum e th a t the co rre sp o n d in g  d iso rd e r 
of the e lem e n ta l m ag nets m akes it  possible  fo r the g reate r p a rt  of the 
su rfa ce  to a c t as c a ta ly s in g  centres.

T h e  e le c tric a l a n a lo g y  to th is  magneto-catalytic effect ha s also been 
fo u n d . M a n y  o rg a n ic  su b sta n ce s un d e rg o  a t  fix e d  te m p e ra tu re s a  
d isp la ce m e n t of the e le ctric  fie lds of th e ir  m olecules, w ith o u t  change 
of c ry s ta llo g ra p h ic  s tru c tu re , q u ite  in  c o n fo rm ity  w ith  the chang e 
in  m a g n e tic  p ro p e rtie s  m en tio n e d . I t  m ig h t be exp ected  th a t  changes 
of th is  ty p e  w o u ld  also in flu e n ce  the ch e m ica l a c t iv it y  of the su b sta n ce  
in  q u e stio n . E x p e rim e n ts  c a rr ie d  o u t w ith  p a stille s  of Rochelle salt h a v e  
sh o w n  th a t the ra te  of s o lu tio n  is a b r u p t ly  changed  21 a t 2 2 ° C. A b o v e  
th is  te m p e ra tu re  the p o la r  forces of the O H -ra d ic a ls  seem  to cause a 
stre n g th e n in g  o f the la tt ic e , a n d  c o n se q u e n tly  a  sm a lle r ch e m ical a c t iv it y  
o f the su rfa c e ,22 o r  a t  le a st of sp e cia l c ry s ta l faces.

R e c e n t in v e s tig a tio n s  h a v e  sh o w n  t h a t  the irra d ia t io n  of s o lid s  can 
p ro d u c e  effects o th e r th a n  those g e n e ra lly  d escrib ed  as p h o to ch e m ica l 
a c tiv a t io n , i.e. in  th e  fo rm  of re a l c h e m ica l changes in  the su b sta n ce  o r 
in  a n  a d s o rp tio n  film  b y  m eans of e x c ite d  electrons.

H e d v a ll an d  co -w o rk e rs h a v e  fo u n d  t h a t  i t  is also p ossible  to in flu e n ce  
th e  ch e m ica l a c t iv it y  o f the su rfa ce  its e lf  b y  m eans of ab so rb a b le  r a d ia ­
tio n . E ffe cts  o f th is  k in d  m u s t be due to the fa c t  t h a t  the e x c ita tio n  
o f la tt ic e  p a rtic le s , b y  re m o v a l of e lectro n s to h ig h e r le ve ls, changes the 
b in d in g  forces of the la tt ic e  an d , th u s, also  the a c t iv it y  of th e  su rface . 
A c c o rd in g ly , a d so rp tio n  e q u ilib r ia  b etw een so lid s a n d  d isso lv e d  s u b ­
sta n ce s can be cha n g e d  b y  ir r a d ia t io n .23 T h e  a c tio n  of lig h t  m a y  b rin g  
a b o u t e ith e r a n  in cre ase  o r a  decrease in  the q u a n t it y  ad so rb e d  p e r 
s u rfa c e  u n it  in  co m p a riso n  w it h  th e  a d so rp tio n  in  d a rk n e ss .24

Irradiation Experiments with Cadmium Iodide.*
T h e  ab o ve -m e n tio n e d  e xp e rien ces suggested th a t su b sta n ce s w ith  

fib ro u s  o r la y e r  la tt ic e s  w o u ld  h a v e  d iffe re n t p h o to s e n s it iv ity  on d ifferen t 
su rfa ce s. I t  m ig h t be p resu m e d  th a t the su rface s p a ra lle l to the la y e rs, 
b e in g  c lo se ly  p a ck e d  w it h  p a rtic le s  b o u n d  together b y  stro n g  forces, 
w o u ld  be m ore sta b le  to w a rd s th is  k in d  of a c tio n  th a n  the p rism  p lan es 
s p a rs e ly  set w it h  m ore lo o se ly  b o u n d  ato m s o r ions.

A s  t y p ic a l co m p o u n d s of th is  k in d  w e chose C d l2, w h ic h  w e h a ve  
used e ith e r (a) as p a s tille s  of lam inae (su rfa ce  a b o u t 2 - 3  m m .2), p a ra lle l to 
e a ch  other, so t h a t  the b o u n d in g  su rfa ce  of the c y lin d e r  is form ed of the 
th in  p rism  p la n e s, o r (b) as la rg e r sin g le  c ry s ta ls  (b a sis  p lan es a b o u t 6 - 7

18 J . A . H edvall, Reaktionsfähigkeit fester Stoffe (Leipzig, 1 9 3 8 ), pp. 1 6 2 -1 7 0 .
20 G. Cohn (as yet unpublished).
21 J. A. H edvall, Reaktionsfähigkeit fester Stoffe (Leipzig, 1 9 3 8 ), pp. 1 7 1 -4 .
22 J . A. H edvall, Atti X. Congr. internat. Chimica Roma, 1 9 3 8 , IX, pp. 2 5 5 , 26 8  

(discuss. W ulff).
23 J .  A. H edvall, Reaktionsfähigkeit fester Stoffe (Leipzig, 1 9 3 S), pp. 1 7 5 -8 5 .
23 J . A. H edvall, G. Cohn, A. Assarsson and S. Berger, Nature, 1939. M 3 .  33°.
* Together w ith P . W allgren.
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m m .2, h e ig h t of p rism  faces a b o u t 1 - 2  m m .). T h e  p re p a ra tio n s  w ere 
c a re fu lly  p u rifie d  an d  d rie d  a n d  th en  k e p t in  v a c u u m  d esicca to rs.

T h e  la tt ic e  of C d l 2 is  b u ilt  u p  as sh o w n  in  (A), in  ch a in s  o r la y e rs . 
j _  I t  c ry s ta llis e s  in  the ty p e  25 C : 6, w it h  a d ista n ce  o f 3  a .  b etw een
C d ++ the Cd- an d  I- io n s  a n d  4 - 2 1  a . b etw een the la y e rs  ( I -  —  I - ) . 26

I -  D u rin g  irra d ia tio n  b y  a  q u a rtz -H g -la m p  the c ry s ta ls  o r p a s tille s
(A) w ere k e p t in  a  q u a rtz  tube, w here if  re q u ire d  th e y  co u ld  be ro ta te d .

T h e  tem p eratu re  w as k e p t co n sta n t a t  2 0 ° C. d u rin g  irra d ia tio n , 
an d  the d istan ce  betw een th e  q u a rtz  tu b e  a n d  the la m p  w as 1 5  cm . So 
th a t th e  e xp e rim e n ts co u ld  be ca rrie d  o u t in  d ifferen t atm ospheres, a gas 
c u rre n t o f co n sta n t speed ( 3 0  c .c ./m in .) co u ld  be passed th ro u g h  the tube. 
P u r ify in g  an d  d ry in g  b ottles a n d  U -tu b e s w ith  P 2Os o r b o ttle s w ith  H , 0 ,  
k e p t a t th e  p ro p er te m p e ra tu re  b y  m eans o f a  th erm o stat, w ere used to 
keep the gas in  q u e stio n  d ry , or, if  desired, a t  a d efin ite  m o istu re  content.

I t  w as found , in  p e rfe ct accordance w ith  o u r p re su m p tio n , t h a t  p a stille s  
o r single  cry sta ls , w ith o u t e xcep tio n , becam e d a rk  co lou red  o n ly  a t  the 
p rism  faces, w hen irra d ia te d  in  atm ospheres o r a ir , N ,  o r H »  of n o rm a l 
h u m id ity . T h is  effect w as o b se rv a b le  a fte r o n ly  one o r tw o m in u te s. T h e  
b asis p lan es o f th e  c y lin d r ic a l p a stille s, b ein g  com posed of a  n u m b e r of 
cry sta ls , becam e b lack e n e d  o n ly  a t  th e  lim its  betw een the d ifferen t lam ina;, 
p ro d u c in g  a p a tte rn  as b y  e tch in g  (F ig . 1 , P la te  X . ) .

N o  effect co u ld  be observed  w hen irra d ia tin g  b y  w ave -le n g th s w h ich  
are n o t absorbed b y  C d l2, e v e n  th o u g h  the irra d ia t io n  w as co n tin u e d  for 
tw o  h o u rs. C o n se q u e n tly  th e  re m o v a l of a ll  v is ib le  lig h t  b y  a b la c k  
f ilte r  w as of no influ e nce  a n d  no a ctio n  w as ob served  on irra d ia tio n  b y  
X - r a y s  (Cu an ti-cath o d e). P re v io u s  w o rk  o n th e  p h o to -ch em ica l s t a b ilit y  
o f m a n y  com pounds, e.g. C u - 27 a n d  A g -h a lid e s  28 a n d  su lp h id e s 29 ha s 
sh o w n  t h a t  th e  presence of w a te r v a p o u r is  a n e ce ssary  co n d itio n  for the 
ch e m ical deco m po sition b y  lig h t  a n d  t h a t  even tra ces of H aO g re a tly  
increase the ra te  of rea ctio n . W e , also, h a ve  fo u n d  in  a  series of e x p e ri­
m ents ca rrie d  o u t in  c a re fu lly  d rie d  gases th a t, w ith o u t e xcep tio n , there 
w as no v is ib le  a c tio n  o n th e  p re p a ra tio n s ; a ll  surfaces w ere unch anged, 
e ven a fte r v e ry  lon g expo sures.

I n  o th e r e xp e rim e n ts u n d e r th e  sam e co n d itio n s, m ix tu re s  of d ry  N ,  
a n d  C 2H $O H  v a p o u r w ere passed  o v e r c ry s ta ls  of C d l 2 ; v is ib le  a c tio n  of 
lig h t  takes p lace o n ly  if  th e  v a p o u r is  n o t c a re fu lly  d rie d . A s  expected, 
th e  re a ctio n  a lw a y s  sta rts  a t  edges, dam aged p o in ts  a n d  scratches.

A cco rd in g ly , the p h o to ch em ical a c tio n  o f u ltra v io le t  lig h t  on th e  p rism  
faces o f C d l 2 seems to  re q u ire  th e  presence o f a t  le ast s m a ll q u a n tit ie s  of 
w ater. A s  u sua l, th e  p h o to ch em ical process, w h ic h  is  ob served  as a d a rk  
co lo u rin g  of the surfaces, is  n o t e asy to  d escrib e e x a c tly . H o w e v e r, i t  
seem s reaso nab le to  presum e t h a t  th e  m ech an ism  m a y  be s im ila r  to  th a t  
w h ic h  W e iss  10 con sid e rs p rob ab le, w h e n  Z nS  is  irra d ia te d  u n d e r c ir c u m ­
stances s im ila r  to  those in  o u r e xp e rim e n ts :

(Cd++ +  2 l - ) H O H  +  hv =  I -  +  I  +  H  +  O H - ;
f A________________

(Adsorption film of H *0 on Cdlj)

a n d  C d ++ +  H  =  C d + +  H + .

I t  is, of course, possible  th a t, u n d e r su ita b le  co n d itio n s, th e  decom ­
p o s itio n  o f C d l 2 m a y  proceed fu rth e r, re s u ltin g  in  th e  fo rm a tio n  o f m ole­
c u la r  I 2, H j  a n d  m e ta llic  Cd. A lth o u g h  th e  e x p e rim e n ta l co n d itio n s sh o u ld

25 Z. Krist., E rg .-B d . I I  (1 9 2 8 -3 2 ), p. 2 4 7 .
28 Ibid., I  ( 1 9 1 3 -2 8 ), p. 1 8 9 .
27 J .  Plotnikow , Allgem. Photochem. (Berlin, 1 9 3 6 ), p. 4 3 0 .
28 J .  Plotnikow, ibid., pp. 4 4 6 , 4 5 1 -5 .
29 C. F . Goodeve and J . A. K itchener, Trans. Faraday Soc., 1 9 3 S, 3 4 , 9 0 2 .
30 J .  Weiss, ibid., 1 9 3 8 , 3 4 , 9 0 9 .
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fa v o u r a  com plete d eco m p o sition of C d l2, w e w ere n e v e r ab le  to  fin d  even 
traces o f th e  free elem ents in  question. T hese exp e rim e n ts w ere ca rrie d  
o u t as fo llo w s : F in e  pow ders of C d l 2 were k e p t in  ro ta tio n  a n d  irra d ia te d  
fo r 5  ho u rs in  cu rre n ts  of m oist N 2, H ,,  or C 2H 4 a t  te m p eratu re s betw een 
2 0 ° a n d  5 0 ° C., th e  gases bein g afterw ard s absorbed in  sm a ll q u a n titie s  of 
su ita b le  so lve n ts. A fte r lon g irra d ia tio n s  the insid e  w a ll of th a t p a rt  of 
the q u a rtz  tu b e  in  w h ich  the pow der w as k e p t in  ro ta tio n  becam e a  litt le  
d a rk . N o  tra ces o f free I 2 o r  C d  were, how ever, found , a n d  o n tre a tin g  
th is  d a rk  film  w ith  an  a c id  no e v o lu tio n  of H 2 w as observed. W a te r o r 
so lu tio n s c o n ta in in g  w a te r m ade the colo ra tio n  v a n ish , as w as th e  case 
if  th e  irra d ia te d  c ry s ta ls  w ere so treated , o r if  th e y  w ere k e p t in  a  m o ist 
atm osphere a fte r the irra d ia tio n . W h e n  sh a k in g  the irra d ia te d  pow der 
w ith  an  o rg a n ic  so lve n t, also, no  free iod in e tvas found.

T h e se  e xp e rie n ce s suggest t h a t  the p h o to ch e m ica l process in  C d l,  
can sto p a t  t h a t  stage, a t  w h ic h  there is  a n  o sc illa tio n  in  the C d l2 ch a in s 
b etw een the sta te s (A), (B ) a n d  (C ), in v o lv in g  a w e a k e n in g  of the b in d in g  
forces o r a lo o se n in g  of the la tt ic e . N o  difference ^
w a s o b se rve d  b etw een p a s tille s  o r c ry s ta ls  p rep are d  Cd++ Cd+ cd+
as d escrib ed  a b o v e  a n d  those w h ic h  h a d  been heated 1 -  1 1 -
fo r  3  d a y s  a t  1 5 0 ° C. T h is  h a d  to be e xa m in e d  (A) (B ) (C)
b eca u se  o f the p o s s ib ility  o f the e xisten ce  o f tw o 
m o d ific a tio n s  of C d l 2.31 In v e s tig a tio n s  ca rrie d  o u t b y  G . and B . A m in o ff, 
as y e t  u n p u b lis h e d , seem  to show  th a t o n ly  one m o d ifica tio n  e xists, an d  
th a t  th e  o b served  s tru c tu re  v a r ia t io n s  ca n  be e x p la in e d  b y  d is p la c e ­
m en ts of p a rts  of the la t t ic e  la y e rs .32

In  o rd e r t h a t  su ch  p h o to ch e m ica l a c tio n  can take  p lace, it  is e v id e n tly  
n e ce ssary , on the one h a n d , t h a t  v a le n c y  e le ctro n s w h ic h  are e a s ily  
re m o v a b le  fro m  th e ir  n o rm a l le v e ls  s h o u ld  be p resen t, an d , on th e  other, 
th a t a n  a d s o rp tio n  film  of w a te r, in  w h ic h  the d e fo rm a tio n  of th e  w a te r 
m o le cu les fa c ilita te s  th e ir  d isso cia tio n  in  ions, sh o u ld  be form ed .

R e g a rd in g  the f irs t  co n d itio n , W e rn e r  33 h a s e stab lish e d  th a t  C d l2 is 
a p h o to e le ctric  c o n d u c to r, a n d  co n se q u e n tly  possesses e le ctro n s e a sily  
lib e ra te d  th ro u g h  a b so rp tio n  of r a d ia t in g  energy. A s  to the fo rm a tio n  
o f a p o la rise d  a d so rp tio n  film  o f H 20  fa v o u ra b le  co n d itio n s  fo r  su ch  a 
f ilm  e v id e n tly  e x is t  a t  the p rism  faces o w in g  to th e ir  u n sa tu ra te d  
a d s o rp tio n  forces.

O th e r o b s e rv a tio n s  seem  to agree v e r y  w e ll w ith  o u r p re su m p tio n  
t h a t  c ry s t a l faces in te rs e c tin g  la tt ic e  la y e rs  sh o u ld  possess sp e cia l a d ­
s o rp tio n  a c t iv it y .  T h u s , H o fm a n n  34 h as fo u n d  a  g reate r a d so rp tio n  
a c t iv it y  of th e  p ris m  th a n  o f the b a sa l faces of g ra p h ite , a n d  W o lf  an d  
R ie h l ,35 w h e n  k e e p in g  g ra p h ite  c ry s ta ls  in  a ir  c o n ta in in g  ra d io a c tiv e  
e m a n a tio n , o b served  th a t the ra d ia t io n  w as m o s tly  em itte d  fro m  these 
su rfa ce s o r fro m  edges o r  c ry s t a l fa u lts.

Poisoning of the Surfaces against Water Adsorption.
I t  b e in g  p ro v e d  th a t the p h o to ch e m ica l effect is due to an in te ra c tio n  

betw een lo o se ly  b o u n d  electro n s a n d  a h ig h ly  a c tiv a te d  a d so rp tio n  film  
of H 20  a n d  th a t  the c o m b in a tio n  of these co n d itio n s, i.e. th e ir  acco m ­
m o d a tio n  to each o th e r so t h a t  a n  a c tio n  of lig h t  is p ro d u ced , o n ly  takes

31 Z . Krist., Erg.-B d. I l l  (1 9 3 3 -3 5 ), pp- 2 2 , 2 8 2 .
32 Communication b y  Professor G. Aminoff (unpublished as yet).
33 J .  Werner, Z. Physik., 1 9 2 9 , 5 7 , 2 r 9  ; cf. also E . Oeser, ibid., 1 9 3 5 , 9 5 , 6 9 9 , 

7I5-
34 U . Hofm ann, Z. angew. Chem., X931, 4 1, °45-
34 P. U. W olf and N . Riehl, ibid., 1 9 3 2 , 45> 4°°-
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p lace  a t  the p rism  faces, it  w a s of in te re st to e xa m in e  w h e th e r the effect 
w o u ld  f a il to a p p e a r if  the c ry s ta ls  w ere firs t  tre ated  w it h  su b sta n ce s 
w h ic h  are m ore in te n s e ly  ad sorbe d  th a n  w a te r.

T h e  choice of p o iso n in g  su b stance s w as m ade fro m  the sam e v ie w ­
p o in t  as in  flo tatio n  techn iq u e, i.e. the com pound s in  q u e stio n  sh o uld  
possess h ig h  ad so rp tio n  in te n s ity  to C d l 2 a n d  no a ffin ity  to  w ater. T h e  
exp e rim e n ts w ere so ca rrie d  o u t th a t v a p o u rs  of o le ic  ac id , ste a ric  acid, 
th io g ly c o llic  acid , a lly l  m u sta rd  oil, benzene, toluene, phenol, an ilin e ,
o-toluid in e, 1 : 3 : 4 -x y lid in e  a n d  p y rid in e  w ere passed o v e r th e  c ry s ta ls  
fo r ro  m in u te s a t  the low est tem p eratu re s p o ssib le  b y  m eans of a n  a ir  
cu rre n t. D u rin g  th is  tre a tm e n t th e  c ry s ta ls  were, of course, n o t irra d ia te d .

These substances ca n  be d iv id e d  in to  fo u r groups, viz., the p u re  fa t ty  
a c id s (kn o w n  as w a te r rep e lle rs b u t p ro b a b ly  w ith o u t stro n g  a d so rp tio n  
forces to  C d l2) ; the tw o a lip h a t ic  com pounds, co n ta in in g  S-atom s, w h ic h  
m ig h t be assum ed to  increase th e  a d so rp tio n  a ffin ity  to  C d l . ; benzene, 
toluene a n d  phenol, w h ic h  co u ld  n o t be e xpected  to  e x e rt great influence, 
an d, la s tly , th e  c y c lic  com pounds, co n ta in in g  N H 2- o r N -ra d ic a ls , w here a 
m ore effective p o iso n in g  effect m ig h t be expected, ow ing to the d isp o sitio n  
of C d l 2 to  g ive  sta b le  com plexes w ith  su b stance s of th is  k in d .

O n su b se q u e n t ir ra d ia tio n  u n d e r the sam e co n d itio n s as before (m oist 
N s), e xcep t t h a t  tw o  c ry s ta ls  o r p a stille s— the one b ein g  unp o iso ne d — were 
a lw a y s irra d ia te d  together in  o rd er to fa c ilita te  co m p ariso n  of th e  o b se rv a ­
tions, the fo llo w in g  re su lts  w ere ob tained . A s  expected, phenol had no 
influence, the a d so rp tio n  film  e v id e n tly  b ein g e a sily  rep la ced  b y  w ater. 
Benzene an d  toluene, also, h a d  no influence. T h e  tre a tm e n t w ith  fa tty  
acids, how ever, show ed a  d is tin c t  e ffe c t ; the d a rk  c o lo u rin g  of the u n ­
treated  c ry s ta ls  w as, as u sua l, re a d ily  o b servab le  w it h in  a  m inute , w hereas 
the poisoned ones rem ain ed  w h ite  m u ch  longer. E v e n  a fte r ir ra d ia tio n  
fo r 1 5  m inu tes o r m ore th ere  w as a  great difference in  co lo u r betw een the 
tw o cry sta ls . T h e  g ra d u a l b la ck e n in g  also of th e  poisoned c ry s ta ls  is  
p ro b a b ly  due to d e stru ctio n  o f th e  p o iso n  film  b y  the u ltra v io le t  lig h t. 
Thioglycollic acid e xe rts  ab o u t th e  sam e effect as the u n su b stitu te d  fa tty  
acids. A lly l mustard oil is  m ore effective, p re v e n tin g  v is ib le  a t ta c k  of the 
lig h t  for a b o u t 1 0 - 1 5  m inutes, d epend ing  on the d u ra tio n  o f th e  p o iso n in g  
treatm ent. S t ill  g reater effect is, as expected, o b tain e d  w ith  c ry s ta ls , 
tre ated  w ith  aniline  a n d  1 : 3 : 4 -xylidine, a n d  e sp e cia lly  w it h  o-toluidine, 
w h ic h  s t ill  p re ve n ts the a ctio n  of lig h t  a fte r tw o hours, th u s  h a v in g  p ra c ­
t ic a lly  co m p le te ly  poisoned the surface.

A s  m entioned above, i t  is  n o t su fficien t fo r an  effective poison t h a t  one 
p a rt  o f the m olecule is  in te n se ly  adsorbed. T h e  p a rt  fa c in g  o u tw a rd  fro m  
the c ry s ta l surface m ust no t h a ve  g reat a ffin ity  to w ater. Therefore 
e xp e rim e n ts w ith  c ry sta ls  tre ated  w ith  d ry  N H ,  show ed no  p o iso n in g  
effect a t a ll. T h e  surfaces were, how ever, no t so u n ifo rm ly  a tta ck e d  as 
before, because of the fo rm a tio n  of a co m p le x betw een C d l 2 an d  N H 3 
s ta rt in g  a t  scratches, edges, o r dam aged p o in ts of th e  surface.

Pyridine  proved, how ever, to be the m ost effective po iso n  of a ll s u b ­
stances tested. T re a te d  w ith  v a p o u r o f p y rid in e  an d  d rie d  in  v a cu u m  
desiccato rs the c ry s ta ls  rem ain ed  w h ite  w hen su b se q u e n tly  irra d ia te d  in  
m o ist N 2 for hours.

T h e  difference in  poison ing effectiveness betw een a n ilin e , x y lid in e ,
o -to lu id in e  an d  p y rid in e  corresponds v e ry  w e ll w ith  the differences in  th e  
ch e m ical b e h a v io u r of C d l2 tow ards these substances, w ith  a ll of w h ic h  it  
form s a d d itio n  pro d ucts, th e  in te n s ity  o f the rea ctio n s in cre asin g  from  
a n ilin e  to  p y rid in e .

T h e  re a ctio n  w ith  p y rid in e  deserves som ew hat m ore d etailed  d escrip tio n . 
W h e n  used in  great excess, the c ry s ta ls  ab sorb  it  in te n sely, d evelop in g 
a  co n siderab le  rea ctio n  heat a n d  sw elling  lik e  g rap h ite  w h e n  o x id ise d  to 
g rap h ite  acid . T h e  re a ctio n  p ro d uct rem ain s solid  if  the p ro p o rtio n  
C 6H jN  : C d l 2 does no t exceed ab o u t 3 5  : 1 . W h e n  k e p t in  a  vacu u m
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d e sicca to r the c ry s ta ls  lose the larg e r p a rt  of th e  p y rid in e  u n t il a n  e q u i­
lib r iu m  is  a tta in e d  corresp o n d in g  to  th e  fo rm u la  : C d l 2 . 2 C 5H 5N . T h is  
co m p o u nd  is  in so lu b le  in  w ater.

I t  is  o f in te re st to m en tio n th a t  C d B r 2 an d  C d C l2 b ehave in  a s im ila r  
w a y  to  C d l 2 to w a rd s a n ilin e , x y lid in e , o -tolu id in e and p y rid in e . C d F 2, 
how ever, behaves d ifferen tly .

Irradiation Experiments with CdBr2, CdCl2 and CdF2.
H a v in g  sh o w n th a t the p h o to ch e m ica l rea ctio n  in  C d l 2 is m ade 

p o ssib le  th ro u g h  c o m b in a tio n  of s tru c tu ra l and a d so rp tio n  facto rs, it  
w a s of in te re s t to e xa m in e  also  the o th e r Cd h a lid e s fro m  th is  p o in t  of 
v ie w . E x p e rim e n ts  w it h  them  w ere ca rrie d  o u t in  e x a c t ly  th e  sam e w a y .

C d B r 2 a n d  C d C l2 w ere c ry s ta llis e d  fro m  s o lu tio n s  in  w a te r a n d  d rie d  
in  e x a c t ly  the sam e w a y  as w h e n  p re p a rin g  C d l2. T h e  C d F 2 used w as 
“  K ahlbaum  pro ana lysi."

C d B r 2 c ry s ta llis e s  36 in  the ty p e  C : ig .

B r -
T h e  C d + +  ch a in s  (B ) fo rm  la y e rs  s im ila r  to those in  C d l 2 c ry s ta ls .

B r -
(D)

T h e  o n ly  d ifferen ce b etw een the C d l2- (C : 6) a n d  C d B r 2-stru ctu re s  
co n sists  in  th e  c o rre la tio n  of the a n io n s, w h ic h  in  C : 6 fo rm  a h e xag o n al, 
a n d  in  C : ig  a c u b ic  p a c k in g ,37  an d  in  the s m a lle r d istan ce s betw een the 
la y e rs , b o th  of w h ic h  are caused  b y  differen ces in  v o lu m e  an d  p o la ris a tio n  
effects o f th e  a n io n s. E x a c t ly  as w a s th e  case w ith  C d l2, a n o th er 
“  m o d ific a tio n  ”  e x ists, e v id e n t ly  fo rm e d  w h e n  p re ssin g  o r g r in d in g  
c ry s ta ls , a n d  b ro u g h t a b o u t b y  a p e rio d ic a l d isp la ce m e n t o f p a rts  of th e  
la t t ic e .38 T h is  s tru c tu re  re p rese n ts a k in d  of in te rm e d ia te  s tru c tu re  
b etw een C d l 2 (C : 6) a n d  C d B r 2. I t  ca n  be tra n sfo rm e d  in to  the n o rm a l 
one (C : i g ) b y  h e a tin g  to a b o u t 2 0 0 ° C.

C d C l2 also b elo ngs to ty p e  C : ig ,  a n d  the la tt ic e  d a ta  co n fo rm  w it h  
those of C d B r 2, e x c e p t fo r  the d iffe re n t d ista n ce  betw een a d ja c e n t 
la y e rs.

F in a lly ,  C d F 2 b elo ng s to a n o th e r cla ss of sy m m e try , the flu o rite  typ e  39 

C : I ,  a n d  it  can, therefo re, be p resum ed  th a t the b e h a v io u r of C d F 2 w ill 
d iffe r fu n d a m e n ta lly  fro m  the o th e r co m pou nd s.

O n ir ra d ia t in g  these co m p o u n d s in  m o ist N 2, it  w a s o n ly  th a t C d B r 2 

m o d ific a tio n  w h ic h  is  re la te d  to C d l 2 (an d  p ro d u ce d  th ro u g h  stressin g  
the c ry s ta ls ) w h ic h  w as co lo u re d  d a r k  a fte r an e xp o su re  of som e m in u te s. 
Ir ra d ia t io n  in  a n  atm o sp h ere  of d ry  N a h a d  no effect. A fte r  h e a tin g  th e  
C d B r 2 fo r  an h o u r  a t  2 0 0 ° C., a n d  so b rin g in g  it  b a c k  to its  n o rm a l typ e  
(s im ila r  to C d C l2, C : ig )  no a c tio n  of lig h t  co u ld  be observed  u n d e r th e  
e xp e rim e n ta l co n d itio n s. S im ila r ly , no effect w as o b tain e d  w ith  C d C l2, 
n o r, of course, w it h  C d F 2.

O b v io u s ly  it  is  im p o ssib le  to c la im  th a t no p h o to ch e m ica l actio n  
ta k e s p lace, m e re ly  b ecause no c o lo u r change is  observed. I t  m a y  be 
t h a t  a d is tu rb a n c e  also  o ccu rs in  the la y e r la ttice s  of the n o rm a l m o d i­
fic a tio n s  of C d B r 2 a n d  o f C d C l2, w ith o u t g iv in g  rise  to a d a r k  colouring..

38 Z. Krist., Erg.-B d. I I  (1 9 2 8 -3 2 }, pp. 2 4 6 -7 .
3 7  Ibid., I  (1 9 1 3 -2 8 ), pp. 7 4 2 -3 . 38 Ibid., I I  ( 1 9 2 8 -3 2 ), p. 2 8 0 .
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T h e  facts, ho w e ve r, th a t (i) a v is ib le  effect is  o b ta in e d  w it h  C d L , 
an d , th o u g h  n o t so s tro n g ly , w it h  t h a t  m o d ific a tio n  of C d B r 2 w h ic h  is 
regard ed  as a c o m b in a tio n  of C : 6  a n d  C : ig ,  ( ii)  there is m a rk e d ly  less 
a d so rp tio n  in t e n s ity  a t  th e  p rism  faces of the sta b le  C d B r 2 a n d  C d C l2 

m o d ifica tio n s  th a n  a t  those of C d l2, w h ic h  also  m ak es w e a k e r p o la ris a t io n  
of the ad sorbed  w a te r  m o lecu les p ro b a b le , a n d  ( iii)  t h a t  the p h o to e le ctric  
c o n d u c tiv it ie s  of C d B r 2 a n d  C d C l, 40 are  sm a lle r, seem  to in d ic a te  th a t 
the co m b in a tio n  of c o n d itio n s  fo r  p h o to ch e m ica l a c tio n  is  e sp e c ia lly  
fa v o u ra b le  in  C d l2. A  d ifferen ce b etw een C d l 2 a n d  the o th e r C d  h a lid e s 
ca n  also be p re d icte d , b ecause of the g re a te r p o la ris a t io n  effect caused  
b y  C d ++ on the I - , w h ic h  is  m ore s e n sit iv e  th a n  B r ~  a n d  C l-  (F a ja n s ). 
T h is  d is s im ila r it y  co rre sp o n d s to the d ifferen ces in  s tru c tu re  m en tio n e d  
ab ove.

Experiments on the Solubility of Irradiated Cdl2-Crystals.*

I t  is  to be e xp e cte d  t h a t  c ry s ta ls , th e  su rfa ce s o f w h ic h  are  a c tiv a te d  
th ro u g h  irra d ia t io n , w il l  b ecom e m ore in te n s e ly  a tta c k e d  b y  a  re a c tiv e

su b sta n ce  th a n  w h e n  th e y  
h a v e  n o t been irra d ia te d  b y  
a b so rb a b le  w a v e -le n g th s.

W e  th ere fo re  in v e s t i­
gated the ra te  of so lu tio n  
of C d l ,  p a s tille s , p ressed  in  
th e  w a y  d escrib ed  ab o ve . 
A s  it  w a s im p o ssib le  to p r e ­
p a re  tw o p a s tille s  (th e  one 
to be irra d ia te d , th e  o th e r 
to be p ro te cted  a g a in s t the 
ra d ia t io n ) so p e rfe c tly  e q u a l 
as to p e rm it  a  co m p a riso n  
o f th e ir  ra te s o f so lu tio n , the 
e xp e rim e n ts  w ere c a rrie d  
o u t w it h  th e  sam e p a stille .

I t  w as, of course, neces­
s a ry  to use a  s o lv e n t w h ic h  
d isso lves o n ly  a  v e ry  sm a ll 
q u a n t it y  o f C d l2, a n d  w h ich  

does n o t ab sorb  th e  w ave -le n g th s w h ic h  e x e rt the p h o to ch em ical a ctio n  
o n the c ry s ta l surface . T hese co n d itio n s are  satisfied  b y  a m ix tu re  of 9 2  
p a rts  b y  vo lu m e  o f “  n o rm a l benzine "  (freed fro m  u n sa tu ra te d  h y d ro ­
carb on s b y  tre atm e n t w ith  H 2S 0 4), an d  8  p a rts  of a lco h o l (9 9 - 5  %  
C jH jO H  - f  0 '5 H 20 ). T h e  so lu tio n  e xp e rim e n ts w ere ca rrie d  o u t in  a 
therm o stat, the p a s tille  (x) b ein g  ro ta te d  in  a  q u a rtz  tu b e  (2 ) co n ta in in g  
th e  so lve n t ( 7 5  c.c.) a n d  p laced  close to a q u a rtz  w in d o w  (3 ) on one side 
o f th e  th erm o stat (F ig . 2 ). T h e  p a s tille  is  su pp o rted  b y  sm a ll s p rin g y  
glass b a rs (4 ), the u p p e r a n d  lo w e r su rfaces bein g co vered  b y  a  w a x  
w h ic h  is  n o t a tta ck e d  b y  the so lve n t. T h e  sh o rte st w ave -le n g th  em itted 
from  the q u a rtz -H g  la m p  w as 2 3 5 0  a .  T h e  so lv e n t tra n s m its  lig h t  of 
w ave -le ng th s lon g er th a n  2 1 3 0  A . a n d  C d l 2 ab sorbs w ave -le n g th s sh o rte r 41 
th a n  3 7 0 0  a .  T h e  d ista n ce  b etw een th e  la m p  (w h ich  h a d  a  q u a rtz  co n ­
d en se r lens) an d  the p a s til w as 3 - 4  cm ., a n d  th e  tem p eratu re  w as k e p t

40 G. A . Dina, Compt. rend., 1 9 1 3 , 157 , 5 9 0 , 7 3 6 .
* Together w ith S. M&nsson.
41 K . Butkow, Acta physicochim. U.R.S.S., 1935 , 3 ,  2 0 5 .
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co n sta n t a t  2 5 0 C. d u rin g  a n  e xp e rim e n t of 3 0  m inutes. E v e r y  p a s tille  w as 
p laced  in  a  sp e cia l d esicca to r co m m un icatin g  w ith  a v a c u u m  p u m p  after 
th e  e xp e rim e n t. A fte r  6  h o u rs th e  so lv e n t h a d  e vap o rated  a n d  the p a stils  
a tta in e d  co n sta n t w eight.

T h e  ta b le  show s the re su lts  ob tained  u n d e r differen t co n d itio n s w ith  
p a s t ils  1 to  5 . I t  is  seen t h a t  a n  increased  ra te  of so lu tio n  is  p ro d uced  b y  
ir ra d ia t io n  w it h  w ave -le n g th s w h ic h  ca n  be absorbed b y  C d l2. A n  average 
effect of a b o u t 1 3  %  is  a tta in e d  u n d e r the e xp e rim e n ta l co n d itio n s used.

T h e  e xp e rim e n t th u s  p ro ves t h a t  th e  p re su m p tio n  t h a t  surfaces w h ich  
are p h o to ch e m ica lly  se n sitiv e  ca n  also, w hen irra d ia te d , be a c tiv a te d  w ith  
re g ard  to  th e ir  ch e m ica l b e h a v io u r in  general.

(A ) Ir r a d ia t io n  b y  H g - L a m p  w ith o u t B la c k  F ilt e r .

Pastil
No. Weight (in g.).

Q uantity Dissolved (in g.).
Difference

(ing.).
Effect of the 

Irradiation (%).
In  Darkness. W hen Irradiated.

I 6 -6 9 0 0 -0 0 2 1 0 0 -0 0 2 3 5 0 -0 0 0 2 5 +  i r -9
2 8 -0 3 4 0 -0 0 2 3 0 0 -0 0 2 5 4 0 -0 0 0 2 4 +  10-5
3 7-194 0 -0 0 2 8 0 0 -0 0 3 2 8 0 -0 0 0 4 8 +  17-0
i 6 -6 8 7 0 -0 0 1 8 7 0 -0 0 2 1 7 0 -0 0 0 3 0 +  i 6-o
2 8 -0 2 9 0 -0 0 2 7 8 0 -0 0 3 1 0 0 -0 0 0 3 2 +  I I -5
4 7-854 0 -0 0 2 5 0 0 -0 0 2 9 0 0 -0 0 0 4 0 +  i 6-o

Average +  13-8

( B )  Ir r a d ia t io n  b y  H g - L a m p  a n d  a  B la c k  F i lt e r ,  T ra n s m it t in g  
no V is ib le  L ig h t .

i 6 - 6 7 1 0 - 0 0 2 5 0 0 - 0 0 2 7 6 0 - 0 0 0 2 6 +  1 0 - 4
2 8 - 0 1 0 0 - 0 0 3 0 0 0 - 0 0 3 4 1 0 - 0 0 0 4 1 +  13-7
3 7 - 1 7 1 0 - 0 0 2 5 8 0 - 0 0 2 9 2 0 - 0 0 0 3 4 +  13-2
4 7 - 8 3 1 0 - 0 0 2 3 7 0 - 0 0 2 6 8 0 - 0 0 0 3 1 +  x3-i
5 6 - 5 9 0 °'00355 0 - 0 0 4 0 0 0 0 0 0 4 5 +  1 2 - 7

Average - j -  1 2 - 6

(C )  Ir r a d ia t io n  b y  W h ite  L ig h t ,  c o n ta in in g  no U lt r a v io le t  W a v e ­
le n g th s.

I 6 -6 7 2 0 -0 0 2 5 0 0 -0 0 2 4 0 — O-OOOIO
2 S-oii 0 -0 0 2 5 8 0 0 0 2 6 9 +  O-OOOII
3 7-i83 0 0 0 2 6 0 0  0 0 2 6 0 ±  0 -0 0 0 0 0
4 7 -8 4 0 0 0 0 2 1 6 0 -0 0 2 0 7 — o-oooog
5 6 -603 0 -0 0 2 5 9 0 -0 0 2 6 3 +  0 0 0 0 0 4

Average — 0 -00001

Sum m ary.

A  s h o rt s u rv e y  is  g iv e n  of th e  differen t k in d s  o f fa u lt y  stru ctu re  in  
c ry s t a l lattice s, o f th e  co n d itio n s fo r th e  p ro d u c tio n  of irre v e rs ib le  irre g u ­
la rit ie s  o r fo r th e  e xisten ce of th e  re ve rsib le  ones in  general, a n d  o f the 
im p o rta n ce  of im p e rfe c tly  form ed  c ry s ta ls  fo r d ifferen t b ranches of 
ch e m istry . I t  is  show n t h a t  increased  ch e m ical a c t iv it y  is  caused not 
o n ly  b y  d istu rb a n ce  of c ry s ta llo g ra p h ic  sym m e try , b u t  also  b y  changes of 
th e  m ag ne tic o r th e  e le ctric  state o f the la ttice.

I n  acco rd ance  h e re w ith  p h o to ch em ical effects h a ve  been fo u n d  in ­
v o lv in g  increased  su rfa ce  a c t iv it y  w ith  respect also  to the ch e m ical in te r­
change w ith  su rro u n d in g  m ate rials. A ris in g  fro m  these exp e rim e n ts, the 
e xisten ce of c ry s ta ls  w as assum ed th e  p h o to s e n s itiv ity  o f w h ich  m a y  v a r y
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w ith  th e  k in d  o f c ry s t a l faces. I t  w as suggested t h a t  th is  m ig h t he the 
case w ith  c ry s ta ls  b u ilt  u p  as la y e r  lattices. E x p e rim e n ts  ca rrie d  o u t w ith  
C a d m iu m  h a lid e s h a ve , indeed, sh o w n  t h a t  th e  p ris m  faces of C d l 2 are 
e sp e cia lly  se n sitive , w hereas th e  b a sa l faces are le ft u n a tta ck e d  b y  ab so rb ­
ab le  w ave -le n g th s. T h e  p h o to ch em ical process re q u ire s sm a ll q u a n titie s  
of w ate r ad sorbed  a t  th e  su rface  an d , co n seq u en tly , it  can be m ore o r less 
co m p le te ly  p re v e n te d  b y  com pou nd s w h ic h  are  m ore in te n se ly  ad sorbed  
th an  w ater. A  sm a lle r effect o f th e  sam e k in d  h a s been fo u n d  w h e n  u sin g  
t h a t  m o d ifica tio n  of C d B r 2 w h ic h  is  of th e  sam e ty p e  (C : 6 ) as C d l2. N o  
v is ib le  a c tio n  of ra d ia tio n  co u ld  be ob served  w ith  C d C l2 a n d  C d F 2, the 
la ttice s  of w h ich  are m ore d ifferen t fro m  th e  ty p e  of C d l..

I t  h a s also been sh o w n  t h a t  th e  su rface  a c t iv it y , caused b y  th e  p h o to ­
ch e m ica l process, in v o lv e s  incre ase d  ra te  of re a ctio n  of su ch  p a rts  of 
c ry s ta ls  ; th u s  th e  p rism  faces of C d l 2 w h e n  irra d ia te d  b y  ab so rb ab le  
w ave-leng ths, a re  m ore r a p id ly  a tta ck e d  b y  a  s o lv e n t th a n  in  d arkne ss, or 
i f  ra d ia te d  b y  lig h t  n o t being ab so rb a b le.

T h e  c a rr y in g  o u t of th is  in v e s tig a tio n  h a s been m ade p o ssib le  b y  
s u b v e n tio n s  fro m  th e  N o b e l C o m m itte e  fo r  C h e m istry  of th e  S w e d ish  
R o y a l A c a d e m y  of S cien ce  a n d  the R e s e a rc h  F u n d  of C h a lm e rs  T e c h n ic a l 
College.

D epartment o f A pp lied  Chemistry,
Chalmers Technical College,

Gothenborg, Sweden.

R E V I E W S  O F  B O O K S .

T h e  M a th e m a tic a l T h e o r y  of N o n -u n ifo rm  G a s e s . B y  S. C h a p m a n  

a n d  T . G . C o w l i n g .  (C a m b rid g e  U n iv e r s it y  P ress, 1 9 3 9 , p p . 4 0 4 . 
P ric e  3 0 s.)

T o  those p h y s ic is ts  w h o  are  p r im a r ily  in te re ste d  in  phenom ena, the 
d y n a m ic a l th e o ry  o f gases is  a n  u n s a tis fa c to ry  su b je c t. T h e  fu n d a m e n ta l 
p rin c ip le s  are  few , a n d  ca n  be r e a d ily  a p p lie d  to  p ro d u ce  a cru d e  th eo ry, 
b u t, if  we w is h  to  o b ta in  e x a c t form ulas fo r  th e  coefficients o f v is c o s ity , 
d iffu sio n  a n d  th e rm a l c o n d u c tiv ity , lo n g  a n d  co m p lica te d  m a th e m a tica l 
in v e stig a tio n s  are ne ce ssary. F u rth e r, these ca lc u la tio n s  ad d  n o th in g  to 
o u r u n d e rsta n d in g  o f th e  p h y s ic a l processes in v o lv e d , th o u g h  th e y  are 
v it a lly  n e ce ssary  i f  w e are to  be a b le  to  deduce a n y th in g  of v a lu e  fro m  th e  
e xp e rim e n ta l m a te ria l. I t  fo llo w s fro m  th e  n a tu re  of th e  s u b je c t  th a t 
b ooks d e a lin g  w it h  i t  sh o u ld  e ith e r be o f a n  e le m e n ta ry  n a tu re  o r sh o u ld  
be f u lly  fledged m a th e m a tica l tre atise s. P ro f. C h a p m a n  a n d  D r . C o w lin g  
h a v e  chosen th e  la tte r  a lte rn a tiv e , a n d  h a ve  p resen ted  th e  fu lle st  a c co u n t 
of th e  su b je c t w h ic h  ha s y e t  appeared  in  b o o k  form .

T h e  b o o k is  a  fo rm id a b le  one, even  to  a m a th e m a tica l sp ecia list, and 
th e  re a d in g  is  n o t s im p lifie d  b y  th e  a u th o rs ’ in tro d u c tio n  o f a  new  v e cto r 
a n d  ten so r n o ta tio n , too m a n y  of w h ich  a lre a d y  e x ist. E x p e rim e n ta l 
p h y sic is ts  a n d  p h y s ic a l ch e m ists w il l  p ro b a b ly  fin d  t h a t  th e  m ost u se fu l 
p a rt  o f the b o o k  con sists o f C h a p te rs 1 2 , 1 3  a n d  1 4 , e x te n d in g  o v e r 4 0  

pages, w here th e  v a rio u s  form ulas w h ic h  h a v e  been d educed fo r d ifferen t 
m o le cu lar m odels are  com p are d  in  d e ta il w it h  th e  e x p e rim e n ta l resu lts.
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I t  is  c le a r fro m  e ve n  a ca su a l glance a t  th e  b o o k th a t a th e o ry  o f su ch 
great m a th e m a tica l c o m p le x ity  could  n o t h ave  e vo lved  in to  su ch  a  state  of 
p e rfe ctio n  in  a  sh o rt tim e. T h e  h is to ry  of th e  su b je c t is  a long one, d a tin g  
b a c k  e ffe ctiv e ly  to  M a x w e ll’s p a p e r of 1 8 6 6 , an d  a n  a d m ira b ly  w ritte n  
a c co u n t is  g iv e n  in  th e  h is to ric a l su m m a ry  a t  th e  end of th e  book. A lth o u g h  
th e  d y n a m ic a l e q u a tio n s h a d  been set u p  a t a n  e a rly  date b y  M a x w e ll an d  
b y  B o ltzm a n n , no general so lu tio n  of th em  w as g iv e n  u n t il 1 9 1 6 - 1 7 , w hen 
C h a p m a n  a n d  E n s k o g  p u b lish e d  so lu tio n s in d e p en d e n tly . T h is  w ork, an d  
la te r im p ro ve m en ts, form s th e  m a in  to p ic  of the book, an d  is  no w  fo r the 
first  tim e m ade w id e ly  a v a ila b le . I n  a d d itio n  to  discussion s of th e  u su a l 
to p ics  o f v is c o s ity , d iffu sio n  a n d  th e rm a l c o n d u c tiv ity , treated  b y  E n sk o g 's  
m ethod, there are also  ch a p te rs o n dense gases, ion ised  gases and the 
m o d ificatio n s in tro d u c e d  b y  th e  q u a n tu m  th eo ry . T h e  sm a ll section 
d e a lin g  w it h  th e  effect o f th e  q u a n tu m  th e o ry  o n  th e  m o le cu lar co llisio n s 
is  n ecessary  to  com plete th e  a c co u n t o f th e  presen t state of th e  th eo ry, 
b u t  th e  in c u rs io n  in to  th e  electron th e o ry  of m etals co u ld  w e ll h a v e  been 
dispensed  w ith , since there th e  in te re st is  m a in ly  confined to  th e  d yn am ics 
o f the m otion of the electrons in  th e  c ry s ta l la ttice , w h ic h  is  no t d e a lt w ith  
in  th e  book.

I t  is  p ro b ab le  t h a t  th e  b o o k  w ill  becom e th e  s ta n d a rd  w o rk  o f reference 
o n  th e  su b je c t.

T h e  M o le c u la r  S t ru c t u re  of th e  F ib r e s  of the C o lla g e n  G ro u p . F ir s t  
P r o c t e r  M e m o r ia l L e c tu re . B y  W . T . A s t b u r y .  (L o n d o n : 
In te rn a t io n a l S o ciety  o f L e a th e r T ra d e s ’ C hem ists, 1 9 4 0 . P p . 2 4 . 
P r ic e  2S. 6 d.)

D r . A s t b u r y  re c e n tly  d e live re d  th e  firs t  P ro c te r M e m o rial L e ctu re  
before th e  L o n d o n  Conference o f th e  In te rn a t io n a l S o ciety  o f L e a th e r 
T ra d e s ' C hem ists. T h is  ha s n o w  been p u b lish e d  in  b ooklet form  a n d  th u s 
m ade e a sily  a v a ila b le  to  a ll  w o rk e rs inte re ste d  in  th e  p rob lem  of the 
stru c tu re  of p ro te in  m olecules o r ind eed  of m acro-m olecules in  general.

T h e  le ctu re  in c lu d e s a  f irs t  acco u n t of X - r a y  stu d ies on collagen an d  
e la s tin  fib res c a rrie d  o ut b y  D r. A s t b u r y  a n d  h is  colleague, D r. F loren ce 
B e ll.

T h e  fibres o f th e  collagen g ro u p  are show n to  h a ve  a  sp ecia l p a tte rn  
o f th e ir  ow n based o n the a rran g e m e n t of th e  am in o  acid  resid ues in  the 
lo n g  ch a in  m olecule, nam e ly,

- -  - - P — G — R — P — O— R  - - -

w here P  represents a  p ro lin e  o r h y d ro x p ro lin e  residue, G , g ly cin e  an d  R , 
one o r o th e r o f th e  re m a in in g  residues. O w ing to  the presence of the 
5 -atom  r in g  in  p ro lin e  th e  stereochem ical co n fig u ra tio n  of the ch a in  differs 
fro m  th e  m ore fa m ilia r  p a tte rn  of the m y o sin -k e ra tin  grou p of fibres.

C o llagen fib res show  th e  p ro p e rty  of "  su pe rco n tractio n  ”  ju s t  lik e  
k e ra t in  fib res a n d  th ere  is  a defin ite suggestion in  th e  lectu re t h a t  the 
fib ro us fo rm  of p ro te in  m olecules o n ly  e x ists  as long as the lon g ch a in  
m olecules are h e ld  exte nd ed  b y  in tra -m o le cu la r forces, a n d  t h a t  th e  single 
m olecule released fro m  these e x te rn a l forces collapses in to  a  looped or 
3 -d im en sio n al form .
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T h e  lectu re is w ritte n  in  D r . A s t b u r y ’s c h a ra c te ris t ic a lly  lu c id  sty le  
and the In te rn a t io n a l S o ciety  of L e a th e r T ra d e s ’ C hem ists h a v e  done 
a  good service to ch e m istry  in  p u b lish in g  it  as a b ooklet.

D . J .  L .

E le m e n to s de A to m is t ic a . B y  P ro fe sso r G . E .  V i l l a r .  (M ontevideo, 
Im p re so ra  U ru g u a y a , S o uth  A m e rica. 1 9 3 9 .

P rofessor V il la r  h as p u t  S p a n ish -sp e a k in g  stu d en ts in  h is  d eb t b y  
w ritin g  th is  v e ry  u sefu l tre atise  on a to m ic p h y sics. T h e  tre a tm e n t is 
s tr ic t ly  e lem e n ta ry  th ro u g h o u t a n d  th e  b ook m a y  be read  w ith  p ro fit  b y  
a u n iv e rs it y  stu d e n t in  the pass grade. T h e  to p ics  u s u a l to  a  f irst  y e a r 
course in  th is  su b je c t are covered, a n d  th e  b o o k  ca n  be recom m ended 
to  E n g lis h  stu d e n ts of p h y sic s  w ho desire to e xte n d  th e ir  know ledge of 
the S p a n ish  language.

A . F .

S o u n d . B y  D r. E .  G . R i c h a r d s o n .  P p . i v  +  3 3 9 . (L o n d o n : E d w a rd  
A rn o ld  &  Co., 1 9 4 0 . P rice , 1 6 s. net.)

D r. R ic h a rd s o n ’s tre atise , w h ich  n o w  appears in  its  t h ird  e d ition , is  
too w e ll k n o w n  to  need a n y  d e taile d  d e scrip tio n  here. T h e  scope of the 
b o o k  rem ain s u n a lte re d , th e  m a in  changes co n sistin g  in  a  th o ro u g h  re v is io n  
of the ch a p te rs o n im ped an ce, su p e rso n ics a n d  so u n d  re p ro d u ctio n . D r. 
R ic h a rd s o n  keeps f u lly  u p  to  date in  h is  know ledge of th e  lite ra tu re  o f h is  
su b ject, a n d  h is  b o o k is  to  be u n re se rv e d ly  com m ended as a su ita b le  
in tro d u c tio n  to  a d v a n ce d  s tu d y  a n d  rese arch  in  a  su b je c t w h ich  is  a d v a n c in g  
w ith  re m a rk a b le  ra p id ity .

A . F .

C o llo id  C h e m is t r y  (A  T e x t b o o k ). B y  H a r r y  B o y e r  W e i s e r .  (N ew  
Y o r k : Jo h n  W ile y  & Sons, In c . 1 9 3 9 .) P p . v i i i  +  4 2 8 . P rice
2 4 s. net.

P ro fe sso r W e is e r h a s g iv e n  us in  th is  vo lu m e  a sound, w e ll-b alan ce d , 
an d  v e ry  read ab le  in tro d u c tio n  to  C o llo id  Science, in  m oderate com pass. 
I t  is m ore d e scrip tiv e  th a n  p ro fo u n d ly  th eo re tical, b u t  th e  p rin c ip a l 
th e o re tic a l fo u n d a tio n s are  c le a r ly  g ive n , th o u g h  som e of th e  m ath e m atical 
proofs fa ll sh o rt of th o ro u g h  a c cu ra c y .

A fte r a  b rie f in tro d u c to ry  c h a p te r there are  a b o u t 1 0 0  pages o n  Surface 
C h e m istry , in  w h ic h  a d so rp tio n  is  tre a te d  a t  leng th, a n d  w e ttin g  a n d  th e  
stru ctu re  of su rface  film s ra th e r b rie fly , b u t  w ith  th e  p r in c ip a l facts an d  
theories in d ica te d  w e ll. Som e 3 5  pages d e a l w ith  th e  p re p a ra tio n  a n d  
p u rific a tio n  of sols, an d  a n  e q u a l space is  d evo ted  to  som e of t h e ir  p h y sic a l 
pro p erties. T h e  e le ctrica l p ro p e rtie s a n d  th e  co a g u la tio n  of sols f ill
8 0  pages ; gels, em ulsions, foam s, sm okes a n d  o th e r to p ics  f ill  a n o th e r
So pages. T h e  la s t  p a rt  of th e  b o o k  co n ta in s  a  b rie f a c co u n t of some
im p o rta n t co n ta ct catalyse s, a n d  of d ye in g  an d  c la y s. R eferences to the
lite ra tu re  are w e ll selected a n d  re a so n a b ly  num erous.
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T h e  re v ie w e r w o u ld  h a v e  lik e d  a b ette r tre a tm e n t of c o llo id a l e lectro ­
ly te s  ; th e  few  pages on th is  to p ic, w h ic h  ha s com e in to  g reat prom inence 
la te ly  o n a c co u n t b o th  of its  th e o re tica l in te re st a n d  o f its  te ch n ica l im ­
portance, are  in a d eq u ate. H y d ro p h ilic  colloids, th o u g h  b e tte r treated , 
m ig h t rece ive  m ore a tte n tio n . N o  a tte m p t is  m ade, p ro b a b ly  w isely , 
to d iscu ss m o d ern  s y n th e tic  p olym ers, o r the b io lo g ica l a p p lic a tio n s. 
A  p le asin g  featu re of th e  b o o k is, how ever, the fre q u e n t in d ic a tio n  of 
v a rio u s  te c h n ic a l a p p lic a tio n s.

F e w  e rro rs h a v e  been no ticed  ; on p . n o  th e  c u rve  fo r th e  gaseous 
film  h a s been d isp lace d  u p w a rd s so th a t  th e  lim itin g  v a lu e  fo r F A / k T  does 
n o t rea ch  u n ity , as it  sh o uld  do, w hen F  is  zero ; an d  if  the reference to 
“  b lu e  s k y  "  in  th e  in d e x  is  loo ked  up, the reader w ill find  o n ly  the u n su llie d  
w hiten ess o f th e  e xce lle n t p a p e r on w h ic h  th e  b ook is  p rin te d . M isp rin ts  
seem  v e ry  few.

S tu d e n ts a n d  n o n -sp ecialists in  co llo id s w ill t h a n k  the a u th o r for 
p ro v id in g  one o f th e  b est d e scrip tiv e  in tro d u c tio n s to  the su b je ct th a t 
has y e t  ap p e ared .

N . K .  A .

T h e  R a m a n  E ffe ct a n d  it s  C h e m ic a l A p p lic a t io n s . B y  J a m e s  H . 
H i b b e n  a n d  E d w a r d  T e l l e r .  A m e ric a n  C h e m ical S o ciety  M ono­
g ra p h  Series. T h e  R e in h o ld  P u b lis h in g  C o rp o ratio n , N e w  Y o rk , 
1 9 3 9 . C h a p m a n  &  H a ll,  L td ., L o n d o n . 6 6 s. net.

H e a d in g s to the m a in  d iv is io n s  of th is  b o o k w ill  in d ica te  it s  purpose 
a n d  scope. T hese are  : P a rt  I — G e n e ra l D isc u ssio n  on th e  R a m a n  E f f e c t ; 
it s  P ra c tic e  a n d  T h e o r y ; P a rt  I I ,  th e  R a m a n  S p e ctra  of O rg a n ic Com ­
p o u n d s ; a n d  P a r t  I I I ,  the R a m a n  S p e ctra  of In o rg a n ic  Com pounds.

I n  th e  first  P a rt , the E ffe ct is  d escrib ed  in  s im p le  language, w ith  its  
re la tio n s h ip  to  a b so rp tio n  a n d  fluorescence ; th e  e xp e rim e n ta l m ethods 
fo r d eterm in in g  th e  s h ift  of the lin es, th e ir  in te n sitie s  an d  p o la risa tio n  
are th e n  g ive n  ; a  c h a p te r on th e  v ib ra t io n  a n d  ro ta tio n  of p o ly a to m ic 
m olecules fo llo w s w ith  one o n  th e  re la tio n s h ip  betw een in fra -re d  a b so rp tio n  
sp e ctra  a n d  th e  R a m a n  E f f e c t ; w it h  f in a lly  a d iscussio n  o n the v ib ra tio n s  
o cc u rrin g  in  d ifferen t ty p e s of m o lecu les a n d  on su ch  featu res as a n h a r- 
m o n ic ity .

A ll  th is  th e o re tic a l tre a tm e n t is  a d m ira b le  an d  presents a  c le a r p ictu re  
of th e  in fo rm a tio n  d e riv a b le  fro m  t h is  s tu d y , e n ab lin g  th e  o b server to 
c a lcu la te  the force system s fro m  ob served  frequencies.

T h e  a p p lic a tio n  of the R a m a n  E ffe c t  to c o n s titu tio n a l prob lem s is  the 
them e o f P a rts  I I  a n d  I I I .  T h u s  in  P a rt  I I  the R a m a n  S p e ctra  of the 
a lip h a t ic  h y d ro c a rb o n s a n d  th e ir  d e riv a tiv e s  a n d  of th e  a ro m a tic  h y d ro ­
ca rb o n s a n d  th e ir  d e riv a tiv e s  are discussed, together w ith  acco u n ts of the 
s h ift  c h a ra c te rist ic  of th e  e th y le n ic  a n d  the c a rb o n y l lin ka g es. In d ic a ­
tio n s  re la tiv e  to  stru c tu re  are follo w ed  u p  in  a m u ltitu d e  of cases.

P a rt  I I I  d e a lin g  w ith  in o rg a n ic  com pounds is p erhaps n e ce ssarily  less 
system atic, b u t i t  co ve rs a  w id e  range. T h u s  th e  R a m a n  sp ectra  of gases, 
p hosp horu s, su lp h u r, ca rb o n , w ater, halogen com pounds, acids, s u lp h u r 
a n d  s ilic o n  com pounds, oxid es, azides an d  am m o n iu m  com pounds a ll  
com e u n d e r d iscu ssio n  w ith  a  w ealth  o f d ata  em bodied in  the te x t.



A  b ib lio g ra p h y  e x te n d in g  to a b o u t 2 0 0 0  references, a n  in d e x  of org an ic 
a n d  in o rg a n ic  com pounds, lin k e d  u p  w ith  these references, a n d  a  n u m e ric a l 
in d e x  co n n e ctin g  th e  su b je c ts  m en tio ned  in  the b ib lio g ra p h y  a n d  th e ir  
d iscussio n  in  th e  te x t, show  th e  th orou ghness w ith  w h ic h  th is  b o o k has 
been com piled.

I t  m a y  be t r u ly  sa id  t h a t  t h is  w o rk  is  in d isp e n sab le  to  w o rk e rs in  th is  
fie ld  a n d  in  t h a t  of th e  co m p le m e n tary  one of in fra -re d  sp ectra.

R .  R .
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A n n u a l  R e p o r t s  o n  t h e  P r o g r e s s  o f  C h e m i s t r y  f o r  1 9 3 9 .  (T he 
C h e m ica l S o ciety. P p . 4 5 8 . P ric e  1 3 s. P o st  free.)

P e ru s a l of these volu m es im presses one m ore an d  m ore each y e a r w ith  
the a ll-e m b ra cin g  in flu e n ce  of p h y s ic a l c h e m istry  on e v e ry  asp e ct of ch e m i­
c a l ad v an ce . T h o u g h  H . W . M e lv ille  w ith  R .  P . B e ll, M . G . E v a n s , 
W . C. P r ic e  a n d  J .  H . S ch u lm a n  h a ve  w ritte n  s ix  e x c e lle n t m ono g raph s 
u n d e r th e  h e a d in g  "  G e n e ra l an d  P h y s ic a l C h e m istry ,”  o cc u p y in g  in  a ll 
8 3  pages, m em bers o f th e  F a r a d a y  S o cie ty  w il l  rea d  w it h  e q u a l in te re st 
m a n y  a rtic le s  u n d e r other ge n e ral heads, n o ta b ly  those of P e ie rls  on the 
T h e o ry  of N u c le a r  F o rces, o f T e rre y  on H eterogeneous E q u ilib r ia ,  of 
H . J .  E m e l6 us on R e a c tio n s  in  N o n -A q u e o u s S o lu tio n s, o f U b b e lo h d e  on 
C ry s ta l P h y sics, o f H a m p so n  a n d  J .  M . R o b e rtso n  o n In o rg a n ic  an d  
O rg a n ic  S tru c tu re s  re sp e c tiv e ly , an d, w it h in  th e  1 4 9  pages d evo ted  to 
O rg a n ic  C h e m istry, those of H .  B . W a ts o n  on R e a c tio n  M echanism s an d  of 
M a it la n d  on Stereochem istry.

T h e  A n n u a l R e p o rts  are  u sefu l, n o t so le ly  fo r th e  m ono graph s on 
su b je c ts  w it h  w h ich  w e feel o u rse lve s som ew hat fa m ilia r, th o u g h  it  is  b y  
su c h  we a re  a p t to ju d g e  th e  v a lu e  o f th e  w hole. T h e ir  m a in  in te re st lies 
in  th e  o p p o rtu n ity  th e y  g iv e  u s to  o b ta in  a n  ad equate p e rsp e c tive  v ie w  of 
the less fa m ilia r, w ritte n  b y  e xp e rts.

I n  these d ay s of stress, w hen th e re  is  litt le  tim e  o r o p p o rtu n ity  to  s tu d y  
th e  v a s t  fie ld  o f p h y s ic a l an d  ch e m ica l lite ra tu re , th is  v o lu m e  sh o u ld  be 
m ore th a n  u s u a lly  in  dem and.

E R R A T U M .

P. 510. Line 8 from bottom. For "  thianthren "  read "  phenthiazine.”
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F i g . i .
See page 700 .



C H E M I S T S  A N D  T H E  C E N T R A L  

R E G I S T E R

A s  is  w e ll k n o w n , steps w ere ta k e n  m ore th a n  a  y e a r ago to fo rm  a 
C e n tra l R e g is te r o f person s w it h  te ch n ica l, scie n tific  an d  professional 
q u a lifica tio n s, w ho co u ld  be reg ard ed  as a v a ila b le  fo r service in  G o v e rn ­
m e n t D e p a rtm e n ts  in  w a r tim e, e xce p t in  so fa r  as th e y  w ere a lre a d y  
engaged on w o rk  o f g re a te r N a tio n a l im p o rtan ce . I n  the fo rm a tio n  o f the 
R e g is te r  th e  M in is t r y  o f L a b o u r  an d  N a tio n a l S e rv ice  w a s fo rtu n a te  in  
se cu rin g  the c o rd ia l co -operation o f a ll  the m a in  societies a n d  in s titu tio n s  
concerned, a n d  in  its  o p e ra tio n  since the b eg in n in g  of th e  w a r  the v o lu n ­
t a r y  assistan ce  o f a  large n u m b e r o f sp e cia lists  h a s been a t  th e  d isp o sa l of 
th e  M in is try .

T h e  S ections o f the R e g is te r co v e rin g  P u re  C h e m istry  (C la ssifica tio n  
N o . 7 0 6 } a n d  In d u s t r ia l C h e m istry  (C la ssifica tio n  N o . 7 0 7 ) co n ta in  betw een 
th em  som e 6 , 0 0 0  nam es. T h e  m a jo rity  of these persons are a t  p resen t in  
usefu l, fre q u e n tly  n a t io n a lly  im p o rta n t, em plo ym en t, a n d  sh o u ld  n o t be 
m o ved  u n le ss i t  is  r e a lly  n e ce ssa ry  in  th e  in te re sts of th e  co u n try . E v e r y  
effort is  a c c o rd in g ly  m ade to  m eet th e  re q u ire m e n ts o f G o ve rn m e n t 
D e p a rtm e n ts fo r ch e m ica l p e rso n n el fro m  th e  r a n k s  of those w ho are 
une m p lo ye d , o r a t  le ast r e a d ily  a v a ila b le . I t  is, how ever, no w  p ro v in g  
im p o ssib le  to  m eet th e  g ro w in g  dem an ds fo r  ch e m ists fro m  these groups 
alone, a n d  it  is  th ere fo re  e sse n tia l th a t  the nam es o f a ll  ch e m ists o f e ith e r 
sex, especially young men and women, w h o  a re  b o th  q u a lifie d  a n d  w illin g  
s h o u ld  be on th e  R e g iste r. O b v io u s ly  o n ly  nam es w h ich  are o n th e  R e g iste r 
ca n  be p u t  fo rw a rd  fo r th e  v a c a n c ie s  w h ich  are  no tifie d . R o u g h ly  
speaking , tb e  m in im u m  q u a lif ic a tio n  fo r e n ro lm en t as a ch e m ist on the 
R e g is te r is  a degree in  C h e m istry  o r a n  e q u iv a le n t q u a lifica tio n , o r on the 
oth e r hand , se v e ra l y e a rs ’ e xperien ce in  ch e m ica l p ra c tic e  o r in d u s try .

E n ro lm e n t  o n th e  C e n tra l R e g is te r im p lie s  t h a t  the person s concerned 
w il l  be p rep are d  to  a cce p t su ita b le  fu ll-t im e  e m plo ym en t offered to  them , 
unless th e y  are a lre a d y  engaged on w o rk  of N a tio n a l im portan ce , b u t  the 
v o lu n te e rs  th em selves are  th e  ju d g e s  o f th e  s u it a b ilit y  of th e  p o st offered, 
a n d  o n ly  th e  nam es o f v o lu n te e rs  w h o  h a v e  e xpressed  t h e ir  w illin g n e ss  to 
be co n sidered  fo r a n y  p a rt ic u la r  p o st offered are su b m itte d  to th e  p ros­
p e ctiv e  em plo yers. F u rt h e r  p a rtic u la rs  o f the C e n tra l R eg ister, a n d  in  
p a r t ic u la r  o f the C h e m istry  Sections, w il l  be su p p lie d  on a p p lic a tio n  to  the 
S e cretary, M in is t r y  o f L a b o u r  a n d  N a tio n a l S ervice, C e n tra l R e g iste r 
B ra n c h , Q ueen A n n e ’s Cham bers, W e stm in ste r, S .W . 1 , a n d  vo lu n te e rs are 
aske d  to w rite  to  t h a t  address.
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The Centre National has made provision for the publication 
of a Bulletin d ’analyses bibliographiques (Abstracts) which are to  
appear as soon as possible after publication of the articles which 
they purport to analyse.

In addition, the Centre is providing for the photographic re­
production on microfilms of the various articles which are 
abstracted.

For further particulars application should be made to : 
P. Auger, Centre National de la Recherche Scientifique, Service 
de Documentation, 18, rue Pierre Curie, Paris, Ve.
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INSTRUCTIONS TO AUTHORS

A u th o rs subm itting papers for p u b licatio n  are requested to note the 
follow ing p articu lars :—

i. A l l  co m m un ication s m ade to the Society are the property o f 
the Society. W h e n papers have been accepted for p u b licatio n , authors 
are not at lib erty, save by perm issio n o f  the C o u n c il, to p u b lish  them  
elsewhere. S u ch  perm ission w ill not be unreaso nab ly w ithheld. 
C o m m u n ica tio n s w hich have appeared in  any other Jo u rn a l m ay not 
u sua lly  be p u b lish e d  in  the T ra n sactio n s.

ii.  (a) Papers should be as brief as is compatible with clarity, 
and no  experim ental details sh o u ld  be in c lu d e d  w hich are not necessary 
for the und erstand ing o f the p ap er or for ve rify ing  any co n clu sio n s that 
may be drawn. Paragrap h s sh o u ld  not be unn ecessarily  sub-divided.

(b) T a b le s sh o u ld  be reduced to a m inim u m  and, w here possible, 
results sh o u ld  be show n by m eans o f  curves rather than tables. O n ly  in  
e xcep tional cases m ay tables be p u b lish ed  as w ell as g ra p h ica l representa­
tions o f  th e ir contents.

(r) E a c h  paper sh o u ld  in c lu d e  a b rie f sum m ary in d ica tin g  in  general 
term s its p u rpo se an d  con clu sio ns.

iii.  (a) Papers m ust be typewritten, w ith d o u b le  spacing, on one 
side on ly o f  the paper, w ith a good m argin on the left side.

(¿) References sh o u ld  be typed in  n u m erica l order (and in  the 
fo llo w ing  sequence : jo u rn a l ; date ; volu m e num ber ; page) at the end 
o f the p a p e r; the necessary reference num bers on ly sh o u ld  appear 
in  the text.

(<r) Sym bols, form ulæ  a n d  equ atio ns sh o u ld  be w ritten or typewritten 
with great care. T h e  sym bols recom m ended in  the R e p o rt o f the Jo in t  
com m ittee o f the C h e m ica l Society, the Farad ay Society an d  the P h y sical 
S ociety sh o u ld  be em ployed.

iv . (a) L in e  d r a w in g s  m ay in  the first instance be subm itted in  sketch 
form. F o r  p u b licatio n , however, they m ust be m ade w ith In d ia n  in k  on 
B risto l-b o ard  o r preferably tracing doth. F re e h a n d  m ust n o t be em ployed 
a n d  a ll lines m ust be firm ly  a n d  evenly draw n. D raw in g s should , generally, 
b e capable o f  re d u ctio n  to about o n e-h alf scale, d epend ing  on their nature 
a n d  co m p le xity '; a ll draw ings relatin g  to one p aper sh o u ld  be so 
m ade that they w ill a ll be red u ced  to the sam e extent. I n  the case o f 
curves the ord inates a n d  abscissas m ust be draw n in  in k  an d  reliance 
m ust not be placed on the p rin ted  lin e s o f  scale paper.

{6) W h e re  possible, lettering sh o u ld  be outsid e the diagram . Le tte r­
in g  sh o u ld  be put in  lig h tly  w ith lead p e n cil.

(v) R a p id it y  o f publication is facilitated if  papers are subm itted in 
d u plicate  w ith d u p lica te  photographs o r tracings o f  diagram s, so that each 
paper w ith its draw ings an d  photographs w ill go in to  a  foolscap envelope.

(vi) A u th o rs m ust retain  copies o f  their com m unications.
Correction of Proofs.— T h e  address to w hich proofs are to be sent

sh o u ld  be w ritten on every paper. A u th o rs  resident overseas m ay nam e 
agents in  B rita in  to whom  may be referred m atters co n ce rn in g  th eir papers, 
in c lu d in g  the co rrectio n o f proofs, in  o rd er that delay in  p u b licatio n  may 
be avoided.

T w o  galley proofs are p ro vid ed , o n e of w hich d u ly  corrected sh o u ld  be 
returned to the E d ito r. A u th o rs  are  req u ire d  to subm it th eir co m m u n ica­
tions in  su ch  form  that correction s other than o f prin ter’s errors w ill b e u n ­
necessary. Authors making other corrections will be required to bear 
the cost thereof.

Reprints.— T w en ty-five  reprints (w ith o u t covers) are presented to 
each auth o r who is a member of the Society. O th er reprints m ay be 
obtained by authors o r co-authors at cost price.


