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OPTICAL SENSITISATION AND ADSORPTION OF 
DYES ON SILVER HALIDE : TH E STATE OF 
TH E ADSORBED DYE.*

B y  E. P. D a v e y .

Received in original form  20tli July, 1939, and as amended 
17th November, 1939.

Recently a considerable advance has been made in the study of the 
theory of the optical sensitisation of silver halide by dyes. In particular 
papers by Leermakers, Carroll and Staud,1’ 2>3 by Sheppard, Lambert 
and Walker,4 by Sheppard,5 are of great interest, and will be referred 
to often in this study.

T h e  a d s o rb in g  m e d iu m  w a s  a  p h o to g ra p h ic  s i lv e r  b ro m id e  e m u ls io n  
c o n ta in in g  a b o u t  3 %  of s i lv e r  io d id e , o f m o d e ra te  sp eed , a n d  ch o se n  
b e ca u se  i t  re sp o n d e d  w e ll to  o p t ic a l se n s it isa t io n . 5 c .c . o f m e th y l  
a lco h o l c o n ta in in g  th e  re q u ire d  a m o u n t  o f d y e  w a s  a d d e d  f ro m  a  p ip e tte  
to  50  c .c . o f e m u ls io n , w it h  s t ir r in g , a t  4 5 ° C . ,  a n d  le ft  a t  t h is  te m p e ra tu re  
fo r  h a lf  a n  h o u r  w it h  s t ir r in g . 25 c .c . o f t h is  se n s it ise d  e m u ls io n  w a s  
d ilu te d  to  100 c .c . w it h  w a rm  w a te r  a n d  ce n tr ifu g e d . T h e  d ilu t io n  of 
t h e  e m u ls io n  in tro d u c e d  n o  e r ro r  u n d e r  th e  c o n d it io n s  o f e x p e r im e n t, 
s in c e  n o  d y e  w a s  fo u n d  to  re d is so lv e  d u r in g  ce n tr ifu g in g . T h e  d y e  w a s  
e x t ra c te d  fro m  th e  h a lid e  b y  ta k in g  th e  la t t e r  u p  in  100  c .c . o f w a te r , 
f ix in g  o u t  w ith  50  c .c . o f 40 %  so d iu m  th io su lp h a te , a n d  e x t ra c t in g  w ith  
50  c .c . of » - b u t y l  a lco h o l. I n  th e  p re se n ce  o f th e  th io su lp h a te , e x t ra c t io n  
w a s  v e r y  n e a r ly  co m p le te . T h e  a lco h o l la y e r  w a s  se p a ra te d , m a d e  u p  to  
50  c .c . (n e ce ssa ry  b e ca u se  o f th e  p a r t ia l  m u tu a l s o lu b il it y  b e tw e e n  b u t y l  
a lco h o l a n d  w a te r) , a n d  th e  d y e  w a s  e s t im a te d  c o lo r im e t r ic a lly . F o r  
a lc o h o l so lu t io n s , B e e r ’s  L a w  h o ld s.

C e r ta in  se n s it is in g  c y a n in e  d y e s  w e re  u se d . T h e  n u m b e r in g  a d o p te d  
h e re  co rre sp o n d s , a s  fa r  a s  p o ss ib le , to  t h a t  u se d  b y  L e e r m a k e r s  et al. 
D y e s  I I ,  I V  a n d  V I I I  w e re  t h ia c a rb o c y a n in e s  o f th e  g e n e ra l fo rm u la  :

* Com m unication  N o. H 740 from  the K o d a k  R esearch  La b o ra to ry , W eald-  
stone, H arro w , M iddlesex.

1 J .  A . Leerm akers, B . H . C arro ll, and  C . J .  S tau d , / .  Chem. Physics, 1937, 5>
878.

2 J .  A . Le erm akers, ibid., 889.
3 J .  A . Le erm akers, B . H . C arro ll, and  C . J .  S tau d , ibid., 893.
4 S . E .  Sheppard , R . H . La m b e rt , and  R .  D . W a lk e r, ibid., 1939, 7 , 265.
4 S . E .  Sheppard , Optical Sensitising of the Silver Halides, 8th  Congress of

C hem istry , R om e, 1938, 1, 234-283.
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in  w h ic h  R  is  a n  a lk y l  g ro u p , R '  i s  a lk y l  o r  h y d ro g e n , a n d  X  is  a  h a lid e  
io n . D y e  I X  w a s  s im ila r , b u t  b e n zse le n a z o le  r in g s  re p la c e d  th e  b e n z-  
th ia zo le . D y e  V I I  w a s  p in a c y a n o l, h a v in g  tw o  q u in o lin e  r in g s , a n d  d y e  V  
a  c y a n in e , w ith  o n ly  one m e th in e  g ro u p  in  th e  c o n ju g a te  c h a in . D e t a i ls  
a re  a s  fo llo w s :—

D y e  I I .  2 : 2/-d im e th y l-8-e th y lth ia c a rb o c y a n in e  b ro m id e .
D y e  I V .  8-m e th y l-2 : 2 '-d ie th y lth ia c a rb o c y a n in e  b ro m id e .
D y e  V .  i  : i ' - d ie t h y l -2 : 2'- c y a n in e  io d id e .
D y e  V I I .  i  : i  '- d ie th y l-2 : 2 '- c a rb o c y a n in e  io d id e .
D y e  V I I I .  5 : 5 '-d ich lo ro -2 : 2 ' :  8- tr ie th y lth ia c a r b o c y a n in e  io d id e .
D y e  I X .  2 : 2 ' :  8- tr ie th y lse le n a c a rb o c y a n in e  io d id e .
D y e  X .  1 : 1'- d im e th y l-2 : 2 '- c a rb o c y a n in e  io d id e .

P a r a l le l  w it h  th e  a d s o rp t io n  m e a su re m e n ts , p h o to g ra p h ic  te s t s  w e re  
m a d e  o n  p la te s  co a te d  w it h  th e  d y e d  e m u ls io n . S p e c tro g ra m s  sh o w in g  
sp e c t ra l s e n s it iv it y  w e re  o b ta in e d  b y  e x p o s in g  th e  p la te  in  a  w ed g e  sp e c tro ­
g ra p h , in  w h ic h  a n  im a g e  of a  sp e c tru m  is  p ro je c te d  o n  th e  p la te , a n d  a  
m e a su re  o f r e la t iv e  s p e c tra l s e n s it iv it y  is  o b ta in e d  b y  h a v in g  a  n e u tr a l  
w ed g e o v e r  th e  s l it .  T h e s e  sp e c tro g ra m s  m a y  be u se d  a s  a n  e s t im a te  o f  
sp e c tra l a b so rp tio n  a s  w e ll a s  o f sp e c tra l s e n s it iv it y , s in c e  i t  h a s  b een  
sh o w n ,1 fo r  so m e of th e  d y e s  u se d  h ere , t h a t  th e  tw o  p ro p e rt ie s  a re  
p a ra lle l.

T h e  a d s o rp t io n  c u rv e s  o b ta in e d  a re  sh o w n  in  F ig s .  1 a n d  2 , a n d  so m e  
co rre sp o n d in g  sp e c tro g ra m s  in  F ig s .  3 a n d  4 . (T h e  d iv is io n s  in  th e  la t t e r  
f ig u res  re p re se n t  a n  in c re a se  of te n  t im e s  in  th e  in c id e n t  in te n s it y  a n d  
h e n ce  in  th e  s e n s it iv it y .)

According to Sheppard, on sensitising a silver halide emulsion with 
a dye, equilibrium is not reached before 18 hours, using an emulsion 
diluted by I : 25. For the accurate study of adsorption such treatment 
is necessary, but it is felt that though the results shown here will not 
correspond to true equilibrium, they will have a closer relation to the 
practical sensitising results.

The adsorption and sensitising curves of dye V are shown in Figs. 
I and 4. The adsorption curve of this dye is smooth and follows 
Langmuir’s adsorption isotherm, though this latter point is probably 
fortuitous. The spectrogram shows two regions of sensitivity and 
therefore light adsorption in addition to the original sensitivity region 
of the silver halide, with maxima at 520 and 570 mp., called here, after 
Sheppard et a l . f  the a and j8 bands respectively. W ith increasing 
concentration the relative sensitivity of the two bands increases at 
about the same rate. Dye IV (Figs. 1 and 3) behaves in the same way, 
having the a and jS bands at 520 and 580 m/r. The very similar dye II, 
however, has an inflection in the adsorption curve (Fig. l), dye IX  
(Fig. 2) a more pronounced step, and dye V III (Fig. I) a still more 
definite two-stage adsorption. Exam ination of the spectrograms 
(Figs. 3 and 4) show that dye II exhibits principally the «  band at quite 
low concentration, the jS band appearing at higher concentrations. 
W ith dyes IX  and V III the /8 band appears later in the concentration  
series, parallel w ith the increased clearness of the two steps in the 
adsorption curve. It is concluded from these results that the dye is 
adsorbed in two forms in all cases, but that, as with dyes II, V III and 
IX , the a form is first adsorbed, and then the /? form ,-with, however, 
more or less overlapping.

D iscussion .
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R e sid u a ! d y e  ccncenFraFlan m y jH ir e .

5  10 IS

F ig . 2.—A bsorp tion  of dyes V I I ,  I X  and X .  

©  D y e  I X .  □  D y e  V I I .

(P band depressed). A

Residual dye concenirarion mg/liTre.-

F ig . 1 .— A b so rp tion  of dyes I I ,  I V ,  V  and V I I I .  

©  D y e  V . x  D y e  V  (/3 B a n d  depressed).

□  I I -  •  „  I V .  A  D y e  V I I I .
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The saturation level is in all cases of about the same order. Each 
step may correspond to a unimolecular layer, as suggested by Sheppard 
et al.,4 who are of the opinion that a first layer is adsorbed, by means 
of the polar nitrogen atoms of the dye molecule, the rest of the molecule 
projecting upwards from the surface ; a second layer may adsorb to 
the first, in the reverse way, the polar groups projecting towards the 
solution. They quote a step-wise curve for dye VII. The curve ob­
tained by the writer for this dye is quite normal (Fig. 2). High dye 
concentrations led to precipitation of the dye. In this case they used 
pure silver bromide in the absence of gelatin, but they have also obtained 
such results in the presence of gelatin. Their first level is approximately 
half the adsorption level for total adsorption, whereas the first levels

\

' \
it0

R e la t iv e  sp ectra l se n s it iv ity  of dyes I I ,  I V  and V I I .

400  480
Fig. 3.—

1. D y e  IV .  4 m g./l. em ulsion.
2 .  ,, ,, 2 0  , ,

3 . „  h .  i  ..
4 . „  2
4. 10

640m /J 400 4 8 0 5 6 0  6 4 0 m p

6. D y e  I I .
7 . „  V I I I .
S.............
9■ „

10.

20 m g./l. em ulsion. 
2
4 ..

10 ,, ,,
20

shown here are at varying proportions of total adsorption. It is con­
cluded that the second stage of their adsorption curve for dye VII does 
probably correspond to a bimolecular layer, but that this may happen 
only on prolonged tumbling of the diluted emulsion and that the 
inflections obtained here are in the nature of transition states, which 
do, however, correspond to the photographic results.

There are substances which depress the /? band, more or less, of some 
dyes, e.g., o-phenanthroline in high concentration. Dye V (Figs. 1 
and 4), treated in this way, shows only a single level much lower than 
the usual, and has very little ¿8 sensitivity. Dye IX (Figs. 2 and 4) 
also has a first level only in such circumstances, though higher, cor­
responding to the higher sensitivity of the a band, and there is no true 
saturation level; instead, crystallisation of the dye took place, resulting
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in a spurious adsorption curve, for many of the micro-crystals were 
centrifuged with the silver halide. Dye IX is much less soluble than 
dye V. Such crystallisation is an explanation of the poor sensitising 
behaviour of dye X, the dimethyl analogue of the dye VII, as shown 
in Figs. 2 and 4. The adsorption and sensitising appear weakly at low 
concentrations, but quite soon crystallisation occurs, as was shown 
by microscopic examination.

4 0 0  4 8 0  5 6 0  6 4 0 m / J  4 0 0  4 8 0  5 6 0  6 4 0 m / J

F i g .  4.— R e la t iv e  sp ectra l se n sit iv ity  of dyes V , V I I ,  I X  and X .

1. D y e  V I I .  10 m g./l. em ulsion
2. „  X ..................
3 . U n sen sitised  em ulsion.
4. D y e  V . 4 m g./l. em ulsion.
5 .....................20 ,,
6 . .. ,, ,,

(/3 band depressed).

The relation between the light absorption of the dye in different 
states in solution, and the absorption of the dyed silver halide, has been 
pointed out by Leermakers et al.} and by Sheppard et al. They suggest 
that since the absorption of certain aqueous solutions, in which th e 
dye is most probably aggregated, resembles that of the /? form, the 
latter also represents an aggregated state. Scheibe,9 in a study of 
the absorption spectra of various dye solutions, concludes that the 
separate maxima are due to different states of aggregation. Adsorption 
from alcoholic solution or from very dilute aqueous solution leads to 
the a form only, and hence the latter is assumed to be a unimolecular

7- D y e  I X .  4 mg /l. em ulsion.
8. „  „  10 , ,,
9- „  „ 20 , ,,

10.
11 .
12.

„  „  9 . 
„  „  10 , 
„  „  20 ,

" ] p band  
"  J  depressed.
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form. It need not necessarily be assumed that the state in solution 
determines the state of the adsorbed dye; the writer has found that 
successive very small additions of dye II give first the a form and then 
the a +  /S forms, in precisely the same way as when the whole of the 
dye is added at once. The dye can therefore be adsorbed in single units, 
whatever the final state on the surface.

The optimum photographic dye concentration is always short of 
the saturation adsorption level. Leermakers et al? and Heisenberg 7 
have published data showing the variation of the original blue and of 
the colour sensitivity with dye concentration, and such figures will 
therefore not be given here. The amount of dye adsorbed at the photo­
graphic optimum is about 60 % of the saturation adsorption level, in 
the cases of the dyes used here. Leermakers et al. found that the 
amount of dye used/surface of halide ratio was constant for emulsions 
of different types and varying average grain-size, for any one dye, and 
concluded that the best explanation of this proportionality between 
concentration and surface was that a uniform monomolecular layer was 
formed at the photographic optimum. They calculated that the dye 
molecules lie flat on the halide surface. However, if in each case the 
photographic optimum was a constant ratio of the saturation level, 
this relation would still hold good. Eggert and Biltz 8 also estimated 
that the dye is approximately unimolecularly adsorbed at optimum 
sensitisation.

C onclusions.
To summarise, it has been suggested that the a- and /3-dye forms 

correspond to single and aggregated molecules respectively, but at the 
same time, at the photographic optimum, a unimolecular layer has 
been postulated, with the molecules arranged either flat, or edge-wise, 
on the silver halide surface. However, at such concentrations, as has 
been shown here, both forms exist. It is here suggested that the dye 
molecules are first adsorbed as single molecules, possibly lying flat on 
the surface, but with subsequent rearrangement at higher concentrations 
to give an edge-on, closely-packed arrangement, as happens with long- 
chain fatty acids in water. Scheibe 9 and Jelley 0 have shown that the 
dye V in certain salt solutions shows the characteristic /3-absorption, 
and, according to Jelley, this may pass into a “ nematic ” form con­
sisting of thread-like particles oriented in one direction only (as in a 
pack of cards),.and still possessing the /3-absorption. Hence the a form, 
adsorbed singly, has a light absorption characteristic of the molecule, 
while the /5 form, adsorbed edge-on, and packed in a parallel fashion, 
has an adsorption characteristic of the aggregated or Jelley’s nematic 
form. Cases of suppression of the /3 form may be explained by assuming 
that the interfering substance prevents close parallel packing.

Sum m ary.
A d s o rp t io n  a n d  se n s it is in g  d a t a  h a v e  b e e n  o b ta in e d  fo r  c e r t a in  s e n s it is ­

in g  d y e s  a d so rb e d  to  s i lv e r  h a lid e . T h e s e  p a r t ic u la r  d y e s  a re  a d so rb e d  
in  tw o  fo rm s, e a c h  h a v in g  a  d is t in c t  a b so rp tio n , a n d  t h e  tw o  fo rm s  a re  
o fte n  sh o w n  u p  b y  tw o  sta g e s  in  th e  a d s o rp t io n  c u rv e . F r o m  th e  a v a il-

0 E .  E .  Je lley , Nature, 1937, 139, 631 .
7 E .  H eisenberg, Vet-off. Agfa, 1933, 3 , 1x5 .
8 J .  E g g e rt  and M. B iltz , Trans. Faraday Soc., 1938, 34 , 892.
9 Scheibe, Roll. Z., 1938, 82, 1.
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able data it is suggested that these dyes are adsorbed partly as single 
molecules attached by the nitrogen atoms to the surface, but possibly 
lying flat, and partly as molecules oriented as units packed in a parallel 
fashion, adsorbed edge-on, again by the nitrogen atoms. The influence 
of factors which may affect this orientation is discussed.

The author wishes to thank Dr. E. E. Jelley and Dr. S. E. Sheppard 
for helpful criticisms.
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In a previous paper,1 attention has been drawn to the fact that the 
unexpectedly high dipole-moment (4-290) of p-amino-acetophenone 
m ay be accounted for by the assumption that an electron shift has taken 
place towards a Zwitterion-structure (I ->  II) :

H 2N — ^  V - C  - >  h 2n = = / ^ = c - c h 3

0  0 -
I. II.

which naturally would exhibit an unusually high electric moment. It 
is to be expected that analogous, perhaps even more pronounced effects 
would appear in a, jS-unsaturated aldehydes and ketones in which the 
conjugated system  is terminated by an amino group.2 This expectation  
has been verified by the investigation of the following compounds :—
p-dim ethylam ido-benzalde-

hyd e M e ,N  . C 8H 4 . C H O  5 'to
p-d im ethylam ido-cinnam ic

aldehyde M e2N  . C 8H 4 . C H = C H  . C H O  5 ’4D
p-d im ethylam ido-benzyl-

idene-acetone M e2N  . C 0H 4 . C H = C H  . C O  . C H 3 5 '3D
p -d im ethylam ido -cinnam yl-

idene-acetone m .p . 120°  M e2N  . C 8H 4 . C H = C H  . C H = C H  . C O  . C H 3 6-713
p-d im ethylam ido-benzal-

acetophenone M e2N  . C 8H 4 . C H = C H  . C O  . C 8H 6 4 ‘3D
p -d im ethylam ido -cm nam yl-

idene-acetophenone M e2N  . C 8H 4 . C H = C H  . C H = C H  . C O  . C 8H 6 5 '4D

The effect appears to be more marked with increasing number of double 
bonds in the conjugated system  of the ketones. The same seems to be 
true for the pair

eth y l p-am ino-benzoate H 2N  . C 8H 4 . C O O C 2H 8 4-0 3
eth y l p -d im ethylam ino-cinnam ate M e2N  . C 8H 4 . C H = C H  . C O O C 2H 5 4-6 ;

1 B erg m an n  and W eizm an n , Trans. Faraday Soc., 1936, 32 , 1318 .
3 Com pare B u ra w o y , Ber., 1932, 65 , 941, 947.
3 E ste rm a n n  (Z . physik. Chem. B., 1938, 1, 134) reported the dipole m om ent  

3 -3D for m eth y l p-am ino-benzoate.
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in this case, too, the figures are higher than simple addition of the 
moments of the amino and the carbethoxy groups would let us expect. 
In this respect, the C = 0 group of the carboxyl behaves like an aide- 
hydic or ketonic carbonyl.

Of p-dimethylamido-cinnamylidene-acetone, we have been able to 
isolate besides the substance listed in the above table a second of the 
four possible geometric isomers; m.p. 2150. Its dipole moment is 
distinctly lower (2-40). This is understood if the polar groups occupy 
a c «-position with regard to each other, e.g. I ll instead of IV.

H CO . CEL

H H
\  /  

C=C H

<

NMe,

C=C
/  \

H CO . CH3

III.

\  X
H C=C

W  \

X  x

\ /
I

NMe,
IV.

In connection with these experiments, we have determined the electric 
moment of jM-amino-acetophenone; its magnitude ( 5 -4d )  seems to 
indicate that a similar effect occurs as with the isomeric para-compound, 
although no wzefiz-quinoidic formulation of this substance is possible.

The intense colour developed by the nitrogen-terminated conjugated 
systems in, e.g., sulphuric acid, may well be ascribed to a stabilisation of 
the quinoidic arrangement by addition of the elements of the acid to the 
charged system.4 In this connection attention may be drawn to the 
salt-formation of amino-azo-dyes; for these substances, we have 
advanced previously the suggestion that they, too, undergo an electron 
shift in accordance with the scheme V -> VI.

H,N—X  N =N —<̂  X  -> H2N=<^ ) = N —N—X  X,

V. VI.

On addition of HX, V would give the yellow salt, whereas VI, by 
reaction on the terminal atoms of the charged system, gives the violet 
isomer, discovered by Hantzsch.5

E x p e r im e n ta l.
T h e  fig u res  in  th e  ta b le s  h a v e  th e  fo llo w in g  s ig n if ica n ce  : c m o la r  f r a c ­

t io n , p d e n s ity , e d ie le c t r ic  c o n s ta n t , n r e f ra c t iv e  in d e x , P\ to ta l p o la r is a ­
t io n  (P ^  e le c t ro n ic  p o la r isa t io n ) fo r th e  so lu t io n , P ( P E) th e  sa m e  fo r  th e  
so lu te , PA+O a to m ic  a n d  o r ie n ta t io n  p o la r isa t io n , w h ic h  is  e ith e r  g r a p h ic a lly  
e x tra p o la te d  to  in f in ite  d ilu t io n  o r  o f w h ic h  th e  a v e ra g e  is  ta k e n .

1 Com pare, for a  s im ila r case, W izing er, Z. angew. Chem., 1927, 40 , 939 .
5 H a n tzsch , Ber., 1909, 42 , 2129. I t  m ay, how ever, be noted th a t  according  

to K e h rm a n n  (Ber., 1915, 48, 1933 ; Ber., 1917, 50 , 856) the v io let sa lts need not 
n ecessarily  be form ulated a s qu ino id ic substances.
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c. p- e. H2. Pi- Py.i- P. Pe- I ’a+O-

0
000345
0 x 0679
0-00878

p - D im e

0-8816
0-8831
0-8846
0-8855

th y la m id

2-2830
2-4815
2-5813
2.7300

o -b e n z a l

2-2251
2-2255
2-2258
2-2261

d e h y d e 6

26-589
29-291
30-624 
32-479

(t =  17*5° Benzen

809
621
69S

«)-

calcd .
46

763
575
652

P a  + o (average) =  664. p =  5 -6d .

p - D im e t h y la m id o - c in n a m ic  a ld e h y d e 7 (< =  21-3° Benzene).

0 0-8771 2-2813 2-2457 26-611 | 26-092 — —
0-00178 0-8788 2-3447 2-2494 27-530 1 26-153 543 60
0-00279 0-8798 2-3990 2-2503 28-295 1 26-172 630 55

(< =
0 0-8699 1 2-2691 I 2-2323 26-656 I 26-108 —
0-00316 0-8713 2-4123 I 2-2380 | 28-767 | 26-254 1 694 72

P a+o (average) =  598. p  =  5-4D -

p -D im e t h y la m id o - b e n z y l id e n e - a c e t o n e 8 (i — 24-2° Benzene).

0 0-8737 2-2754 2-2380 26-632 26-079 — —
0 -002S0 0-8741 2-3861 — 28-313 — 627 (86)
000503 0-8744 2-5197 2-2471 30-210 26-382 738 87
0-00706 0-8747 2-5878 2-2500 31-169 26-492 669 85

P a  + o (average) =  592. p =  5 -3 0 .

p - D im e t h y la m id o - c ln n a m y lid e n e - a c e t o n e 9; m .p .  1 2 0/2 ° (t — 25-4° Benzene).

0 1-0273 2-2385 2-0116 25-031 21-601 — —
0-00136 1-0269 2-3294 2-0140 26-365 21-692 1006 89
0-00196 1-0268 2-3767 2-0150 27-034 21-727 1045 85

Pa+o (average) =  939 . p =  6-7 0 .

6 Com m ercial sam ple ; recrysta llised  from  light-petro leum  (b.p. 80-100°) ; 
m .p. 63°.

7 K o en ig  and Sch ram ek, Bey., 1928, 61 , 2078 . F ro m  alcohol, leaflets, m .p . 
141°.

8 In  order to obtain  p-clim cthylam ido-benzal-acctone, i t  is  necessary  to  
change the conditions stated b y  Sachs an d  L e m  [Bey., 1902, 3 5 , 3576) : 3 g. 
dim ethylam ido-benzaldehyde and 10 c .c . acetone were condensed in  6 c .c . 
alcohol in  presence of some drops of sodium  hyd roxide solution. F ro m  alcohol, 
m .p . 135- 136°. I f  the a ldehyde is  condensed w ith  1-5 g. acetone only, the con­
densation product, recrysta llised  from  benzene-light petroleum , m elts a t 191-192° 
an d  is b is-(p-d im ethylam ido-benzal)-ace tone (Sachs and  Le w in , I.e.).

9 W hen  to a  m ixtu re  of d im eth ylam ido -cin n am ic a ldehyde (1-3 g.), acetone
(0-3 g.) and alcohol (12 c .c .), a  few drops of N a O H  so lution were added, cry sta ls  
separated on stand ing  w h ich  after treatm ent w ith  b u ty l alcohol and recry sta l­
lisatio n  from  acetone, m elted a t  215°. T h e  a n a ly t ica l figures concord w ith  
the form ula of d im ethylam ido-cinnam ylidene-acetone (Found : C , 78-1 ; H , 6-5 . 
C ^ H j-O N  req u ires: C , 78-1 ; H , 7-9 % ).

In  an experim ent, in  w h ich  2-5 g. of the aldehyde and 10 c .c . of acetone in
12 c .c . of alcohol were condensed, the reaction  product, after « c ry s ta llisa t io n  
from  benzene, h ad  m .p . 120-122° and gave the  sam e a n a ly tica l figures (F o u n d : 
•C, 7 7 -4 ; H , 7 -6 . C jjH ^ O N  req u ires : C , 78-1 ; H ,  7 -9 % )-

12 *
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c. p- i. n2. Pi- PH . P. Pf.- P a+o-

p - D im e t h y la m id o - b e n z a l- a c e to p h e n o n e  10 (I =  20-3 °  Benzene).
0 0-8783 2-2834 2-2440 26-609 26-061 — — —

0-00276 0-8791 2-3536 2-25x5 27-799 26-279 457 105 352
0-00316 0-8794 2-3927 2-2533 28-358 26-355 491 104 3S 7
0-00642 0-8801 2-5056 2-2596 3 °'°3 4 26-578 560 xo6 454

Pa+o (average) =  398. y. =  4-4 0 . 

p -D im e t h y la m id o - c in n a m y lid e n e - a c e t o p h e n o n e 11 (t =  26 0° Dioxan).
0 1-0272 2-2301 2-0135 24-911 21-634 — — —
0-00x47 1-0279 2-29x7 2-0203 25-848 21-796 660 132 528
0-002X6 1-0282 2-3431 2-0224 26-590 21-855 803 124 679
0-00324 1-0286 2-3806 2-0278 27-151 21-983 716 129 587

-Pa+o (average) =  598. : 5 ‘4D>

E t h y l  ¡3- a m in o - b e n z o a t e 12 (i — 1 9 - 4 °  Benze
0 0-8794 2-2852 2-2500 26-603 26-o8S — —

0-00386 0-8813 2-3962 2-2524 28-229 26-174 447 48
0-00620 0-8825 2-4311 2-2512 28-743 26-193 372 49
0-00848 0-8837 2-4659 2-2536 29-247 26-260 339 46

P a+o (average) = 34°- P =  4 ‘OD.

E t h y l  p - d im e t h y la m in o - c in n a m a t e 13 (t — 18-8 ° Benzene).
0 o-88o i 2-2964 2-2407 26-599 25-929 — —

0-00480 0-8828 2-4541 2-2545 29-097 26-280 547 99
0-00676 0-8838 2-5312 2-2563 30-188 26-368 556 91

-Pa+o (average) =  4 57 . y  =  4-6d.

399
323
293

44S
465

p- D im e t h y la m id o - c in n a m y lid e n e - a ce to n e  (m .p. 215°) “ (t
o I 1-0284 I 2-3141 I 2-0170 I 26-065
0-00040 I 1-0314 I 2-3239 I 2-0218 I 26-138

1 2'4D

20-0° Dioxan).
21-664
21-690 37 123

m - A m in o - a c e t o p h e n o n e 11 (i =  18-2° Benzene).
0 0-8808 2-2876 2-25x5 26-995 26-069 — — —

0-00457 0-8827 2-4541 2-2530 28-945 26-122 54t 38 503
0-00747 0-8839 2-4999 2-2536 29-574 26-151 426 37 389
0-01078 0-8852 2-5435 2-2560 30-165 26-208 363 39 324

-Pa+o (average) =  635 . p  =  5 -4d.

10 Sach s and Le w in , l.c.s F ro m  alcohol, m .p . 114°.
11 D im ethylam ido -c inn am ic a ldehyde (1 g.) and  acetophenone (1-5 g.) were  

gently  heated in  alcohol (10 c.c .) in  presence of a  few  drops of N a O H  solution  
for 5 m inutes. O n  cooling, brow n, sh in y  needles separated, w h ich  after re cry sta l­
lisatio n  from  m eth y l alcohol, had  m .p . 155-1570 ; y ie ld  o -6 g. (Fou nd  : C , 83-0 ; 
H , 6-3 . C jg H jsO N  requires : C , 82-3 ; H , 7-0 % ).

12 Com m ercia l sam ple ; from  alcohol, m .p . 91-920.
13 Sodium  w ire (2-3 g.) is  suspended in  e th y l acetate (20 g.) and  a  solution  

of p-d im ethylam ido-benzaldehyde (14-9 g.) in  eth y l acetate (30 g.) is  added. 
T h e  reaction  is slow, b u t goes to com plete so lution of the sodium . G la c ia l 
acetic ac id  (6 g.) is  added, the product w ashed w ith  w ater, dried w ith  sodium  
su lph ate  an d  evaporated . T h e  residue is recrysta llised  from  light-petroleum  
(b.p. 80-100°) ; m .p . 70°. W e il, Monatshefte, 1908, 29, 900.

11 Acetophenone w as n itrated  according to E lso n , G ibson and Johnson  
(J. Chem. Soc., 1930, 1130) and the m -nitro-com pound reduced in  the following  
w a y  : 10-5 g. w ere m ixed w ith  24 g. granulated t in  and gently heated. Then  
concentrated hyd ro ch loric acid  w as added in  sm all quantities, ^until a ll the m etal 
had dissolved. A lk a li w as added and the am ino-com pound iso lated b y  extra c­
tion  w ith  ether (yield , 5 g .). R ecry sta llisa tio n  from  benzene gave s lig h tly  yellow ­
ish  p lates, m .p . 99°.



Sum m ary.
T h e  o c cu rre n c e  o f Z w itte r io n -s tru c tu re  is  d e te cte d  in  co m p o u n d s  o f th e  

p - d im e th y l - a m id o  - b e n za ld e h y d e , p - d im e th y la m id o  - b e n za l-a ce to p h e n o n e  
a n d  e t h y l  p -a m in o -b e n zo a te  ty p e  b y  m ea n s o f d ip o le -m o m e n t m e a su re ­
m e n ts . T h e  d ifferen ce  in  e le c t r ic  m o m e n t  of tw o  iso m e r ic  d im e th y l-  
a m id o -c in n a m y lid e n e -a c e to n e s  o b ta in e d  is  d iscu sse d .

The Daniel Sieff Research Institute,
Rehovoth, Palestine.
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AN INFRA-RED STUDY OF CHLORAL HYDRATE 
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The inter- and intra-molecular interactions of polar groups have 
recently been the subject of many spectroscopic investigations.1 In 
particular, the influence of both molecular association and of adjacent 
substituents upon the valence vibration of the OH group has been 
observed in infra-red absorption spectra.1 The present paper is prin­
cipally concerned with the second mode of interaction. It may be 
taken in three sections : the first presents some new experimental 
observations on absorption spectra of this type ; the second is con­
cerned with the evaluation of bond-energy differences from frequency 
changes; whilst the third discusses the probable origin of these energy 
differences.

PART I.
The clearest example of the effects studied is that of o-chlorophenol 2 

where the interaction of the Cl and OH groups leads to two orientations 
of the latter, the cis- form (I) being favoured 
with respect to the trans- (II) by an amount 
corresponding to an energy difference of about 
1400 cal./g. mol. It is now to be established 
that a similar interaction is responsible for 
the peculiar stability of chloral hydrate,
CC13 . CH(OH)2. This compound and its 
analogue bromal hydrate are the only two 
common stable derivatives in which two 
hydroxyl groups are attached to the same carbon atom.

E xperim ental.
T h e  m e th o d s  w ere  e s se n t ia lly  th o se  p re v io u s ly  d e sc r ib e d .3 A  N e rn s t  

g lo w er w a s  th ro u g h o u t  th e  so u rce  o f r a d ia t io n . Q u a r tz , f lu o rite , a n d  ro c k -  
s a lt  p r ism s  h a v e  b een  e m p lo y e d  in  th e  p re se n t  m e a su re m e n ts  a n d  a  ro c k -

1 Sutherland , Ann. Rep. Chem. Soc., 1938, 3 5 , 38 .
2 P au lin g , J. Amer. Chem. Soc., 1936, 58, 94. D avies, Trans. Faraday Soc.i

193s . 34, I 4 27'
3 D a v ie s  and Sutherland , J . Chem. Physics, 1938, o, 755.

W /
cis-
(I)
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s a lt  c e ll o f s im ila r  c o n stru c t io n  to  th e  flu o rite  ones h a s  b een  u sed  b e y o n d  
xo p .  A n a la r  so lv e n ts  w e re  u sed  w ith o u t  f u r th e r  p u r if ic a t io n . T h e  so lv e n t  
co rre c t io n s  w ere  re p e a te d ly  ch e ck e d  b e tw e e n  th e  r u n s  m a d e  w it h  th e  
so lu t io n s , a n d  a l l  th e  a b so rp tio n  c u r v e s  re p ro d u ce d  h a v e  b een  co rre c te d  
fo r  th e  c e ll a n d  so lv e n t  e f ie c ts . T h e  c h lo ra l a n d  b ro m a l h y d ra te s  w e re  
p u rch a se d  fro m  M e ssrs . H a rr in g to n s  : c a re fu l r e c r y s t a l l is a t io n  fro m  CS»  
h a d  no  n o tice a b le  effect on  t h e ir  a b so rp tio n  sp e c tra . T h e  se tt in g  o f th e  
p rism s  w a s  done w ith  th e  v is ib le  l in e s  fro m  a  sm a ll H g -d isc h a rg e  tu b e , 
a n d  su b s e q u e n t ly  ch e ck e d  on  th e  s h a rp  O H  a b so rp tio n  b a n d  in  d ilu te  
C C I j so lu t io n s  o f b e n z y l a lco h o l a t  2-764  p  : fo r th e  f lu o r ite  a n d  r o c k -sa lt  
p rism s  th e  4-26 p a tm o sp h e r ic  C 0 2 b a n d  w a s  p lo tte d  fo r  co n firm a t io n .

R esults.

A determination of the absorption of chloral hydrate in the region 
2-6 p to 3-0 p  in CCI4 shows the significant result that the OH band in

this molecule is centred at 
2-82 p.. Fig. 1 shows a typical 
curve for a saturated solution  
in CC1.J. The main band is 
located at 2-82 p ,  whilst 
weaker peaks appear at 2-70 p  
and 2-90 fx. Of these feebler 
absorptions, that at 2-70 ¡x is 
certainly an overtone or com ­
bination band characteristic of 
the CCI3 group, as it occurs in 
all the compounds containing 
this structure which have been 
examined ; 3 the shoulder at 
2-90 fx is probably a combina­
tion band involving the C— 0  
frequencies.

The position and intensity  
of the 2-82 p. band leave no 
doubt as to its origin. The 
concentration of the chloral 
hydrate in the solution used 
w a s  e s t i m a t e d  a s  a b o u t  

3 -o 0-0060 M .,  and the consider-
F ig . i . —A bsorption  of 5-0 mm. layer of able intensity of the band

o-oo6 m . ch lo ra l h yd rate  in CC14. under these conditions is
typical of the OH group. The 

only other common fundamentals occurring in this region are those of 
the C— H  bond which appears in the range 3-25 p (aromatic) to 3-45 p 
(aliphatic), and of the NH group which is near 3-00 p. Attem pts to 
confirm the origin of the 2-82 p. absorption by observations on CC14 
solutions of chloral (CC13 . CHO) in the same region failed because 
these solutions rapidly became saturated with the hydrate due to 
absorption of atmospheric moisture during the filling of the cell. Only 
by twice distilling the hydrate from concentrated H 2S0 4 in an all-glass 
apparatus protected by a stream of dry air could the chloral be satis­
factorily freed from the hydrate and exposure to moist air quickly led 
to  the formation of sufficient hydrate for this to crystallise out. Chloro­
form, HCClg, and ethyl ether, C,H5 . 0  . C2H5, which together contain
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all the groups and bonds present in chloral hydrate other than the 
hydroxyl, show at concentrations 100 times greater than those of the 
hydrate no signs of an absorption centred near 2-82 fx.

It is now well established4 that simple alcohols in dilute CC14 
solution have a sharp absorption band arising from the valence OH 
vibration the peak of which is within the range 2-750 fx to 2-770 ¡x. On 
the attachm ent of a carbonyl oxygen to the same carbon atom as the 

y O
hydroxyl, i.e., in — C \ the interaction of the C= 0  and 0 — H

— OH
groups shifts the fundamental band of the latter to 2-84 ¡x. Compared

/ Hwith a simple hydroxylic compound such as m ethyl alcohol, CH3— O' , 
where the potential barrier restricting free rotation of the hydrogen 
about the C—0  bond is small,5 in the carboxyl structure the OH group 
is now locked in the m -p osition .6 The same shift to longer wavelengths 
of the OH fundamental is also apparent as between trans- and cis-
o-chlorophenol (from 2-775 fx to 2-825 p)- It seems certain that the
location of the OH fundamental in chloral hydrate at 2-82 /x arises 
from circumstances similar to those just mentioned. It suggests that 
the OH groups are again clamped in a position corresponding to 
maximum interaction with the adjacent dipoles, each OH group lying

C1\in the plane defined by a XC— C group, with the hydrogens tied 
towards the chlorines (III). It can easily be seen that ^
if the hydrogens were free to rotate about the C— 0  \
bonds they might approach one another very closely  ̂ ,
and the elimination of H 20  would then be a simple cl C C H
process. Several careful plots of the band havef ailed /  \
to show any indication of even a shoulder in the ab- C/ 0
sorption curve near 2-76 /x so that the occurrence of h
structures, in which one of the OH groups is free, is not jjjjj
detectable. The band does appear to be broader than 
that for a monohydroxylic alcohol examined under the same conditions. 
It m ay be that, the restoring force governing the vibrations of the

C l \  y Q
hydrogens perpendicular to the 'C— C' -plane being small, the
amplitude of this vibration is responsible for a slight variability in the

force-constant of the valence 0 — H 
vibration.

H aving established the distinctive 
,. change in the OH frequency, it was

/  'nterest t0 investigate whether the
interaction was also noticeable by its 

* influence on the CC13 group. A major
V, Yjs uncertainty in the interpretation of these
jjYj (V) results lies in the assignment of the CC13

frequencies which, in the absence of a 
complete vibrational analysis, has to be made largely by comparison

4 F o x  and M artin , Proc. Roy. Soc., A , 1937, 162, 419.
5 Borden  and B a rk e r, J. Chem. Physics, 1938, 6, 553.
6 B a u er and Badger, ibid., 1937, 5 , 852. M orino and M izush im a, Proc. Instil. 

Phys. Chem. Research, Tokyo, 1937, 32 , 33 . D a v ie s  and S u therlan d ,3 p. 762. See, 
how ever, Coop, D avid son  and Sutton , J . Chem. Physics, 1938, 6 , 905.
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with the simpler molecule, CHC1S. According to Kohlrausch 7 the two 
valence vibrations for CHC1S (IV and V) (of which v23 is doubly de­
generate) are to be assigned as v3 =  668 cm.-1, v23 =  760 cm .,8 which  
would correspond to absorption bands at 15-0 /x and 13-2 /a respectively.

A careful examination of the absorptions of chloral hydrate and 
trichloracetic acid in the region I I  ¡x to 15 ¡x was made using a rock-salt 
prism : trichloracetic acid was chosen for comparison as being the 
molecule nearest in structure to chloral hydrate. Several measurements 
of trichloracetic acid in CS2 (Fig. 2) show two distinct bands. One, 
centred at 14-25 ±  o-1 ¡x seems to be the equivalent of v3 in CHC13 : 
its contour suggests the appearance of the P-, Q-, and R- branches of 
a parallel vibration. The second has its main peak at 12-2 /x with a 
subsidiary at 12-7 /x : a doublet nature is to be expected for v23 in this 
case, as the degeneracy is now removed. Absorption curves for chloral 
hydrate in CS2 (Fig. 3) similarly showed peaks at 12-35 P and !2-75 /x

alm ost coinciding with those in the acid. The centre of w hat has been 
taken as the v3 band, however, is now located at 13-7 ¡x which is far re­
m oved from its position in trichloracetic acid, amounting to a frequency 
shift of 28 cm.-1 . The higher frequency of v3 in chloral hydrate com­
pared w ith the acid is not w hat would have been expected if the inter­
action in the former merely led to the C— Cl bond being stretched along 
its length. The result m ay mean that the principal effect consists in 
a lateral displacement of the Cl atoms opposite the hydrogens, which 
in itself would probably result in a steeper potential curve along the 
C— Cl direction. It is to be noted that the present interpretation of 
these results does not conflict w ith the Raman data for these m olecules.80

There is a further fundamental of the CC13 group, which Kohlrausch 
surprisingly assigns to a deformation vibration, a t 1215 cm.-1, i.e.,

7 Z. physik . Chem., B, 1935, 28 , 340.
8 Cabannes and R ou sse t, Ann. Physique, 1933, 19, 229 ; and  ref. 7 .
87 P a rth a sara th y , Phil. Mag., 1934, 17, 471 . K o h lrau sch , K o p p l and Pongretz, 

Z. physik. Chem., B, 1933, 2 1 , 242.
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within the experimental infra-red range, a t 8-2 p. The region 7-5 ¡1 
to 8-5 [x was examined, using a fluorite prism. The absorption curve

for trichloracetic acid was found to have a strong band at 7-96 p with 
shoulders at 7-87 p, 8-16 p., and 8-24 p ,  the central peak, from its in­
tensity, almost certainly corresponding to a fundamental. Plots made 
of chloral hydrate showed the 
main absorption at 8-21 
±  o-oi /x, but subsidiary 
bands in the neighbourhood 
are so numerous as to make 
interpretation far too specu­
lative.

B r o m a l H y d r a te . (Fig.
4). This compound has been 
examined only in the short­
wave region of the OH funda­
mental. In both CS2 and CC14 
solutions the main absorption 
is at 2-81 i  o-oi p.. In the 
five plots of this absorption 
which have been made there 
are indications, although these 
are adm ittedly slight, of an 
irregularity corresponding to 
an absorption at 2 7 6  p.. The 
latter m ight well arise from a 
small proportion of “ free ”
OH groups, the presence of 
which would coincide with the
lower stability of bromal hydrate relative to chloral hydrate. The 
published measurements on water in these two solvents 9 show that in

F ig . 4--
C S 2.
ce ll.

-A b so rp tio n  of b rom al h y d ra te  in  
N e a rly  sa turated  so lution  in  25 m m .

9 B o rst, B u sw ell and  R odebush , / .  Chem. Physics, 1938, 6 , 61. K in se y  and  
E l l is ,  Physic. Rev., 1937, 5 1 , 1074.

F ig . 3 .— A b so rp ­
tion  of sa tu r­
ated solution  
ch lo ra l h yd rate  
in  C S 2.

C e l l  th ickn ess  
=  1*5 m m .

12-0 I4--0



CC14 it gives only a single absorption at 2-70 p ,  whilst in CS2 the ab­
sorption of a saturated solution is far too small to have been recorded 
in the present measurements.

Benzoin. (Fig. 5). Several measurements of CC14solutions of benzoin,
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F ig . 5 .— Benzo in  
in  C C lj  so lu­
tion  saturated  
a t  room  tem ­
perature.
3-05 m m . cell.

C6H 5 . CHOH . CO . C6H 5, have been made and two broad but easily  
separable absorptions were found near 2-78 p  and 2-89 p ; these must 
be attributed to the different orientations of the OH group with respect

to the C = 0  group. 
T he a b n o r m a l  
breadth of these OH 
absorptions is also 
apparent in the over­
tone region,10 and 
the one at 2-89 p has 
now been resolved 
into a number of 
peaks. So different 
is this from the usual 
appearance of these 
bands t h a t  t h e ir  
identification w a s  
confirmed by exam ­
ining benzophenone, 
CeH5 . CO . C6H 5 in 
the same region, 
throughout which it 
was found to have 
no appreciable ab­
sorption. The pe­
culiar width of the 
bands is presumably 
due to the coupling 
of the OH frequencies 
with other much 

lower frequencies in the molecule, but w hy this should b e  so pronounced

2-70 2-80 2-90 
F ig .  6.— 0-090 m. o-brom ophenol in  C C lj a t  I 7 °C . 

3-05 m m . ce ll.

10 W u lf  and L id d e l, J . Amer. Chein. Soc., 1935, 5 7 , 1464.
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in the present instance is not clear. Although the estim ate of the band 
intensities was not very reliable owing to their width, it sufficed to show  
the increase of the 2 7 8  p. absorption relative to the 2-89 /x with rising 
temperature.

O rth o  -b r o m o p h e n o l. (Fig. 6). This solute was carefully examined 
at both room temperature and at 75° C. in CC14. The main absorption 
consists of a symmetrical peak at 2-84 /x, whilst a small but less regular 
absorption, centred at 2785  /x, was also shown. These correspond to 
the cis- and trans- forms respectively. From the integrated absorp­

tions ^8 =  Jlog10 dX =  kc\^ , making allowance for the overlapping

of the bands, the relative concentrations were found to be 4-31 : 1 at 
17° and 2-95 : 1 at 75°. Assuming an equilibrium determined by a 
statistical factor eElRT, the values of the energy difference of the isomers 
would be 850 and 760 cal./g. mol., from which a mean value of 800 
cal./g. mol. may be accepted.

PART II.

In this section the relation of the frequency change in the OH group 
between two structures and the corresponding energy difference will 
be discussed on the basis of the results now available. The lowering 
in frequency on association of the alcohols was linked by Fox and Martin 11 
with the energy involved on the basis of the Morse potential function. 
The latter gives for the energy of dissociation from the vibrationless

evel, D — where we is the vibration frequency for ideally

small displacements and % is the anharmonicity factor : a>e is related 
to the observed frequencies by vn =  nwe[i — (n +  i)x], where 11 =  1 
for the fundamental, n =  2 for the first overtone, etc. Clearly if * is 
the same for the two forms of the molecule, 8Dj D =  Bu>e/oje and their 
energy difference 8D  can be estimated directly from Sa>e using a reason­
able value for D, the dissociation energy of the hydroxyl group (e.g., 
113 k. cal./g.m ol.).

A direct test of the identity of x  for the two forms of each molecule 
is very desirable, but only for 0-chlorophenol and o-bromophenol are 
the locations of the origins of the relevant absorptions sufficiently 
precise to give significant results. These are shown in Table I.

The figures in brackets involve a frequency observed in the pure 
substance : the others refer to CC14 solutions. There seems little doubt 
that x varies by about 10 per cent, between the two forms of the same 
molecule. It has been confirmed that with the data at present avail­
able (e.g., for benzoin, monomeric and dimeric acetic acid, monomeric 
and associated alcohols) the evaluation in this way of the energy 
difference between two molecular configurations as the simple differ­
ence of their D  values gives only such meaningless results as in Table I, 
where these differences have the wrong sign. This general anomaly 
partly results from the fact that the anharmonicity factor is found to 
be larger for the form in which interaction occurs.

Returning to the simplified relation used by Fox and Martin,g
Table II shows the values of 8D  — -r-— ^ — r X  1 1 3  k. cal./g. mol.

i(wi + w2>
11 See ref. “.



340 A N  IN F R A -R E D  S T U D Y  O F C H LO R A L H Y D R A T E

The corresponding values to 8D from other methods are given in the 
last column.

The spectroscopic estimates of the energy differences are obviously 
only of the correct order of magnitude, although it must be emphasised 
that, except in the case of the carboxylic dimer, more accurate values 
are also desirable for the last column.

T A B L E  I *

Compound. Frequency
(cm.-1). X . 102. «V

D (k. cal./ 
g. mol.).

C is-chlorophenol 354°') 2-291 „ Ä
2-q i r 2*3469x0 > 3714 107-7

10086 J * 34 J
(12993) 2-60

2'rans-chlorophenol . 36031 2-o81 37607050 > 122*1
i ° 3 3 i J

(13328) 2 '39
Cts-brom ophenol 3520

IOOOI 2-51 3 7 IO 99-95

7>a«i-brom ophenol . 3595
10317 2*oS 3760 123-37

* (D a ta  taken  from  Fre y m a n n , J . Physique et Radium, 1938, 9, 517  ; D a v ie s , 
Trans. Faraday Soc., 1938, 3 4 , 1427.)

A linear relation between 8D and is also to be expected on
the basis of a simple potential function recently suggested by Sutherland 12 
as a useful representation of the conditions in diatomic linkages. This 
is partly borne out by the fact that the spectroscopic values in Table II 
are about double the estimates otherwise made. This empirical cor­
respondence is probably the best which can be attained at present.

T A B L E  I I .

Molecule. Structure. •'(lundamental) • x X 10". we. SD. SE.

o-Chlorophenol 

o-Brom oplienol 

Benzoin  

A cetic  acid  

E t h y l  alcohol .

cis-
trans-

cis-
trans-

cis-
trans-

m onom er
dim er

m onom er
associated

3540
3603 
3520 
3595 
3454
3604 
3525 
3030 
3634 
3373

2*22

2*30

2*20

2*00

2*20

37°4
3772
3690
376S
3613
3770
3672
3155
3802
3529

2*06

2*31

4*80

17*2

8*42

i *4 to i*7  

o*8

7*8

4*0

PART III.
Perhaps the major interest in the molecular systems being discussed 

lies in the determination of the origin of the interaction energies con­
cerned. It is the object of the present section to indicate that in many

15 Proc. Indian Acad. Sei., 1938, 8 , 341 .
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cases, at least, these may be accounted for by dipole interactions with 
the addition of the induction and possibly dispersion effects. The 
origin and magnitude of these forces have been clearly discussed in a 
summarising paper by London.13

In this respect the carboxylic acid dimer is the most instructive 
example, as both its structure and the experimental value of SE are 
accurately known. For the former the data14 lead to the representation 
shown (VI), where distances are in Angstrom units. In the subsequent 
calculations, unless otherwise specified, interatomic distances and 
dipole moments have been taken from Pauling’s book,15 and most of 
the group polarisabilities (a) from Waters.16 In the present instance, 
we have taken p.c „ 0 =  2-50D, / ¿ o - h  =  i - 6 6 d ,  pc_0 =  0 7 D (the last

T A B L E  I I I .

j * - " 2-67- - - - - - - - - ►

a  o  H~o,
/ / /  
{ c * '25

%o O  H-
>•04- *

(V I)

— -______ In ( / IK

I  In (B>.
0— H. c— 0 . c==o.

c=o - 5 9 5 5 + 8 8 3 — 1680
c-o +  455 - 1 4 4 +  883
O - H — 148 + 4 5 5 - 5 9 5 5

from Sidgwick and Bowen 17) ; a Caa0 =  1-35, a 0_n  =  i-O, a c_ 0 =  2-0, 
in units of IO-24 c.c. In calculating the interactions an accurate scale 
model of the planar group has been drawn and the distances required 
obtained from this. For the simple dipole interaction the moments 
have been resolved into point charges located at the appropriate atomic 
centres. Taking the separate interactions of each group in one half 
(A) of the carboxylic dimer with those in the other half (B), a total 
Coulombic contribution to SE of — 11,200 cal./g. mol. is obtained, 
distributed as in Table I I I :

The value — 5955 cal. for the C= 0  and OH interaction is in agree­
m ent with the similar values for this factor previously calculated by  
a different method by M oelwyn-Hughes.18

The induction effect for a dipole ^  orientated at an angle 9t to the 
line joining its centre to that of a group of polarisability ocu  is given by

U — — —1 . +  3 cos2 9j) : R  is the distance between the centres2 i\
of the interacting system s. This energy, being necessarily negative, 
invariably corresponds to an attraction. For the total interaction 
between two groups the contributions of and au , pn  and sq must be 
added. Thus, the total energy in the present instance will be the sum 
of eighteen terms of the form above, and this total is found to be 2240 
cal./g. mol.

It remains to evaluate the dispersion interaction for which London, 
in the same circumstances as the above, has given the expression

U = — m ^/shR 9 . (1 +  3 cos2 9t) . ^  V2 ¿. Here is the “ oscil-

15 Trans. Faraday Soc., 1937, 3 3 , 8.
11 P au lin g  and B ro ck w a y , Proc. Nat. Acad. Set., 1934, 20, 336 .
15 The Nature of the Chemical Bond, Cornell U n iv . Press, 1939, p. 146.
16 J .  Chem. Soc., 1933, 1551 .
17 Ann. Rep. Chem. Soc., 1931, 28, 402. 18/ .  Chem. Soc., 1938, 1243.
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lator strength ” appearing in the simple dispersion formula which gives 
the polarisability ax of the group, of which v2 is the resonance electronic 
frequency. To evaluate these terms, the approximate relation 
?«i2 =  3hi'1a1/2 is combined with the assumption that vt  may be 
identified with the frequency corresponding to the ionisation potential 
(Fj) of the same group (hvt — eFj) : at the same time this involves 
the replacement of the summation by a single term. It is obvious 
from the appearance of the term (v22 — vj2) that the net interaction 
of two groups will be the difference of two terms : e.g., the C= 0  group 
acting on the OH of the opposite molecule leads to U — —7380 cal. : 
the OH acting on the C= 0  gives U = +  10,590 cal. This gives the 
impossible result of a net repulsion of 3210 cal. between these two 
grou p s: impossible, because the dispersion effect m ust necessarily
lead to an attraction. A great proportion of the error in this evaluation  
is introduced in the substitution used for mx2. This is avoided in the 
case of two groups at random orientation with respect to one another, 
for which the total dispersion interaction simplifies to

£7 =  - 3h/2R«.a1«11. - ^ E - .
V1 “T 1̂1

At their distance apart, the groups mentioned (if at random orientation) 
would yield an attractive energy of 1090 cal./g. mol. This is certainly 
a better estim ate of the true order of magnitude of the dispersion 
energy. For the other groups, owing to the R~6 term, this contribu­
tion is bound to be much smaller, and for the present it is neglected.

It is noticeable in these circumstances that the dipole interaction  
is certainly much greater than the dispersion effect. This order is 
contrary to their contribution to the van der W aals forces in many 
instances.19 But the reason is not far to seek. The interatomic

distances here dealt w ith are too small to make the condition <C kT
RJ

necessitated in London’s comparison of these forces of any further

validity. Thus, for the C= 0  and 0 — H groups, =  26-5 X  ic r u

ergs per molecule, compared with kT  =  4-0 X  I 0 ~ 14 at room temperatures. 
Further, the fixed orientation of the dipoles with respect to one another, 
means that their interaction approaches the maximum possible

(^U — — - ^ 5 -^  where the dependence is upon R~3, rather than R~6 as

occurs for the tandom orientation at large distances involved in the 
van der W aals forces.

It has been found that the simple and induced dipole effects together 
give an interaction energy of 13,440 cal./g. mol., compared with a 
measured SE  for formic and acetic acids in the gas phase 20 near 15500 
cal./g. mol. In the first place, it may safely be suggested that the 
difference, 2060 cal. or 13 per cent., m ay be attributed to the dispersion 
forces. This proportion m ight well be used as a fair estim ate of the 
relative contribution of this effect as between orientated groups in 
molecular structures : for the 13 per cent, in the present instance is 
the mean over several groups at various distances. Further, the fact

18 Lo n do n, loc. cit. 13, p. 19.
M acD ougall, J . Amer. Chem. Soc., 1936, 58, 2585. Coolidge, ibid., 1928, 

50 , 2166.
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0 0
/

C H —c
\  / \

0 0
I

H
( V I I ) ( V I I I )

that 87 per cent, of the observed interaction energy can be accounted  
for on the simple basis of electrostatic forces makes the introduction 
of any resonance effects connected with a “ hydrogen bond ” of small 
import in this case. This conclusion agrees with the general sense of 
the spectroscopic analysis of this structure.3

T h e  M o n o m e r ic  C O O H  G ro u p . A simpler example of the opera­
tion of the foregoing effects is found in the 
structure of the monomeric carboxyl group.
This might be expected to occur in the cis- 
and trans- forms, (VII) and (VIII). Calculation 
of the interaction of the two groups C= 0  and 
O— H in these cases, using the same data as 
for the dimer except that the 0 — H bond dis­
tance is 0-9ÔA, and <  COH =  n o °  gives the 
following results (cal./g. mol.) :

Dipole interaction Induction effect. Total.
(a) C is-form  . . — 10,960 —3490 — 14,450
(b) Tran s-fo rm  . . — 4,100 — 2930 — 7,030

The difference of 7420 cal. in these totals m ay be taken as a measure 
of the stability of (VII) relative to (VIII). Using a factor of es£/Kr, it may 
be estim ated that at room temperatures the relative frequency of occur­
rence of the two forms is 3-62 X io 5 : 1. This conforms with the 
complete absence of the structure (VIII) as indicated by spectroscopic 
analysis.21

B e n z o in . Another molecule in which the same two groups interact 
is benzoin, C6H 5CHOH . CO . C6H 5. Here, the interposition of the 
C— C bond reduces the calculated energy difference to 3530 cal./g. m ol.:

Dipole interaction. Induction effect. Total.

Cis-form  . . . 3790 515 4305
Tran s-fo rm  . . . 556 220 776

^0*Ct This value of 8E  is of the same order as that (4800)
'PAS' t estim ated in Part II from the frequency shift between
V"'20 the two forms.

W ’h o -C h lo r o p h e n o l. In treating this molecule the
/ . *"”■ ' ~  in

t-39

V e l e c t r o n  diffraction value of the C— Cl distance
chlorobenzene has been used,22 and the moments 

( IX )  f c i - c  =  I '5 6 d , 710-11 =  1 "73d  ;

Dipole interaction. Induction effect. Total.

Cis-form  . . . 2040 468 2508
T rans-form  . . . 432 293 725

The estimated difference of 1780 cal./g. mol. is in reasonable agreement 
with the value of 1400-1700 cal. deduced from estim ates of the relative 
intensities of the absorptions corresponding to the two forms of the 
molecule.

o-BromophenoI. The energy values are very near those in chloro- 
phenol, and give an estimated energy difference of 1630 cal./g. mol. :

81 B a u er and Badger, J. Chem. Physics, 1937, 51 , 852,
22 G lasstone, Ann. Rep. Chem. Soc., 1936, 3 3 , 76 .



344 AN INFRA-RED STUDY OF CHLORAL HYDRATE
D ip o le  in te r a c tio n . I n d u c tio n  effect. T o ta l.

1820 638 2458
482 350 S32

C h l o r a l  H y d r a t e .  I t  i s  v e r y  p r o b a b le  
t h a t  o w i n g  t o  t h e  i n t e r a c t i o n  o f  t h e  0 — H  
a n d  C— C l g r o u p s  t h e  s t r u c t u r e  w i l l  b e  in  o r  
n e a r  o n e  p la n e .  A c c o r d i n g l y ,  t h e  f o r m  d e ­
p i c t e d  h a s  b e e n  a s s u m e d  f o r  t h i s  s y s t e m .  
T a k i n g  t h e  c i s -  a n d  t r a n s -  o r i e n t a t i o n s  a s  
c o r r e s p o n d in g  t o  t h e  c la m p e d  a n d  f r e e  f o r m s  
o f  t h e  0 — H  g r o u p ,  a n d  c a l c u l a t i n g  t h e  t w o  
c o n t r i b u t i o n s  a s  b e f o r e  :

pole in te r a c tio n . I n d u c tio n  effect. T o ta l.

3760 1080 4S40
90 430 520

I t  i s  s e e n  t h a t  t h e  « s - o r i e n t a t i o n  o f  e a c h  O H  g r o u p  i s  s t a b i l i s e d  b y  a n  
i n t e r a c t i o n  e n e r g y  o f  a b o u t  4 3 0 0  c a l .  w h i c h  w o u l d  c o r r e s p o n d  t o  a  
f r e q u e n c y  d i s t r i b u t i o n  o f  1 7 0 0  : 1 in  f a v o u r  o f  t h e  c l a m p e d  p o s i t i o n ,  
o r  o f  2 * 9  X  i o 6 : 1 a s  b e t w e e n  t h e  s t r u c t u r e  w i t h  t h e  t w o  h y d r o x y l s  
t o w a r d s  t h e  c h lo r in e s  a n d  t h a t  w i t h  t h e m  b o t h  in  t h e  o p p o s i t e  o r i e n t a t i o n .

S u m m a r i s i n g  t h e s e  r e s u l t s ,  i t  i s  c le a r  t h a t  s i m p l e  e l e c t r o s t a t i c  f o r c e s  
a r e  s u f f i c i e n t  t o  a c c o u n t  f o r  a  c o n s id e r a b le  v a r i e t y  o f  i n t e r a c t i o n s  i n ­
v o l v i n g  t h e  O H  g r o u p .  P r o v i d e d  t h e  i n t e r a c t i o n s  a r e  e n d o w e d  w i t h  
t h e  r e q u i s i t e  e n e r g y  t h e i r  o t h e r  c h a r a c t e r i s t i c s  f o l l o w ,  a n d  t h e s e  a p p e a r  
i n  a  c o n t i n u o u s  r a n g e  f r o m  t h e  s i m p l e  c i s - t r a n s -  d i s t r i b u t i o n  in  o - c h lo r o -  
p h e n o l  t o  t h e  f o r m a t i o n  o f  a  n e w  m o le c u l a r  s p e c i e s  o f  c o n s id e r a b le  
s t a b i l i t y  in  t h e  c a s e  o f  t h e  c a r b o x y l  d im e r .  T h e r e  s e e m s  t o  b e  n o  s t r o n g  
p r a c t i c a l  r e a s o n  f o r  t h e  i n t r o d u c t i o n  o f  a  s p e c i a l  m e c h a n i s m  o f  a  “  h y d r o ­
g e n  b o n d  ”  t o  a c c o u n t  f o r  t h e  o b s e r v e d  e n e r g y  e f f e c t s ,  a n d  a l t h o u g h  t h e  
e x i s t e n c e  o f  a  r e s o n a n c e  c o n t r i b u t i o n  i s  a n  a  p r i o r i  l i k e l i h o o d  in  m o s t  
c a s e s ,  i t s  m a g n i t u d e  w o u l d  o f t e n  a p p e a r  t o  b e  n e g l ig ib l e .

S u m m a r y .

(i) I n f r a - r e d  m e a s u r e m e n t s  o n  c h lo r a l  h y d r a t e  in  s o l u t i o n  h a v e  s h o w n  
a  c o n s id e r a b le  in t e r a c t io n  b e t w e e n  t h e  O H  g r o u p s  a n d  t h e  a d j a c e n t  CC13 
r a d ic a l .  T h i s  in t e r a c t i o n  i s  r e l a t e d  t o  t h e  p e c u l ia r  s t a b i l i t y  o f  t h e  c o m ­
p o u n d  a n d  s im i la r  r e s u l t s  f o r  a n a lo g o u s  s t r u c t u r e s  a r e  p r e s e n t e d .

(ii)  T h e  r e l a t io n  o f  t h e  f r e q u e n c y  c h a n g e  in  t h e  O H  g r o u p  b e t w e e n  
t w o  s t r u c t u r e s  a n d  t h e  c o r r e s p o n d in g  e n e r g y  d i f f e r e n c e  i s  d i s c u s s e d .  T h e  
u n s a t i s f a c t o r y  n a t u r e  o f  t h o s e  e s t i m a t e s  a s s u m in g  i d e n t i c a l  a n h a r m o n ic i t y  
f a c t o r s  i n  t h e  t w o  s t r u c t u r e s  i s  in d ic a t e d .

( iii)  E l e c t r o s t a t i c  e n e r g i e s  a r e  e v a l u a t e d  f o r  i n t e r a c t io n s  i n v o l v i n g  t h e  
O H  g r o u p .  W i t h  r e a s o n a b le  a s s u m p t io n s ,  t h e s e  a r e  f o u n d  t o  a c c o u n t  
f o r  t h e  o b s e r v e d  e f f e c t s  i n  a  c o n s id e r a b le  v a r i e t y  o f  c a s e s ,  a n d  i t  i s  s u g ­
g e s t e d  t h a t  t h e  m a g n i t u d e  o f  t h e  r e s o n a n c e  c o n t r i b u t i o n  t o  t h e  s t a b i l i t y  
o f  t h e  “  h y d r o g e n  b o n d  ”  m a y  o f t e n  b e  n e g l ig ib le .

T h e  a u t h o r  o w e s  t h e  s u g g e s t i o n  o f  e x a m i n i n g  c h lo r a l  h y d r a t e  in  
t h e  in f r a - r e d  t o  a  d i s c u s s io n  w i t h  D r .  T .  P .  H u g h e s .  H e  i s  a l s o  i n ­
d e b t e d  t o  t h e  D e p a r t m e n t  o f  S c i e n t i f i c  a n d  I n d u s t r ia l  R e s e a r c h  f o r  
a  S e n io r  A w a r d ,  a n d  t o  t h e  C h e m ic a l  S o c i e t y  f o r  a  g r a n t .

T h e  D e p a r t m e n t  o f  P h y s i c a l  C h e m is t r y ,
C a m b r id g e .

C is - io r m  
T r a n s - io r m  .

(X )

C is - io r m  
T r a n s -fo rm  .



T H E  V A P O U R  P R E S S U R E  O F  O L E U M .

B y  F .  D .  M i l e s , H .  N i b l o c k  a n d  G . L . W i l s o n .

R e c e iv e d  29th  A u g u s t , 1 9 3 9 .

I n  a d d i t i o n  t o  t h e  v a p o u r  p r e s s u r e  d e t e r m i n a t i o n s  o f  M c D a v i d 1 

f o r  o l e u m  c o n t a i n i n g  u p  t o  4 0  %  o f  p u r e  s u lp h u r  t r io x id e ,  a t  t e m p e r a t u r e s  
b e t w e e n  1 0 ° a n d  5 0 ° , t w o  o t h e r  s e r i e s  o f  d a t a  a r e  t o  b e  f o u n d  in  t h e  
l i t e r a t u r e .  T h e  f i r s t  w a s  p u b l i s h e d  b y  K n i e t s c h  in  h is  w e l l - k n o w n  
p a p e r  o f  1 9 0 2  2 a n d  t h e  s e c o n d  w a s  c o n t r i b u t e d  t o  t h e  I n t e r n a t i o n a l  
C r it ic a l  T a b l e s  ( V o l .  I l l )  b y  t h e  E a s t e r n  L a b o r a t o r y  o f  M e s s r s .  E .  I . 
d u P o n t .  B o t h  s e r ie s  c o v e r  m o s t  o f  t h e  t e m p e r a t u r e  r a n g e  2 0 ° - 1 0 0 ° C . 
a n d  o f  t h e  c o n c e n t r a t i o n  r a n g e  0 - 1 0 0 %  f r e e  t r i o x i d e ,  b u t  in  n e i t h e r  
c a s e  a r e  t h e  a c t u a l  e x p e r i m e n t a l  r e s u l t s  g i v e n ,  o r  t h e  m e t h o d  b y  w h ic h  
t h e  f ig u r e s  in  t h e  t a b l e s  a r e  d e r iv e d  f r o m  t h e m .  K n i e t s c h  in d e e d  h a s  
s t a t e d  t h a t  “  O n  t h i s  a c c o u n t  ”  ( t h a t  m e r c u r y  is  a t t a c k e d  b y  p u r e  
s u lp h u r  t r i o x i d e )  “  t h e  m e a s u r e m e n t  w a s  c a r r ie d  o u t  in  a n  ir o n  a p p a r a t u s  
b y  m e a n s  o f  a  m a n o m e t e r ,  w h ic h  w a s  q u i t e  a c c u r a t e  e n o u g h  f o r  e x p e r i ­
m e n t a l  p u r p o s e s . ”  B e l o w  t h e  t i t l e  i s  g i v e n  “  (£  v o l .  O le u m  -f- £  v o l .  
A ir )  ”  f r o m  w h i c h  i t  a p p e a r s  t h a t  t h e  c o n t a i n i n g  v e s s e l  w a s  o n l y  £  f i l l e d  
w i t h  a c id ,  h a v i n g  a ir  a b o v e  t h e  a c id  p r e s u m a b l y  a t  o n e  a t m o s p h e r e  
p r e s s u r e .  T h e  p r e s s u r e s  r e c o r d e d  a r e  e v i d e n t l y  t h e  e x c e s s  o v e r  a b o u t  
a n  a t m o s p h e r e ,  b u t  w h e t h e r  a n y  d e d u c t i o n  h a s  b e e n  m a d e  f o r  t h e  i n ­
c r e a s e  o f  t h e  a ir - p r e s s u r e  a t  h ig h e r  t e m p e r a t u r e s ,  o r  w h a t  t h e  t e m ­
p e r a t u r e  w a s  a t  w h i c h  t h e  i n s t r u m e n t  w a s  f i l l e d ,  o r  w h e t h e r  t h e  p r e s s u r e  
o f  a ir  w a s  e x a c t l y  o n e  a t m o s p h e r e  w h e n  t h e  f i l l in g  w a s  d o n e  ( m o s t  
u n l ik e ly ,  in  v i e w  o f  t h e  h ig h  v a p o u r  p r e s s u r e  o f  t h e  s t r o n g e r  o le u m ) ,  
is  q u i t e  i m p o s s i b l e  t o  f in d  o u t .  O t h e r  p e c u l i a r i t i e s  o f  t h i s  s e t  o f  f ig u r e s  
w i l l  b e  m e n t i o n e d  la t e r .

T h e  d u P o n t  f ig u r e s  c o v e r  t h e  r a n g e  o f  f r e e  s u lp h u r  t r io x id e  0 - 6 6  %  
a n d  a r e  l i m i t e d  t o  t e m p e r a t u r e s  w h i c h  v a r y  b e t w e e n  5 5 0 ( f o r  6 6 - 9  % )  
a n d  9 0 ° C . ( fo r  3 3 - 3  % ) .  T h e  d i v e r g e n c e  b e t w e e n  t h i s  s e t  a n d  K n i e t s c h ’s  
is  v e r y  w i d e  a n d  is  n o t  a l w a y s  in  t h e  s a m e  s e n s e .  O le u m  o f  3 0  % ,  f o r  
in s t a n c e ,  s h o w s  1 5 2  m m .  p r e s s u r e  a t  6 o °  a c c o r d i n g  t o  K n i e t s c h  ; a c c o r d ­
i n g  t o  d u P o n t  t h e  p r e s s u r e  o f  3 1  %  o le u m  a t  t h e  s a m e  t e m p e r a t u r e  is  
7 4  m m .  O n  t h e  o t h e r  h a n d ,  f o r  4 0  %  a t  7 5 0 t h e  p r e s s u r e  r e c o r d e d  b y  
K n i e t s c h  i s  3 6 0  m m . ; t h a t  g i v e n  b y  d u P o n t  i s  5 3 9 - 5  m m .  A g a i n ,  t h e  
t w o  v a l u e s  a r e  r e s p e c t i v e l y ,  f o r  6 0  %  a c id  a t  5 5 0, 7 3 0  m m .  a n d  5 1 2  m m .

R e d e t e r m i n a t i o n  w a s  c l e a r l y  n e c e s s a r y .  C h o ic e  o f  m e t h o d s  l a y  
b e t w e e n  t h e  d y n a m i c  m e t h o d  o f  b o i l i n g  u n d e r  v a r io u s  d e f in i t e  p r e s s u r e s  
a n d  t h e  s t a t i c  m e t h o d  o f  m e a s u r in g  p r e s s u r e s  a t  d e f in i t e  t e m p e r a t u r e s .  
T h e  l a t t e r  w a s  p r e f e r r e d ,  a l t h o u g h  t h e  p r e s e n c e  o f  a ir  d i s s o l v e d  in  t h e  
l iq u id  is  a  s o u r c e  o f  e r r o r  a n d  t h e  m o s t  s t r i n g e n t  p r e c a u t i o n s  p o s s i b l e  
m u s t  b e  t a k e n  o n  t h i s  a c c o u n t .  I t  w a s  d e c id e d  t h e r e f o r e  t o  s y n t h e s i s e  
t h e  o l e u m  b y  d i s t i l l i n g  p u r e  s u lp h u r  t r i o x i d e  i n t o  t h e  b u lb  o f  t h e  v a p o u r  
p r e s s u r e  a p p a r a t u s  c o n t a i n i n g  s u lp h u r ic  a c id  (9 8 - 5  %  H 2S 0 4) w h ic h  
h a d  b e e n  d e g a s s e d  b y  s t i r r i n g  a n d  h e a t i n g  i n  v a c u o .  B y  a d d i n g  f u r t h e r  
p o r t i o n s  o f  s u lp h u r ic  a c id  t o  t h e  o l e u m  i t  w a s  h o p e d  t o  c a r r y  o u t  s e v e r a l  

1 J .S .C .I ., 1924, 43, 57T. 2 Ber., 1902, 34, 4112.
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s e r i e s  o f  d e t e r m i n a t i o n s  in  s u c c e s s i o n  f o r  s e v e r a l  v a r i e t i e s  o f  o l e u m ,  
b u t  t h e  m a n i p u l a t i o n  r e q u ir e d  t o  a d m i t  t h e  s u lp h u r ic  a c id  a n d  t o  e x c l u d e  
a l l  a ir  w a s  f o u n d  i m p r a c t i c a b l e  a n d  e a c h  v a r i e t y  o f  o l e u m  w a s  m a d e  u p  
f r o m  i t s  c o m p o n e n t s ,  t h e  a p p a r a t u s  b e i n g  c u t  o p e n  a n d  s e a l e d  u p  a g a in  
f o r  e a c h  s e r i e s  o f  d e t e r m i n a t i o n s .

T h e  f i e ld  o f  t h e  m e a s u r e m e n t s  w a s  l i m i t e d  o n  t w o  s id e s .  T h e  t e m ­
p e r a t u r e  c o u ld  n o t  s a f e l y  b e  r a i s e d  a b o v e  1 7 5 0 C . b e c a u s e  o f  t h e  s o ld e r e d  
j o i n t s  o f  t h e  a i r - b a t h ,  a n d  t h e  m a x i m u m  p r e s s u r e  w h i c h  c o u ld  b e  r e ­
c o r d e d  o n  t h e  m e r c u r y  m a n o m e t e r  w a s  9 5 0  m m .  I n  t h i s  f i e ld ,  h o w e v e r ,  
l i e  a l l  t h e  d a t a  w h i c h  a r e  l i k e l y  t o  b e  o f  a n y  t e c h n i c a l  in t e r e s t .  C o m p l e t e  
s e r i e s  o f  d e t e r m i n a t i o n s  w e r e  m a d e  f o r  t h e  f o l l o w i n g  c o n c e n t r a t i o n s  : 
6 -9 % , 1 2 7 % , 2 1 - 1 % , 3 2 -3 % , 4 8 -2 %  a n d  6 4 - 9  % ,  a n d  s in c e  t h e  
a p p a r a t u s  w a s  v e r y  s u i t a b l e  f o r  t h e  r e d e t e r m i n a t i o n  o f  t h e  v a p o u r  
p r e s s u r e  o f  p u r e  s u l p h u r  t r i o x i d e ,  t h i s  w a s  u n d e r t a k e n  a l s o ,  t h e  m a n o ­
m e t e r  b e i n g  d o u b le d  f o r  t h e  p u r p o s e  in  o r d e r  t o  r e c o r d  p r e s s u r e s  o f  a b o u t  

t w o  m e t r e s .

E x p e r i m e n t a l .

G e n e r a l .— A s  S 0 3 a t t a c k s  H g ,  i t  w a s  n o t  p o s s i b l e  t o  m e a s u r e  t h e  
v a p o u r  p r e s s u r e  o f  o l e u m  d i r e c t l y  o n  a  H g  m a n o m e t e r .  I t  w a s  t h e r e ­
fo r e  d e c id e d  t o  i n t r o d u c e  a  g la s s  B o u r d o n  g a u g e  b e t w e e n  t h e  o l e u m  a n d  
t h e  m a n o m e t e r ,  b y  p a s s i n g  a ir  in t o ,  o r  w i t h d r a w i n g  a ir  f r o m , t h e  s p a c e  
b e t w e e n  t h e  g a u g e  a n d  t h e  m a n o m e t e r .  W h e n  t h e  n e e d le  o f  t h e  g a u g e

w a s  a t  z e r o  p o s i t i o n ,  t h e  v a p o u r  p r e s s u r e  o f  t h e  o l e u m  w a s  t h e  s a m e  a s  
t h a t  in d ic a t e d  o n  t h e  m a n o m e t e r .

T h e  g a u g e  a s  u s e d  f o r  H N 0 3 v a p o u r  p r e s s u r e  d e t e r m in a t io n  c o u ld  
n o t  b e  u s e d  in  t h i s  c a s e  a s  i t  i s  n o t  p o s s i b l e  t o  m a k e  o n e  o f  t h i s  k in d  
w h ic h  w o u ld  w i t h s t a n d  t h e  v e r y  la r g e  p r e s s u r e  d i f f e r e n c e s  e n c o u n t e r e d ,  
a n d  a t  t h e  s a m e  t i m e  b e  s u f f i c i e n t ly  a c c u r a t e  f o r  o u r  p u r p o s e .  A  m o d if ie d
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f o r m  o f  B o u r d o n  g a u g e  w h i c h  w a s  d e v i s e d  b y  B .  S .  F o o r d  3 p r o v e d  t o  
b e  s e n s i t i v e  t o  o - i  m m . o f  H g ,  a n d  y e t  a b le  t o  b e a r  m o r e  t h a n  a n  a t m o ­
s p h e r e  d i f f e r e n c e  o f  p r e s s u r e  b e t w e e n  t h e  t w o  s id e s .

A  d ia g r a m m a t ic  r e p r e s e n t a t io n  o f  t h e  f in a l  s e t - u p  o f  t h e  a p p a r a t n s  
i s  g i v e n  o n  F i g .  I .

T h e  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  in  a  la r g e  e l e c t r i c a l l y  h e a t e d  a ir  
o v e n ,  h e a t e d  o n  a l l  s i x  s id e s  s o  a s  t o  g i v e  a n  e v e n  t e m p e r a t u r e  t h r o u g h o u t .  
A  l iq u id  b a t h  w o u ld  h a v e  g i v e n  b e t t e r  t e m p e r a t u r e  c o n t r o l ,  b u t  n o  
c o m m o n  l iq u id  e x c e p t  H jS O .,  c a n  s a f e l y  b e  u s e d  t o  w i t h s t a n d  t h e  r i s k  o f  
m i x i n g  w i t h  h o t  S O , ; w a t e r  w a s  c o n s id e r e d  t o  b e  o u t  o f  t h e  q u e s t io n .

T h e  t e m p e r a t u r e  w a s  m e a s u r e d  b y  m e a n s  o f  t h e r m o - c o u p le s ,  o n e  
i n  a  t u b e  w h i c h  w a s  p a s s e d  u n d e r  t h e  s u r f a c e  o f  t h e  o le u m , a n d  o n e  f i x e d  
t o  t h e  w a l l  o f  t h e  b a t h .  T w o  t h e r m o - c o u p le s  w e r e  u s e d ,  b e c a u s e  i t  w a s  
f o u n d  t h a t  t h e r e  w a s  c o n s id e r a b le  d iv e r g e n c e  b e t w e e n  t h e  t e m p e r a t u r e  
o f  t h e  o l e u m  a n d  t h e  s u r r o u n d in g  a ir ,  p a r t i c u l a r ly  a f t e r  t h e  a p p a r a t u s  
h a d  b e e n  h e a t e d  o r  c o o le d  i n  o r d e r  t o  t a k e  r e a d in g s  a t  a n o t h e r  t e m p e r a t u r e .  
R e a d i n g s  w e r e  t a k e n  o n l y  w h e n  t h e  t e m p e r a t u r e  o f  t h e  b a t h  w a l l  a n d  o f  
t h e  o l e u m  w e r e  t h e  s a m e .  F o r  g r e a t e r  a c c u r a c y  i n  m e a s u r e m e n t  t h e  
" c o ld  ”  j u n c t i o n s  o f  t h e  t h e r m o - c o u p le  w e r e  p la c e d  i n  a n  o i l  b a t h ,  t h e  
t e m p e r a t u r e  o f  w h ic h  c o u ld  b e  r e a d  o n  a  t h e r m o m e t e r ,  a n d  c o u ld  b e  
a d j u s t e d  t o  g i v e  a  “  n u l l  ”  d e f l e c t io n  o n  t h e  g a lv a n o m e t e r .  T e m p e r a t u r e s  
c o u ld  t h u s  b e  d e t e r m in e d  t o  l e s s  t h a n  0 -2 ° C .

M e t h o d  o f  S t i r r i n g . — I t  w a s  i m p o r t a n t  t h a t  t h e  o l e u m  b e  e f f i c i e n t ly  
s t ir r e d ,  b e c a u s e  o f  t h e  f a c t  t h a t  t r i o x i d e  t e n d e d  t o  e s c a p e  o n l y  f r o m  t h e  
s u r f a c e  la y e r s  w h e n  t h e  t e m p e r a t u r e  w a s  in c r e a s e d ,  a n d  t o  c o n d e n s e  o n l y  
o n  t h e  s u r f a c e  l a y e r s  w h e n  i t  w a s  lo w e r e d .  T h u s  i n  t h e  f i r s t  c a s e  t h e  s u r f a c e  
l a y e r  s h o u ld  h a v e  a  l o w e r  c o n c e n t r a t i o n  a n d  t h e r e f o r e  a  l o w e r  v a p o u r  
p r e s s u r e  t h a n  t h a t  o f  t h e  r e m a in d e r  o f  t h e  o le u m .  I n  t h e  s e c o n d ,  t h e  
e f f e c t  s h o u ld  b e  r e v e r s e d .  T h e  o l e u m  w a s  t h e r e f o r e  s t i r r e d  b y  a  m a g n e t i c  
s t i r r i n g  a r r a n g e m e n t ,  w i t h  a n  a u t o m a t i c  m a k e  a n d  b r e a k ,  s u c h  t h a t  a  
m e t a l  s t ir r e r  c o v e r e d  w i t h  p l a t i n u m  w a s  p u l l e d  u p  b y  a n  e l e c t r o  m a g n e t  
w h e n  t h e  c i r c u i t  w a s  c o m p le t e d ,  a n d  a l lo w e d  t o  f a l l  g e n t l y  w h e n  t h e  c i r c u i t  
w a s  b r o k e n .  T h e  s t ir r e r  w a s  n o t  w o r k e d  c o n t i n u o u s l y  b e c a u s e  o f  t h e  
h e a t  w h i c h  r e s u l t e d  f r o m  t h e  p a s s a g e  o f  a n  e l e c t r i c  c u r r e n t  t h r o u g h  t h e  
c o i l  o f  t h e  m a g n e t ,  a n d  t e n d e d  t o  o v e r h e a t  t h a t  p a r t  o f  t h e  a p p a r a t u s  in  
c lo s e  p r o x i m i t y  t o  t h e  c o i l .

P r e p a r a t i o n  o f  O l e u m . — I n  o r d e r  t o  f r e e  t h e  o l e u m  a n d  g la s s  a p ­
p a r a t u s  f r o m  a ir  a n d  o t h e r  a d s o r b e d  g a s e s ,  t h e  f o l l o w i n g  p r o c e d u r e  w a s  
a d o p t e d .

C o n c e n t r a t e d  H j S O ,  o f  k n o w n  s t r e n g t h  w a s  w e ig h e d  i n t o  t h e  t u b e  A  
( F ig .  1 ) a n d  t h e n  s e a l e d  o n  t o  t h e  r e s t  o f  t h e  a p p a r a t u s ,  t h e  a ir  w h ic h  
w a s  u s e d  t o  e x p a n d  t h e  j o i n t s  i n  g la s s  b lo w in g  b e i n g  d r ie d  b y  p a s s i n g  
t h r o u g h  c a l c iu m  c h lo r id e  t u b e s .  T h e  g la s s  b u l b  B  w a s  t h e n  w e ig h e d  
a n d  a  k n o w n  w e i g h t  o f  6 5  %  o le u m  in t r o d u c e d .  T h i s  b u lb  w a s  n o w  s e a le d  
o n  t o  t h e  a p p a r a t u s ,  u s in g  d r ie d  a ir .

T h e  o l e u m  w a s  t h e n  c o o le d  d o w n  in  a  p a s t e  o f  s o l id  C 0 2 a n d  a c e t o n e ,  
in  o r d e r  t o  r e d u c e  i t s  v a p o u r  p r e s s u r e  t o  a  v e r y  l o w  v a lu e ,  a n d  b o t h  h a l v e s  
o f  t h e  a p p a r a t u s ,  i . e .  o n  b o t h  s i d e s  o f  t h e  b r e a k a b le  g la s s  s e a l  C , w e r e  
e v a c u a t e d  b y  t h e  m e c h a n ic a l  a n d  H g  v a p o u r  p u m p s .  W h e n  t h e  p r e s s u r e  
a s  s h o w n  o n  t h e  M c L e o d  g a u g e  w a s  f a i r l y  l o w  ( a b o u t  r o ~ 2), t h e  s t o p c o c k  
D  w a s  c lo s e d .  T h e  f r e e z in g  m ix t u r e  w a s  n o w  a p p l i e d  t o  t h e  s e c o n d  b u lb ,  
a n d  t h e  b u lb  B  h e a t e d  s l i g h t l y  ( t o  4 0 ° C . o r  le s s )  u s i n g  a  b a t h  o f  c o n c e n ­
t r a t e d  s u lp h u r ic  a c id .  W h e n  s u f f i c i e n t  S 0 3 h a d  d i s t i l l e d  o v e r ,  t h e  b u lb  B  
w a s  s e a l e d  o f f  a t  t h e  c o n s t r i c t i o n  a n d  t h e  w e i g h t  o f  r e s id u a l  o l e u m  f o u n d .  
S t o p c o c k  D  w a s  o p e n e d  a n d  a n y  a ir  w h i c h  m i g h t  n o w  b e  p r e s e n t  in  t h e  
a p p a r a t u s  w a s  r e m o v e d  b y  p u m p in g ,  u s i n g  t h e  h ig h  v a c u u m  s y s t e m .  
S t o p c o c k  D  wra s  t h e n  a g a in  c lo s e d ,  a n d  s u lp h u r  t r i o x i d e  d i s t i l l e d  f r o m  t h e  
s e c o n d  t o  t h e  t h i r d  b u lb  b y  c o o l i n g  t h e  t h i r d  a n d  h e a t i n g  t h e  s e c o n d  b u lb .  
T h e  l a t t e r  w a s  t h e n  s e a l e d  o ff .

3 / .  Sc. Instr., 1934, 11, 126.
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M e a n w h i le  t h e  c o n c e n t r a t e d  H aS 0 4 i n  b u l b  A  w a s  b e i n g  f r e e d  f r o m  a ir  

b y  c o n n e c t io n  t o  t h e  d i f f u s io n  p u m p  a n d  h e a t i n g  t o  a b o u t  8 0 ° C ., w h i l e  
b e in g  s t i r r e d  i n t e r m i t t e n t l y  b y  m e a n s  o f  t h e  m a g n e t i c  s t i r r i n g  a r r a n g e ­
m e n t .  T h e  g la s s  s e a l  C  w a s  n o w  b r o k e n  b y  a  m e t a l  p lu n g e r  w h i c h  w a s  
p u l l e d  u p  b y  a  m a g n e t  a n d  t h e n  a l lo w e d  t o  f a l l  o n  t o  t h e  s e a l .  T h e  
f r e e z in g  m ix t u r e  w a s  r e m o v e d  f r o m  t h e  t h i r d  b u lb ,  a p p l i e d  t o  t h e  t u b e  A ,  
a n d  d i s t i l l a t i o n  o f  S 0 3 c a r r ie d  o n  u n t i l  s u f f i c i e n t  w a s  j u d g e d  t o  h a v e  
p a s s e d  o v e r  i n t o  t h e  c o n c e n t r a t e d  H j S 0 4 t o  g i v e  a n  o l e u m  o f  t h e  r e q u ir e d  
c o n c e n t r a t io n .  T h e  t h i r d  b u l b  w a s  t h e n  s e a l e d  o f f  a s  c lo s e  t o  t h e  w a l l  
o f  t h e  b a t h  a s  p o s s i b le ,  a n d  a f t e r  a  t h o r o u g h  e v a c u a t i o n  o f  t h e  o l e u m  a t  
l o w  t e m p e r a t u r e  t h e  b u lb  A  w a s  d e t a c h e d  f r o m  t h e  p u m p  b y  s e a l i n g  o f f  
c lo s e  t o  t h e  w a l l  a t  t h e  c o n s t r i c t i o n .  M u c h  d e l a y  w a s  c a u s e d  a n d  m a n y  
r u n s  s p o i l t  b y  t h e  c r a c k i n g  o f  t h e  o l e u m  b u l b  w h e n  t h e  S 0 3, w h ic h  h a d  
b e e n  f r o z e n  i n  i t ,  w a s  m e l t e d .  T h i s  c o u ld  n o t  a l w a y s  b e  p r e v e n t e d ,  b u t  
h a p p e n e d  m u c h  l e s s  o f t e n  w h e n  t h e  m e l t i n g  w a s  c a r r ie d  o u t  b y  s u r r o u n d in g  
t h e  b u lb  w i t h  H , S 0 4 a n d  m a n i p u l a t i n g  i n  s u c h  a  w a y  t h a t  t h e  S 0 3 w a s  
l iq u e f ie d  f i r s t  a t  t h e  u p p e r  s u r f a c e ,  s o  t h a t  t h e  e n c lo s u r e  o f  l iq u id  b y  a  
s o l id  p l u g  a b o v e  w a s  a v o id e d .

F i x i n g  t h e  Z e r o  o f  t h e  B o u r d o n  G a u g e . — I n  o r d e r  t o  h a v e  a  f in e  e n d  
o n  t h e  m o v e a b le  p o i n t e r  o f  t h e  g a u g e  a  s h o r t  l e n g t h  o f  v e r y  f in e  w ir e  w a s  
f i x e d  t o  i t  b y  m e a n s  o f  c e m e n t ,  a n d  i t s  l a t e r a l  m o v e m e n t  w a s  o b s e r v e d  
a g a i n s t  a  s im i la r  w ir e  a t t a c h e d  t o  a  r ig id  p i e c e  o f  g la s s  r o d .  T h i s  m o v e ­
m e n t  w a s  o b s e r v e d  t h r o u g h  a  s m a l l  l o w  p o w e r  l e n s .  O w in g  t o  t h e  g r e a t  
d i f f i c u l t y  o f  f i x i n g  t h e s e  w ir e s  s o  t h a t  t h e y  w e r e  e x a c t l y  i n  l in e  w h e n  t h e  
p o i n t e r  w a s  i n  a  z e r o  p o s i t i o n ,  i t  w a s  f o u n d  t o  b e  m o r e  p r a c t i c a b le  t o  f i x  
t h e  w ir e s  f a i r l y  c lo s e  t o g e t h e r  a n d  t h e n  t o  f in d  t h e  p r e s s u r e  r e q u ir e d  t o  
b r in g  t h e m  i n t o  l in e  w i t h  e a c h  o t h e r .  T h i s  w a s  d o n e  f o r  e a c h  s e t  o f  
m e a s u r e m e n t s  b y  c o o l i n g  t h e  o l e u m  t o  r e d u c e  i t s  v a p o u r  p r e s s u r e  t o  a s  
l o w  a  v a l u e  a s  p o s s i b l e  ( a b o u t  i o ~ 3 m m .) ,  c o m p l e t e l y  e v a c u a t i n g  t h e  
a p p a r a t u s  o n  t h e  o t h e r  s id e  o f  t h e  g a u g e ,  a n d  t h e n  a d m i t t i n g  a ir  s l o w l y  
t h r o u g h  t h e  s t o p c o c k  E  t o  t h e  l e f t  h a n d  l im b ,  w h i c h  w a s  i n  d i r e c t  c o n t a c t  
w i t h  o n e  s id e  o f  t h e  B o u r d o n  g a u g e ,  u n t i l  t h e  w ir e s  o n  t h e  g a u g e  c o in c id e d .  
T h is  p r e s s u r e  w a s  r e a d  o f f  o n  t h e  m a n o m e t e r ,  a n d  s u b t r a c t e d  f r o m  a l l  
s u b s e q u e n t  r e a d in g s .

M e a s u r e m e n t  o f  V a p o u r  P r e s s u r e .

T h e  b a t h  w a s  n o w  r a is e d  t o  t h e  r e q u ir e d  t e m p e r a t u r e ,  t h e  o l e u m  b e in g  
s t ir r e d  n o w  a n d  t h e n  w i t h  t h e  m a g n e t i c  s t ir r e r ,  p a r t i c u l a r l y  b e f o r e  e a c h  
p r e s s u r e  r e a d in g .  W h e n  t h e  t e m p e r a t u r e  o f  t h e  o l e u m  a n d  o f  t h e  b a t h  
w a l l s  w a s  t h e  s a m e ,  t h e  v a p o u r  p r e s s u r e  o f  t h e  o l e u m  w a s  m e a s u r e d  b y  
a d m i t t i n g  a ir  t o  t h e  l e f t - h a n d  l im b  o f  t h e  m a n o m e t e r  a n d  o n e  s id e  o f  t h e  
B o u r d o n  g a u g e  t h r o u g h  t h e  s t o p c o c k  E  u n t i l  t h e  c r o s s w ir e s  c o in c id e d ,  
A s  t h e r e  w a s  a  h ig h  v a c u u m  i n  t h e  r i g h t - h a n d  l i m b  o f  t h e  m a n o m e t e r ,  
t h e  d i f f e r e n c e  b e t w e e n  t h e  c a t h e t o m e t e r  r e a d in g  o f  t h e  m e r c u r y  i n  t h e  
t w o  l im b s ,  l e s s  t h e  c o r r e c t io n ,  w a s  e q u a l  t o  t h e  v a p o u r  p r e s s u r e  o f  t h e  
o le u m  i n  m i l l im e t r e s  o f  m e r c u r y  a t  t h e  m e a s u r e d  t e m p e r a t u r e .

M e a s u r e m e n t  o f  C o n c e n t r a t i o n .

T o  d e t e r m in e  t h e  c o n c e n t r a t i o n  o f  S 0 3, t h e  a c id  w a s  w e i g h e d  in  s i n g l e ­
s t e m m e d  “  o l e u m  b u l b s . ”  T h e  w e ig h e d  b u lb  w a s  h e a t e d  s l i g h t l y  i n  a  
B u n s e n  f la m e ,  a n d  t h e  o p e n  e n d  o f  t h e  c a p i l l a r y  in s e r t e d  u n d e r  t h e  s u r f a c e  
o f  t h e  o l e u m .  W h e n  s u f f i c i e n t  o l e u m  h a d  b e e n  s u c k e d  in ,  t h e  e n d  o f  t h e  
c a p i l l a r y  w a s  s e a l e d  o f f  i n  a  f la m e .  T h e r e a f t e r  t h e  o l e u m  w a s  e s t i m a t e d  
b y  b r e a k in g  u n d e r  w a t e r  i n  a  c lo s e d  g la s s - s t o p p e r e d  b o t t l e  a n d  t i t r a t i n g  
w i t h  n o r m a l  s o d i u m  h y d r o x i d e  s o lu t io n .

F r o m  t h e  k n o w n  w e i g h t  o f  6 5  %  o le u m  w h i c h  w a s  .o r ig in a l ly  t a k e n  
f o r  e a c h  s e r ie s  o f  m e a s u r e m e n t s ,  f r o m  t h e  t o t a l  w e i g h t  o f  o l e u m  a n d  S 0 3 
r e m a in in g  i n  t h e  b u lb s  w h i c h  w e r e  r e m o v e d  a f t e r  s e a l i n g  o ff ,  a n d  f r o m  t h e
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w e i g h t  o f  H 2S 0 4 p u t  i n t o  t h e  m e a s u r e m e n t  b u lb ,  t h e  c o m p o s i t i o n  o f  t h e  
o le u m  s y n t h e s i s e d  c o u ld  b e  e s t i m a t e d  f a i r ly  c lo s e l y .  I n  T a b le  I  a r e  
g i v e n  t h e  f in a l  a n a l y t i c a l  f ig u r e s ,  
t o g e t h e r  w i t h  t h e  c o m p o s i t io n s  
e s t i m a t e d  f r o m  t h e  w e ig h t s .

V a p o u r .  P r e s s u r e  o f  P u r e  
S u l p h u r  T r i o x i d e .

I t  w a s  f o u n d  n e c e s s a r y  t o  m a k e  
m in o r  a l t e r a t io n s  in  t h e  a p p a r a t u s  
in  o r d e r  t o  o b t a i n  a n h y d r o u s  S 0 3.
I t  i s  i m p o r t a n t  t h a t  t h e  t r i o x i d e  b e  
k e p t  fr e e  f r o m  s m a l l  q u a n t i t i e s  o f  
w a t e r ,  a s  t h e  p r e s e n c e  o f  w a t e r  i n  
e x t r e m e l y  s m a l l  a m o u n t s  f a v o u r s  
t h e  p r o d u c t i o n  o f  t h e  “  a s b e s t o s  ”  
f o r m  o f  S 0 3, w h i c h  h a s  a  h ig h e r  
m e l t i n g - p o i n t ,  t h a n  t h e  n o r m a l  
f o r m  m e l t i n g  a t  i 6 -S ° C . a n d  b o i l ­
in g  a t  4 4 -5 ° C .

T h e  c o n c e n t r a t e d  o l e u m  w a s  
in t r o d u c e d  a s  b e f o r e  i n t o  b u lb  A  ( F ig .  2 ) ,  t h e  s y s t e m  e v a c u a t e d  t h r o u g h  
s t o p c o c k  D ,  a n d  S 0 3 d i s t i l l e d  a s  b e f o r e  i n t o  b u lb  B .  B o t h  t u b e  A  a n d  
t u b e  B  w e r e  n o w  c o o le d  s i m u l t a n e o u s l y  i n  c a r b o n  d i o x i d e  a n d  a c e t o n e  
a n d  t h e  w h o le  s y s t e m  a g a in  e v a c u a t e d ,  a f t e r  w h ic h  t h e  f i r s t  c o n s t r i c t io n  
w a s  c lo s e d .  T h u s ,  t h e  p o r t io n  o f  t h e  a p p a r a t u s  w h ic h  r e m a in e d  w a s  g la s s -  
s e a l e d  w i t h o u t  s t o p c o c k s ,  a n d  t h e r e  w a s  n o  r i s k  o f  c o n t a m i n a t i o n  o f  t h e  
t r i o x i d e  b y  a n y  p r o d u c t s  o f  i t s  a c t i o n  o n  s t o p c o c k  g r e a s e .

T h e  t r i o x i d e  in  b u lb  B  w a s  n o w  d i s t i l l e d  i n  t h e  u s u a l  f a s h io n  o v e r  
P .O j  i n t o  t h e  b u l b  C , a n d  t h e  t u b e  B  r e m o v e d  b y  s e a l i n g  a t  t h e  c o n ­

s t r i c t i o n .  S o m e  o f  t h e  t r i o x i d e  i n  b u lb  C  w a s  n o w  r e d i s t i l l e d  i n t o  t h e  
m e a s u r e m e n t  b u lb  a n d  t h e  b u l b  C  s e a l e d  o f f .  I n  o r d e r  t o  r e m o v e  a n y  
a ir  o r  o t h e r  g a s  w h ic h  m i g h t  h a v e  b e e n  g i v e n  o f f  d u r in g  t h e s e  d i s t i l l a t i o n s ,  
t h e  m e a s u r e m e n t  b u lb  a n d  i t s  c o n t e n t s  w e r e  t h o r o u g h l y  f r o z e n ,  t h e  
b r e a k a b le  g la s s  s e a l  F  w a s  b r o k e n ,  a n d  t h e  a p p a r a t u s  t h o r o u g h l y  e v a c u ­
a t e d  t h r o u g h  t h e  s t o p c o c k  E ,  a f t e r  w h ic h  t h e  c o n s t r i c t i o n  c lo s e  t o  t h e  
w a l l  o f  t h e  b a t h  w a s  s e a l e d  o ff .

I t  w a s  f o u n d  t h a t  t h e  t r i o x i d e  t e n d e d  t o  v o l a t i l i s e  a n d  c o n d e n s e  o n  
t h e  s i d e  t u b e s  a n d  B o u r d o n  g a u g e ,  p a r t i c u l a r l y  w h e n  t h e  t e m p e r a t u r e

T A B L E  I .

Composition from Weights Composition by
taken. A tialysis.

6*65 %  free S 0 3
f  6*91 free S0 3
\  6*89

13*4 known to be r 12*69
inaccurate \ i 2*96

21*35 21*08

33’55
/  32-34 
(.32-29

(38-50) (38-98)
48-50 48*20

65-50
r 64-62

\  64-78
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o f  t h e  b a t h  w a s  b e i n g  lo w e r e d .  T h i s  s e e m e d  t o  b e  d u e  t o  t h e  f a c t  t h a t  
t h e  m a s s  h a d  a  g r e a t e r  t e m p e r a t u r e - la g  t h a n  t h e  r e s t  o f  t h e  a p p a r a t u s ,  
a n d  t h i s  c a u s e d  d i s t i l l a t i o n  o n  t o  t h e  c o ld e r  s i d e  t u b e s  a n d  g a u g e .  T h e  
l a t t e r  w e r e  t h e r e f o r e  w o u n d  w i t h  f in e  r e s i s t a n c e  w ir e  h e ld  b e t w e e n  la y e r s  
o f  a s b e s t o s  p a p e r .  D u r in g  v a p o u r  p r e s s u r e  m e a s u r e m e n t s  a  s m a l l  e l e c t r i c  
c u r r e n t ,  s u f f i c ie n t  t o  m a i n t a i n  t h e  t e m p e r a t u r e  s l i g h t l y  a b o v e  t h a t  o f  
t h e  S O a, w a s  p a s s e d  t h r o u g h  t h e  w ir e .  C a r e  w a s  t a k e n  t o  s e e  t h a t  t h e  
s u r f a c e  o f  t h e  l iq u id  w a s  n o t  o v e r h e a t e d  in  t h i s  w a y .

T A B L E  I I  V a p o u r  P r e s s u r e  o f  O l e u m .

6-89 % S03. 12*7 % S03. 21*08 % S03. 32*3 % S03. 48*2 % S03. 64-7 (,S0 3.

t P t P t P t P t P t P
(ec.). (mm.

Hg).
(°C.). (mm.

Hg).
(°c.). (mm.

Hg).
(°C.). (mm.

(Hg).
(°C.). (mm.

Hg).
(°c.). (mm.

Hg).

20 2*1 28 2*5 17-5 2-3 18-5 3-7 14*5 15*3 i*5 25*4
28 2-9 34 3-7 20 2*9 20 5*2 18 21*5 8*2 43-8
34*3 3-3 43 4*7 47 9*5 34 10-7 18*5 21*6 9-3 54*2
37 3*7 58 12*1 61 23*7 36 12*9 24*5 28*0 11*4 61*5
42 4*4 59-5 12*7 81*2 70*6 38 15-9 27-5 36*4 15 8o*r
43 4*5 60 13-5 93-0 109*1 41 18*8 32 47*7 18 92-2
46 5*i 62 14*7 101*2 160*7 44-5 22*1 39 70*2 19*8 107*0
55 7-4 65 16*0 117 269*3 45 24*0 41 78*3 23*4 i $ i ’i
57 7-8 70 21*3 127-5 410*0 49 29*8 44 96*1 25 150*8
60 8*8 7i-5 22*2 132 520*0 52 37-2 46 106*9 31*5 210*9
61 9*2 81*5 29*0 137 667*0 55 43*9 47 118*9 34 241-5
64 10*0 87 44*7 140-5 790*0 6 i 54-8 51 136*5 35*3 263*1
66 io *8 9s 64-9 143 901-3 70 98*1 54 169*3 42*6 389*2
67 i i *i 99 7i*5 — — 77 138*1 58-5 204*0 46 445-2
80 16*3 100 73-8 — — 79 163*6 62 257*4 52 594-6
Si I7*i 104 84*7 — — 86 234*3 65 285-3 52*8 619*7
85 19*8 107-5 93*2 — — 9i 290*5 73 418*2 55*5 706*9
94 26*6 108*5 97*6 — — 92 3H*7 76 499*2 59*6 832-7

100 32*3 112*5 117*2 — — 92*5 318*1 82*3 663*6 60 862*4
105 39-2 120 153*2 — — 99 406*0 85 741*0 6o*8 873*4
108 46*1 125 187-4 — — 102 474*7 85*5 760*0 6 i*i S90-7
109 47*o 126 199*0 — — 108 603*7 89 871*0 — —
118 6S*o 129 225*6 — — 112 • 737*5 — — — __
131 114*0 137 286*8 — — ii3*5 814-5 — — — —
144 I79' 1 140 319*6 — — 115 899*5 — — — —
149 217*3 141 336-0 — — 117 931*5 — — — __
164 375*3 142 346-9 — — — — — — — __
167 417*4 148 420*6
170 465-1 151*7 480*0

—
152
159*7

484*0
607*6

— -
166
172

756-6
926*6

I n  o r d e r  t o  g e t  r e a d in g s  o f  p r e s s u r e s  h ig h e r  t h a n  o n e  a t m o s p h e r e ,  t h e  
r i g h t - h a n d  l im b  o f  t h e  U - t u b c  m a n o m e t e r  w a s  f i l le d  w i t h  a ir  a t  a t m o s p h e r ic  
t e m p e r a t u r e  a n d  p r e s s u r e  b e f o r e  b e in g  c lo s e d  i n s t e a d  o f  b e i n g  e v a c u a t e d .  
T h e  v a p o u r  p r e s s u r e  o f  t h e  S 0 3 w a s  t h e r e f o r e  e q u a l  t o  t h e  p r e s s u r e  o f  
t h i s  a ir  p lu s  t h e  d i f f e r e n c e  o f  m e r c u r y  l e v e l s .  T h e  p r e s s u r e  in  t h e  c lo s e d  
l im b  w a s  e a s i l y  c a l c u l a t e d  f r o m  t h e  c h a n g e  i n  v o l u m e  a s  i t  w a s  c o m p r e s s e d .  
A  t h e r m o m e t e r  w a s  s t r a p p e d  t o  t h e  t u b e  a n d  r e a d  t o  m a k e  s u r e  t h a t  n o  
s i g n i f i c a n t  c h a n g e  o f  t e m p e r a t u r e  t o o k  p la c e  d u r in g  t h i s  c o m p r e s s io n .  
I t  w a s  n o t  c o n s id e r e d  a d v i s a b l e  t o  g o  h ig h e r  t h a n  a b o u t  2 A a t m o s p h e r e s .
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R e s u l t s .

A l l  t h e  r e a d in g s  o f  t h e  v a p o u r  p r e s s u r e s  o f  t h e  s i x  d i f f e r e n t  c o n c e n t r a ­
t i o n s  o f  o l e u m  w i t h  t h e  t e m p e r a t u r e s  a t  w h ic h  t h e y  w e r e  m a d e  a r e  i n ­
c lu d e d  i n  T a b le  I I .
T a b le  I I I  g i v e s  t h e  T A B L E  I I I . — V a p o u r  P r e s s u r e  o f  S u l p h u r  
r e s u l t s  f o r  p u r e  T r i o x i d f . .

s u lp h u r  t r i o x i d e .

Readings with Ordinary 
Manometer.

Readings with Pressure 
Manometer.

t P % t p
(°C.). (mm. Hg). (°C.). (ram. Hg).

17-5 148 47-1 858
21 193 49*7 989
25-3 259 49*8 989
27*2 293 50-0 1007
28-1 307 50-5 1035
32-4 398 54*5 I24I
36-8 504 55 1284
37*5 526 57*6 1433
39-5 581 58-1 i 486
41*0 631 61-5 1703
43'0 702 62-0 1743
43*5 719 — ---
45*1 777 — —
47*0 853 — ---
48*0 893 — ---

G r a p h i c a l  T r e a t ­
m e n t .

T h e  o l e u m  d a t a  
w e r e  p l o t t e d  o n
s q u a r e d  p a p e r  ( t o  
t h e  s c a l e  o f  1 c m .  =
4 ° C .  s  2 0  m m . . H g )  
a n d  a  s m o o t h  c u r v e  
w a s  d r a w n  t h r o u g h  
e a c h  s e t  o f  p o in t s  
w i t h  a  f l e x ib l e  c e l l u ­
l o id  c u r v e  -  t r a c e r
h e ld  b y  s t e e l  c la m p s .

T h e s e  s i x  c u r v e s  
g a v e  t h e  d a t a  e x ­
a c t l y  a s  t h e y  w e r e  
o b t a i n e d  ( in  t h e  
f o r m  o f  p  — t  c u r v e s ,  
t h e  c o m p o s i t i o n  
b e in g  c o n s t a n t  fo r
p r a c t i c a l  p u r p o s e s  e a c h  c u r v e ) ,  b u t  f o r  t h e  c u r v e s  m u s t  b e  s p a c e d  a t  r e g u la r  
i n t e r v a l s  a n d  i t  i s  p r e f e r a b le  t o  p l o t  f o r  f i x e d  v a l u e s  o f  t h e  t e m p e r a t u r e .

T h e  c o m p le t e  s e r ie s  o f  i s o t h e r m a l  ( p — t)  c u r v e s  f o r  in t e r v a l s  o f  i o °  C . 
i s  r e p r o d u c e d  i n  F i g .  3 . T h e y  w e r e  o b t a i n e d  f o r  t h e  m o s t  p a r t  f r o m  t h e  
o r ig in a l  p — t  c u r v e s ,  s i m p l y  b y  r e a d in g  o f f  t h e  p r e s s u r e s  c o r r e s p o n d in g  
t o  e v e n  d e c a d e s  o f  t e m p e r a t u r e ,  f o r  e a c h  s u lp h u r  t r i o x i d e  c o n c e n t r a t io n ,  
a n d  t h e n  r e p l o t t i n g  a s  c u r v e s  o f  c o n s t a n t  t e m p e r a t u r e .  T h i s  wra s  n o t  
s u f f i c ie n t ,  h o w e v e r ,  f o r  t h e  r e g i o n  o f  h ig h e r  p r e s s u r e s ,  b e c a u s e  t h e  p — t  
c u r v e s  a r e  t h e r e  n e a r ly  v e r t i c a l ,  a n d  t h e  o r d in a t e s  o f  t e m p e r a t u r e  o n  w h ic h  
r e a d in g s  a r e  r e q u ir e d  r a r e ly  i n t e r s e c t  t h e m .  T w o  s e p a r a t e  t — c  c u r v e s  
w e r e  t h e r e f o r e  d r a w n  a g a in  f o r  p r e s s u r e s  o f  9 0 0  a n d  6 5 0  m m . F r o m  
t h e s e  w e r e  t a k e n  t h e  v a l u e s  u s e d  t o  c o m p l e t e  t h e  h ig h e r  r e g io n  o f  F i g .  3 . 
T h e r e  i s  n o  r e a s o n  t o  b e l i e v e  t h a t  t h e  p o i n t s  o b t a in e d  i n  t h i s  w a y  a r e  l e s s  
t r u s t w o r t h y  t h a n  t h e  o r ig in a l  p o in t s .

T o  t h i s  p r o c e d u r e  o n e  e x c e p t i o n  h a d  t o  b e  m a d e .  W h e n  t h e  lo g a r i t h m ic  
p l o t s  { \o g 10 p  — i / T ; s e e  b e lo w )  w e r e  in s p e c t e d  i t  w a s  f o u n d  t h a t  e a c h  
s e t  l a y  c lo s e  t o  a  s t r a i g h t  o r  s im p le  c u r v e ,  e x c e p t  t h a t  f o r  2 1  %  fr e e  t r i ­
o x i d e  w h ic h  d e p a r t e d  a p p r e c ia b ly  f r o m  t h e  s t r a i g h t  l in e  o f  c l o s e s t  f i t  
w i t h o u t  f a l l in g  a s  a  v f f io le  a s  a n y  o t h e r  c u r v e  o f  s in g le  in f le c t io n .  T h e  
r e s u l t  o f  t h i s  i r r e g u la r i t y  w a s  t h a t  t h e  f in a l  s m o o t h e d  v a p o u r  p r e s s u r e s ,  
w h e n  t e s t e d  b y  p l o t t i n g  a s  lo g a r i t h m ic  c u r v e s ,  s h o w e d  t h i s  d e f e c t  n o t  
o n l y  f o r  2 0  %  b u t  f o r  o t h e r  c o n c e n t r a t io n s  in  t h a t  n e ig h b o u r h o o d .  I t  
w a s  t h e r e f o r e  c o n s id e r e d  b e s t  in  d e r iv in g  t h e  s m o o t h e d  v a lu e s  t o  s u b ­
s t i t u t e ,  fo r  t h e  a c t u a l  e x p e r i m e n t a l  p r e s s u r e  v a l u e s  f o r  2 1  %  ( b u t  o n l y  
in  t h i s  c a s e ) ,  t h o s e  r e a d  f r o m  t h e  lo g a r i t h m ic  l in e  o f  c l o s e s t  f i t .  T h is  
r a t h e r  a r b i t r a r y  p r o c e d u r e  i s  l a r g e ly  j u s t i f i e d  b y  t h e  c o n c o r d a n c e  i t  i n t r o ­
d u c e s  i n t o  t h e  s m o o t h e d  v a l u e s  a t  a n d  n e a r  2 0  %  fr e e  t r io x id e .

T h e r e  i s  a  c e r t a i n  d o u b t  a b o u t  t h e  lo w e r  p a r t s  o f  t h e  i s o t h e r m s  fo r  
1 6 0 ° a n d  1 7 0 ° . N e i t h e r  c u r v e  c a n  p a s s  t h r o u g h  t h e  o r ig in ,  o n  a c c o u n t  
o f  t h e  a p p r e c ia b le  v a p o u r  p r e s s u r e  o f  1 0 0  %  s u lp h u r ic  a c id  a t  t h e s e
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F ig . 3 .— S m o o th e d  v a lu e s  o f  v a p o u r  p r e ssu r e  o f  o le u m .

T A B L E  IV .— V a p o u r  P r e s s u r e  o p  O le u m , a t  I n t e r v a l s  o k  io °  C. a n d  
5  %  F r e e  S 0 3. ( R e a d in g s  f r o m  p — c C u r v e s  (F ig . 3 ).)

% Free SOj.

(”C.).
5 10 15 20 25 30 35 . 40 45 50 55 60 65 70

20 16 28 46 73 i i i 164

30 — _ — — — 12 17 30 50 82 128 197 300

40 — — _ — — 15 22 35 55 S9 162 217 330 500

50 — — — 12 16 25 40 63 100 153 230 354 545 816
60 — — 15 20 28 46 74 115 173 257 384 579 880 —
70 — x6 25 35 50 75 119 192 290 426 628 954 — —
So 12 24 37 57 84 135 209 313 469 68S — — — —

go is 34 Co 89 140 220 339 504 728
100 23 52 89 13S 225 351 515 794
n o 35 76 12S 209 334 530 840 — — — — — — —
120 54 114 194 316 459
130 78 167 294 460 752
140 112 240 396 650
150 162 334 558
160 236 470 S24
I/O 360 655
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t e m p e r a t u r e s .  T h e s e  p r e s s u r e s  h a v e  n o t  b e e n  d i r e c t l y  m e a s u r e d ,  b u t  
e x t r a p o l a t i o n  o f  t h e  r e s u l t s  o f  T h o m a s  a n d  B a r k e r  4 l e a d s  t o  t h e  r o u g h  
v a lu e s  f o r  t h e  t o t a l  p r e s s u r e s  o f  7 -0 , 1 2 - 5  a n d  2 1 - 0  m m .  a t  1 5 0 °, 1 6 0 ° a n d  
1 7 0 ° C . r e s p e c t i v e l y .

H e a t s  o f  V a p o r i s a t i o n .

F i g .  4  s h o w s  t h e  e x p e r i m e n t a l  d a t a  p l o t t e d  a s  lo g 10 p  a g a i n s t  1 /T .
T h e y  s h o u ld  f a l l  o n  s t r a i g h t  l in e s ,  t h e  s lo p e s  o f  w h ic h  a r e  0 / 2 -3 0 3 / 2  

( 0  b e in g  t h e  m o le c u la r  h e a t  o f  v a p o r i s a t io n )  s o  t h a t  Q  c a n  b e  f o u n d  i n  
c a lo r ie s ,  fo r  e a c h  l in e ,  a s  
4 ‘5 7 3  X t h e  d e t e r m in e d  
s lo p e  o f  t h e  l in e .

T h e s e  p l o t s  w e r e  m a d e  
t o  t h e  l a r g e s t  p r a c t i c a b le  
s c a l e  o n  p a p e r  ( 4 0  x  7 0  c m .)  
a n d  t h e  lo c a t i o n s  o f  t h e  
b e s t - f i t t i n g  s t r a i g h t  l in e s  
w e r e  f o u n d  b y  a  c o n v e n ­
i e n t  a p p r o x im a t e  g r a p h ic a l  
m e t h o d  o f  L e a s t  S q u a r e s .
O n  t h e  w h o le  t h e  f i t  i s  
f a i r l y  g o o d ,  b u t  t h e  t w o  
w e a k e s t  o l e u m s  s h o w ,  f o r  
t h e  l o w e r  r a n g e  o f  p r e s s u r e ,  
a  d e p a r t u r e  f r o m  t h e  
s t r a i g h t  l in e  i n  t h e  s e n s e  o f  
e x c e s s i v e  p r e s s u r e  w h i c h  i s  
d i f f ic u l t  t o  a c c o u n t  fo r .  I t  
i s  f o u n d  o n l y  w h e n  b o t h  
t e m p e r a t u r e  a n d  c o n c e n ­
t r a t i o n  a r e  a t  t h e i r  l o w e s t  
a n d  s h o w s  a  c e r t a i n  g r a d a ­
t i o n  r v ith  c o n c e n t r a t io n .
T h e r e  s e e m s  t o  b e  n o  s o u r c e  
o f  e x p e r i m e n t a l  e r r o r  f r o m  
w h ic h  a  g r a d e d  e f f e c t  o f  
t h i s  k in d  c o u ld  a r i s e  a n d  i t  
s e e m s  m o r e  l i k e l y  t h a t  t h e  
t w o  l o g a r i t h m ic  l in e s  f o r  6 - 9  
a n d  1 2 - 8  %  a r e  a c t u a l l y  
c u r v e d ,  in  c o r r e s p o n d e n c e  
w i t h  a  d e c r e a s e  i n  t h e  
l a t e n t  h e a t  o f  e v a p o r a t io n  
w h ic h  o c c u r s  in  t h e s e  t w o  p IG_ ^ — y a p 0 u r  p r e ssu r e s  o f  o le u m  a n d  su lp h u r  
c a s e s ,  t o  a  g r e a t e r  o r  l e s s  tr io x id e  ; lo g a r ith m ic  cu r v e s ,
e x t e n t ,  a s  t h e  t e m p e r a t u r e
f a l l s .  S in c e ,  h o w e v e r ,  t h e  r e a d in g s  a t  h ig h e r  p r e s s u r e s  w e r e  m o r e  i m p o r t ­
a n t  a s  r e s u l t s  a n d  w e r e  a l s o  p r o p o r t i o n a t e l y  l e s s  l i a b le  t o  t h e  e f f e c t  o f  
s o m e  c o n s t a n t  e r r o r — a s ,  f o r  in s t a n c e ,  in a c c u r a c y  o f  t h e  g a u g e — i t  w a s  
d e c id e d  t h a t  in  f i x i n g  t h e  p o s i t i o n s  o f  t h e  s t r a i g h t  l in e s  a l l  r e a d in g s  o f  
p r e s s u r e s  b e lo w  1 2  m m . s h o u ld  b e  d i s c a r d e d .

T h e  m o la r  l a t e n t  h e a t s  o f  v a p o r i s a t i o n  o f  t h e  t r i o x i d e  f r o m  t h e  s e v e r a l  
v a r ie t ie s  o f  o le u m ,  i n c lu d in g  t h e  p u r e  t r io x id e ,  a r e  a s  f o l l o w s  : 6-4 %  f r e e  
t r i o x i d e — 12,100 c a l . ;  12-7% — 11,300 c a l .  ; 21-1% — 12,190 c a b ;  32-3%  
— 12,500 c a l .  ; 48-2 % — 11,190 c a l .  ; 64-7 % — 10,240 c a b  ; t r i o x i d e —  
10,485 c a l .  T h e r e  i s  a  c e r t a i n  v a r i a t i o n  in  t h e  f ig u r e s ,  v i s i b l e  i n  F i g .  4 
a s  a  s l i g h t  l a c k  o f  p a r a l le l i s m  o f  t h e  l in e s ,  w h i c h  i s  b y  n o  m e a n s  n e c e s s a r i l y  
d u e  e n t i r e l y  t o  e x p e r i m e n t a l  e r r o r .

4 J.C.S., 1925, 127, 2820.
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I t  h a s  a l r e a d y  b e e n  p o i n t e d  o u t  t h a t  t h e  e x i s t i n g  s e t s  o f  d a t a  a g r e e  
v e r y  b a d l y  w i t h  e a c h  o t h e r .  T h e  n e w  s e t  a g r e e s  w e l l  w i t h  n o n e  o f  t h e m .  
T h e  f ig u r e s  c o v e r  a  w i d e r  f i e ld  t h a n  a n y  o f  t h e  o ld .

T h e  d a t a  o f  M c D a v i d  a n d  C h a d w ic k  a r e  o n l y  f o r  p r e s s u r e s  b e l o w  
6 0  m m .  O n  t h e  w h o l e  t h e y  a r e  lo w e r ,  b u t  t h e  d i f f e r e n c e  i s  n o t  r e g u la r  ; 
a t  4 0 ° , 5 0 ° a n d  90°  t h e y  a g r e e  w e l l  w i t h  t h e  n e w  d a t a  b u t  d iv e r g e  w i d e l y  
a t  t h e  i n t e r m e d i a t e  t e m p e r a t u r e s .

K n i e t s c h ’s  r e s u l t s  a r e  h i g h e r  t h a n  o u r s — s o m e t i m e s  m o r e  t h a n  
t w i c e  a s  h i g h .  I n  t h e  I n t r o d u c t i o n  w e  p o i n t e d  o u t  t h a t  h e  m e a s u r e d  
h i s  v a p o u r  p r e s s u r e s  in  p r e s e n c e  o f  a ir  a n d  s e e m s  t o  h a v e  m a d e  n o  
a l l o w a n c e  f o r  t h e  e x p a n s i o n  o f  t h i s  a ir  o n  h e a t i n g .  I f  w e  a s s u m e  t h a t  
t h e  a ir  p r e s s u r e  w a s  e x a c t l y  o n e  a t m o s p h e r e  w h e n  t h e  m a n o m e t e r  w a s  
f i l l e d  a n d  t h e  t e m p e r a t u r e  2 0 ° , a l l o w a n c e  c a n  b e  m a d e .  I t  t h u s  a p p e a r s  
t h a t  a l t h o u g h  t h e  c o r r e c t io n  c a n n o t  b e  m o r e  t h a n  a  r o u g h  o n e ,  a n d  
a c t u a l l y  r e s u l t s  in  s o m e  i n s t a n c e s  in  a  n e g a t i v e  v a p o u r  p r e s s u r e ,  t h e  
a g r e e m e n t  b e t w e e n  t h e  v a l u e s  o b t a i n e d  in  t h i s  w a y  a r id  o u r  o w n  is  
b e t t e r  t h a n  w i t h  a n y  o t h e r  s e t .

T h e  d u P o n t  v a l u e s  a g r e e  w i t h  n o n e  o f  t h e  o t h e r s ,  l e a s t  o f  a l l  w i t h  
o u r  o w n ,  w h i c h  t h e y  e x c e e d  o c c a s i o n a l l y  b y  m o r e  t h a n  1 0 0  % .  I t  
i s  d i f f i c u l t  t o  a c c o u n t  f o r  s u c h  la r g e  d i f f e r e n c e s  w i t h o u t  k n o w i n g  h o w  
t h e  r e s u l t s  w e r e  o b t a i n e d  o r  c o r r e la t e d .  W h e n  p l o t t e d  t h e y  g i v e  
r e g u la r  p —  t  c u r v e s .  T h e  lo g  p —  1 / T  g r a p h s  a r e  s t r a i g h t  l i n e s  a n d  n e a r l y  
a l l  t h e  p o i n t s  f a l l  e x a c t l y  o n  t h e m .  I n d e e d ,  p o i n t s  f o r  t h e  p r e s s u r e s  
u n d e r  1 m m .  w h i c h  a r e  r e c o r d e d  in  t h e  d u P o n t  t a b l e  a l s o  c o in c id e  
e x a c t l y  w i t h  t h e  l in e s .  T h i s  c o u ld  h a r d l y  h a p p e n  w i t h  s u c h  l o w  p r e s s u r e s  
d e t e r m in e d  b y  a n y  m e t h o d  g e n e r a l l y  a p p l i c a b l e  o v e r  t h e  w h o l e  r a n g e  
o f  t h e  m e a s u r e m e n t s  u n le s s  s o m e  s m o o t h i n g  h a d  b e e n  c a r r ie d  o u t ,  
a n d  i t  i s  p o s s i b l e  t h a t  t h e  l o g a r i t h m i c  l in e s  t h e m s e l v e s  h a v e  b e e n  u s e d  
t o  s m o o t h  a l l  t h e  r e s u l t s .  F r o m  t h e  s l o p e s  o f  t h e s e  l i n e s  t h e  l a t e n t  
h e a t s  o f  v a p o r i s a t i o n  a p p e a r  t o  in c r e a s e  in  a  r e g u la r  w a y  f r o m  a b o u t
1 0 , 0 0 0  c a ls .  f o r  6 0  %  t o  a b o u t  1 7 , 0 0 0  c a l s .  f o r  1 0  % .  S u c h  v a l u e s  a r e  
n o t  i m p o s s i b l e ; t h e  d u P o n t  d a t a  b e a r  n o  e v i d e n c e  o f  i n c o n s i s t e n c y .

T h e r e  i s  o n e  w a y ,  h o w e v e r ,  in  w h i c h  v a p o u r  p r e s s u r e  m e a s u r e m e n t s  
m a y  b e  t e s t e d  a g a i n s t  o t h e r  e x p e r i m e n t a l  r e s u l t s .  T h e  b o i l i n g  p o i n t s

o f  c e r t a i n  o l e u m s  
w e r e  f o u n d  d i r e c t l y  
b y  K n i e t s c h .  I n  
T a b l e  V  t h e  e x ­
p e r i m e n t a l  a n d  t h e  
d e d u c e d  v a l u e s  a r e  
c o m p a r e d .  T h o s e  
d e r iv e d  f r o m  o u r  
o w n  r e s u l t s  w e r e  
r e a d  f r o m  t h e  
c u r v e s  o f  F i g .  3  

d i r e c t l y ,  t h o s e
, ,  , , f r o m  d u P o n t ’s  h a d

n e c e s s a r i l y  t o  b e  f o u n d  b y  e x t r a  p o l a t i o n ,  s i n c e  t h e i r  m e a s u r e m e n t s  
w e r e  l i m i t e d  t o  5 0 0  m m .  F o r  t h i s  p u r p o s e  t h e  l o g  p — l / T  c u r v e s  o f  t h e ir  
d a t a  w e r e  u s e d — a  l e g i t i m a t e  p r o c e d u r e  s i n c e  t h e  d a t a  f i t  t h e m  c l o s e l y  

K n i e t s c h ’s  f ig u r e s  a n d  o u r  o w n  a g r e e  v e r y -  w e l l ,  b u t  t h e s e  d e r iv e d  
f r o m  t h e  d u P o n t  d a t a  d e p a r t  s o  w i d e l y  t h a t  t h e  m e t h o d  o f  d e r i v a t i o n

T A B L E  V .— B o il in g - P o in t s  o f  O l e u m .
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c a n  a c c o u n t  o n l y  f o r  a  s m a l l  f r a c t i o n  o f  t h e  d i f f e r e n c e .  O u r  d a t a ,  
t h e r e f o r e ,  w i t h s t a n d  t h e  f e w  t e s t s  t h a t  c a n  b e  p u t  t o  t h e m .

T h e  l a t e n t  h e a t s  o f  v a p o r i s a t i o n  a r e  s o m e w h a t  u n e x p e c t e d .  F o r  
s u l p h u r  t r i o x i d e  t h e  m o s t  t r u s t w o r t h y  v a l u e s  a r e  p r o b a b l y  t h o s e  o b ­
t a in e d  f r o m  v a p o u r  p r e s s u r e  d a t a  b y  B e r t h o u d , 5 w h o  f o u n d  1 0 , 5 8 0  c a l .  
f o r  t h e  w h o l e  i n t e r v a l  2 5 -4 4 0 C .,  a n d  b y  S m i t s , 6 w h o  f o u n d  1 0 , 1 0 0  c a l .  
b e t w e e n  1 7 0 a n d  9 0 ° C . W i t h  t h e s e  o u r  f ig u r e  o f  1 0 , 4 8 0  c a l .  i s  in  f a ir  
a g r e e m e n t ,  b u t  t h o s e  f o r  t h e  o l e u m s  t e n d  t o  r is e  a s  t h e  p e r c e n t a g e  o f  
f r e e  t r i o x i d e  f a l l s ,  a n d  t o  r e a c h  a  m a x i m u m  a t  a b o u t  3 0  %  o f  p u r e  
t r i o x i d e .  A  r is e  i s  t o  b e  e x p e c t e d ,  b e c a u s e  t h e  l a t e n t  h e a t  o f  t h e  p u r e  
t r i o x i d e  m u s t  b e  l e s s  t h a n  t h a t  o f  v e r y  d i l u t e  o l e u m  b y  t h e  h e a t  o f  m i x i n g  
t r i o x i d e  w i t h  g r e a t  e x c e s s  o f  s u lp h u r ic  a c id .  I t  i s  d o u b t f u l  h o w  g r e a t  
t h i s  h e a t  o f  d i l u t i o n  a c t u a l l y  is .  F r o m  K n i e t s c h ’s  i n v e s t i g a t i o n  o f  t h e  
h e a t s  o f  d i l u t i o n  o f  v a r i o u s  o l e u m s  i n  l a r g e  e x c e s s  o f  w a t e r ,  P o r t e r  7 

o b t a i n s  c e r t a i n  f ig u r e s  (k ) r e p r e s e n t i n g  t h e  h e a t  i n  c a l o r i e s  l i b e r a t e d  
w h e n  1 g .  o f  wra t e r  i s  m i x e d  w i t h  m  g .  o f  s u l p h u r  t r i o x i d e  t o  f o r m  a  
c e r t a i n  o l e u m .  T h e  d i f f e r e n t ia l  h e a t  o f  m i x i n g — i . e .  t h e  h e a t  e v o l v e d  
w h e n  1 g .  o f  t r i o x i d e  i s  m i x e d  w i t h  a  v e r y  la r g e  a m o u n t  o f  o le u m ,  m u s t  
b e  d k / d m  a n d  f o r  t h e  q u a n t i t y  t h e  f ig u r e s  g i v e  a p p r o x i m a t e l y  1 5 0 0  c a l .  

f o r  7 3  %  a n d  3 0 0 0  c a l - f o r  %  o le u m .  T h e r e  is ,  h o w e v e r ,  n o  s u r e  
g r o u n d  h e r e  f o r  c o m p a r i s o n ,  f o r  P o r t e r  h a s  p o i n t e d  o u t  t h a t  K n i e t s c h ’s  
v a p o u r  p r e s s u r e  m e a s u r e m e n t s  a r e  i n c o n s i s t e n t  w i t h  h i s  c a lo r im e t r i c  
d a t a  a n d  i n d i c a t e  t h e  h e a t  o f  d i l u t i o n  o f  t r i o x i d e  i n  a n y  p r o p o r t io n  o f  
s u l p h u r i c  a c id  t o  b e  z e r o .  A  r e d e t e r m i n a t i o n  o f  t h e s e  t h e r m a l  v a l u e s  
b y  d i r e c t  m e t h o d s  w o u l d  b e  u s e f u l ,  a n d  i s  b e i n g  m a d e .

T h e  v a p o u r  p r e s s u r e s  h a v e  o n e  p e c u l i a r i t y  w h i c h  is  n o t  a l t o g e t h e r  
u n e x p e c t e d .  I f  t h e  i s o t h e r m a l  c u r v e s  o f  F i g .  3  r e p r e s e n t i n g  c h a n g e  
o f  p r e s s u r e  w i t h  c o n c e n t r a t i o n  a r e  e x a m i n e d ,  i t  w i l l  b e  s e e n  t h a t  t h e y  
c a n n o t  p a s s  t h r o u g h  t h e  c o r r e s p o n d in g  p o i n t s  f o r  t h e  p u r e  t r i o x i d e  
w i t h o u t  u n d e r g o i n g  a  m a r k e d  c h a n g e  o f  c u r v a t u r e  i n  t h e  r e g i o n  7 0 - 1 0 0  %  
f r e e  S 0 3. T h e  i s o t h e r m a l s  f o r  2 0 ° , 3 0 ° , 4 0 ° a n d  5 0 °  a t  l e a s t ,  m u s t  b e  
S - s h a p e d .  T h i s  f a c t  i s  i n t e r e s t i n g ,  a n d  is  q u i t e  in  a c c o r d a n c e  w i t h  
w h a t  w e  k n o w  o f  t h e  a s s o c i a t e d  n a t u r e  o f  l i q u i d  s u lp h u r  t r i o x i d e ; i t s  
v e r y  h ig h  s p e c i f i c  h e a t ,  f o r  i n s t a n c e ,  o r  i t s  h i g h  v a l u e  o f  T r o u t o n ’s  c o n s t a n t .  
O n  a c c o u n t  o f  t h e  a s s o c i a t i o n ,  t h e  v a p o u r  p r e s s u r e  o f  t h e  p u r e  s u b s t a n c e  
is  l o w e r  t h a n  i f  i t s  m o le c u l a r  c o n d i t i o n  w e r e  s i m p l e .  W h e n  s u lp h u r ic  
a c i d  i s  a d d e d  t h e  c o m p l e x  m o l e c u l e s  a r e  b r o k e n  d o w n ,  a n d  t h e  e f f e c t  
o f  d i l u t i n g  t h e  t r i o x i d e  w i t h  a  n o n - v o l a t i l e  l i q u i d ,  w h i c h  w o u l d  n o r m a l l y  
b e  t o  d e p r e s s  t h e  v a p o u r  p r e s s u r e  s h a r p l y ,  i s  d e l a y e d  b y  t h e  in c r e a s e  
in  t h e  a c t i v i t y  o f  t h e  t r i o x i d e .  A s  m o r e  a c id  i s  a d d e d  s i m p l e  m o le c u le s  
o f  t r i o x i d e  b e c o m e  m o r e  n u m e r o u s  a n d  d i l u t i o n  c a u s e s  t h e  v a p o u r  

p r e s s u r e  t o  f a l l  in  t h e  u s u a l  w a y .

S u m m a r y .

T h e  v a p o u r  p r e s s u r e s  o f  o l e u m  h a v e  b e e n  d e t e r m in e d  o v e r  a  f ie ld  w h ic h  
i s  l i m i t e d  g e n e r a l ly  b y  a  c o n c e n t r a t io n  o f  6 5  %  f r e e  t r io x id e ,  a n d  a  p r e s s u r e  
o f  9 5 0  m m . a n d  a t  p a r t ic u l a r  p o i n t s  b y  a  t e m p e r a t u r e  o f  1 7 0 ° C . T h e  
r e s u l t s  a g r e e  w i t h  n o n e  o f  t h e  p u b l i s h e d  s e t s  o f  o l e u m  v a p o u r  p r e s s u r e s ,  
b u t  n e v e r t h e l e s s  a p p e a r  t o  b e  r e l ia b le ,  a n d  a r e  i n  a g r e e m e n t  w i t h  i n d ir e c t  
e s t i m a t e s  o f  t h e  v a p o u r  p r e s s u r e  f r o m  c e r t a i n  o t h e r  d a t a .  S o m e  p e c u l ia r

5 Helv. Chim. Acta. 1922, 5, 513. 6/- Chem. Soc., 1926, rioS.
7 Trans. Faraday Soc., 19x7-18, 13, 392.
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f e a t u r e s  o f  t h e  v a p o u r  p r e s s u r e  c u r v e s  a r e  d i s c u s s e d .  T h e  v a p o u r  p r e s ­
s u r e s  o f  s u lp h u r  t r i o x i d e  h a v e  b e e n  r e d e t e r m i n e d  f r o m  i y °  t o  6 2 ° C .

W e  a r e  in d e b t e d  t o  M e s s r s .  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 i m i t e d ,  
fo r  p e r m is s io n  t o  p u b l i s h  t h i s  p a p e r .

T h e  N o b e l  L a b o r a to r ie s ,
A r d e e r .

T H E  P A R T IA L  P R E S S U R E S  O F  N IT R IC  A C ID -  
W A T E R  M I X T U R E S  F R O M  0° -  20° C .

B y  G . L .  W i l s o n  a n d  F .  D .  M i l e s .

R e c e iv e d  2 9 th  A u g u s t ,  1 9 3 9 .

T h e s e  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  b e c a u s e  o f  t w o  o b s e r v a t i o n s  
m a d e  in  t h e  c o u r s e  o f  e x p e r i m e n t s  o n  t h e  n i t r a t i o n  o f  c e l lu lo s e  in  n i t r i c  
a c id  v a p o u r .

T h e  f i r s t  w a s  t h a t  t h e  e x t e n s i v e  s e r ie s  o f  v a p o u r  p r e s s u r e s  c o l l e c t e d  
a n d  r e c a l c u l a t e d  b y  T a y l o r 1 f o r  n i t r i c  a c i d - w a t e r  m i x t u r e s  w e r e  n o t  
i n  a g r e e m e n t  w i t h  t w o  la t e r  s e r ie s  b y  B e r l  a n d  S a e n g e r  2 a n d  K l e m e n c  
a n d  R u p p . 3 T h e  l a s t  t w o  r e s e a r c h e s  d e a l  m a i n l y  o n l y  w i t h  1 0 0  %  
n i t r i c  a c id  a n d  a l t h o u g h  t h e y  a g r e e  w i t h  o n e  a n o t h e r ,  t h e y  d i s a g r e e  
w i t h  t h e  o ld e r  f ig u r e s  c o l l e c t e d  b y  T a y l o r .  F o r  i n s t a n c e ,  K l e m e n c  a n d  
R u p p  g i v e  3 1  m m .  a t  1 2 -5 ° w h e r e a s  T a y l o r ’s  v a l u e  i s  3 0  m m .  a t  1 5 ° .

F o r  t h e  t o t a l  v a p o u r  p r e s s u r e  o v e r  n i t r i c  a c id  o f  8 2  %  b y  w e i g h t  
K l e m e n c  a n d  R u p p  g i v e  6 - 9  m m .  a t  0 °  a n d  2 3 - 4  m m .  a t  2 5 ° c o m p a r e d  
w i t h  3 - 1  m m .  a n d  1 5 - 5  m m .  f r o m  T a y l o r ’s  f ig u r e s  f o r  t h e  s a m e  t e m ­
p e r a t u r e s  ; a n d  f o r  7 1  %  a c id — 2 - 2  m m .  a t  1 2 -5 °  c o m p a r e d  w i t h  4 - 6  m m .  
a c c o r d i n g  t o  T a y l o r .

T h e  s e c o n d  o b s e r v a t i o n  w a s  t h a t  d e w  w a s  f o r m e d  in  a n  a p p a r a t u s  
c o n t a i n i n g  t h e  v a p o u r s  o f  n i t r i c  a c id  a n d  w a t e r ,  a t  a  p r e s s u r e  o f  a b o u t  
5 - 9  m m .  a t  2 0 ° C ., w h e r e a s  t h e  l o w e s t  t o t a l  p r e s s u r e  o f  a n y  n i t r i c  a c id -  
w a t e r  m i x t u r e  a t  2 0 °  g i v e n  in  T a y l o r ’s  f ig u r e s  w a s  6 - 4  m m .  ( fo r  a  c o m ­
p o s i t i o n  o f  a b o u t  6 0  % - 6 5  % ) .  T o  h a v e  a c c u r a t e  f ig u r e s  f o r  b o t h  t h e  
c o m p o s i t i o n  a n d  t h e  p r e s s u r e  o f  t h e  v a p o u r s  i s  i m p o r t a n t  in  m a n y  
in d u s t r i a l  p r o b l e m s .

A  s t a t i c  m e t h o d  o f  m e a s u r in g  t h e  v a p o u r  p r e s s u r e  w a s  p r e f e r r e d  t o  
a  d y n a m i c  o n e  a s  c a p a b le  o f  g r e a t e r  a c c u r a c y .  T h e  t o t a l  p r e s s u r e  o f  
t h e  l i q u i d  w a s  f o u n d ,  s o m e  c f  i t  w a s  t h e n  d i s t i l l e d  a n d  t h e  d i s t i l l a t e  
a n a l y s e d .  T h e  t w o  d i f f i c u l t i e s  w i t h  n i t r i c  a c id  w e r e  i t s  c o r r o s iv e  a c t i o n  
a n d  i t s  l i a b i l i t y  t o  d e c o m p o s i t i o n  ( c o lo u r in g ) .

A  s p e c i a l  a p p a r a t u s  w a s  d e v i s e d  f o r  t h e  m e a s u r e m e n t s .

E x p e r i m e n t a l .

F o r  p u r p o s e s  o f  o u r  o w n  w o r k  t h e  p r e s s u r e s  a t  2 0 ° o n l y  w e r e  n e c e s s a r y ,  
F r o m  t h e s e ,  c a l c u la t e d  p r e s s u r e s  fo r  t h e  o t h e r  t e m p e r a t u r e s  w e r e  d e r iv e d ,  
a n d  a  t a b l e  c o n s t r u c t e d  w i t h  a  r a n g e  o f  0 - 2 0 ° a n d  5 0 - 1 0 0  %  n i t r i c  a c id .  
A  f e w  e x p e r i m e n t s  a t  o °  w e r e  c a r r ie d  o u t  t o  c o m p a r e  t h e  r e s u l t s  w i t h  t h e  
v a l u e s  c a l c u la t e d  fo r  t h a t  t e m p e r a t u r e .

1 Ind. Eng. Chem., 1925; 1 7 , 633. 2 Monatshefte, 1929, 53-54, 1042.
3 Z. anorg. Chem-., 1930, 194, 59.
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M a t e r i a l . — T h e  n i t r i c  a c id  w a s  p r e p a r e d  f r o m  7 0  %  A .R .  H N 0 3 by- 
d i s t i l l a t i o n  w i t h  H 3S 0 4 u n d e r  r e d u c e d  p r e s s u r e .  A n  a l l - g la s s  a p p a r a t u s ,  
a s  s h o w n  i n  F i g .  1 , w a s  u s e d  a n d  t h e  o n e  s t o p c o c k  w a s  m o i s t e n e d  w i t h  
p h o s p h o r i c  a c id  lu b r i c a n t .  T h e  g r o u n d - j o in t  w a s  s e a l e d  w i t h  H 3S 0 4. 
D i s t i l l a t i o n s  w e r e  c o n d u c t e d  a t  r o o m  t e m p e r a t u r e  a n d  t h e  v a p o u r  c o n ­
d e n s e d  a t  — 8 o °  ; i n  t h i s  w a y  a  c o lo u r le s s  a c id  w a s  o b t a in e d ,  t h e  s t r e n g t h  
o f  w h ic h  w a s  e s t i m a t e d  b y  t i t r a t i o n .  S e v e r a l  d i s t i l l a t i o n s  w e r e  n e c e s s a r y  
t o  r e a c h  1 0 0  %  n i t r i c  a c id .  I n  t h e  l a s t  d i s t i l l a t i o n  H sS 0 4 w a s  o m i t t e d  in  
c a s e  s l i g h t  s p la s h in g  o c c u r r e d ,  b u t  i n  a n y  e v e n t  t h e  a c id  w a s  t e s t e d  fo r  
s u lp h a t e s .  T h e  n i t r o u s  a c id  c o n t e n t  w a s  p r a c t i c a l l y  n i l .

A n a l y s i s . — W h e n  h ig h e r  c o n c e n t r a t io n s  o f  a c id  w e r e  a n a ly s e d  s o m e  
a c id  w a s  in t r o d u c e d  i n t o  a  b u lb  b y  w a r m in g  a n d  t h e n  c o o l in g  i t .  A f t e r  
s e a l i n g  o f f ,  t h e  b u lb  w a s  w e ig h e d  a n d  t h e n  b r o k e n  u n d e r  w a t e r  a n d  t h e  
s o lu t io n  t i t r a t e d  w i t h  m e t h y l  o r a n g e  a s  in d ic a t o r .

W i t h  c o n c e n t r a t io n s  o f  9 9 -5 - 1 0 0  %  t h e  t i t r a t i o n  m e t h o d  i s  n o t  l i k e l y  
t o  b e  a s  s e n s i t i v e  a s  c o u ld  b e  d e s ir e d .  T h e  d e n s i t y  w a s  t h e r e f o r e  d e t e r ­
m in e d .  N o w  t h e  d e n s i t y  c a n n o t  w e l l  b e  u s e d  a s  a n  a b s o lu t e  m e a s u r e  o f

t h e  p u r i t y ,  b u t  i f  t h e  c u r v e  c o n n e c t i n g  t h i s  q u a n t i t y  w i t h  t h e  c o n c e n t r a ­
t i o n  ( b y  t i t r a t io n )  i s  d r a w n  f o r  a  r a n g e  o f  c o m p o s i t io n s  t h e  d e n s i t y  f o r m s  
a  u s e f u l  c h e c k  o n  t h e  c o n c e n t r a t i o n  o f  a n y  o n e  a c id .  T h e  a v e r a g e  o f  a l l  
t h e  t i t r a t i o n s  is ,  h o w e v e r ,  i n  e f f e c t  t h e  a b s o lu t e  s t a n d a r d .

A p p a r a t u s . — T h e  a p p a r a t u s  i s  i l l u s t r a t e d  d ia g r a m m a t ic a l ly  in  F i g .  2 . 
I t  e m b o d ie d  a  B o u r d o n  s p o o n  g a u g e  o f  t h e  u s u a l  t y p e  w h ic h  c o u ld  b e  
r e a d  t o  o - i o  m m .  T h e  r e m a in d e r  o f  t h e  d ia g r a m  e x p la in s  i t s e l f .

P r o c e d u r e .

A b o u t  1 0 0  c .c .  o f  a c id  o f  r e q u i s i t e  s t r e n g t h  w a s  p la c e d  i n  A  a n d  f r o z e n  
b y  m e a n s  o f  s o l id  C O a i n  a c e t o n e .  T h e  a p p a r a t u s  w a s  t h e n  e v a c u a t e d .  
T h e  g a u g e  a n d  t h e  t u b e  w e r e  c o n n e c t e d  d u r in g  t h e  e v a c u a t i o n  b e c a u s e  
t h e  g a u g e  w o u l d  f r a c t u r e  w i t h  a n y  p r e s s u r e  d i f f e r e n c e  h ig h e r  t h a n  a b o u t  
1 0  c m .  o f  H g  b e t w e e n  t h e  t w o  s id e s ,  b u t  w h e n  t h e  v a c u u m  w a s  m o r e  
c o m p le t e  i t  w a s  s h u t  o ff .

T h e  d i s s o l v e d  a ir  p r e s e n t  i n  t h e  a c id  w a s  w i t h d r a w n  b y  r e p e a t e d  
f r e e z in g  a n d  m e l t i n g  u n t i l  a  g o o d  v a c u u m  w a s  r e g i s t e r e d  b y  a  M c L e o d  
g a u g e ,  w h e n  t h e  a c id  w a s  f r o z e n .  I t  w a s  a l s o  h e lp f u l  t o  d i s t i l  s o m e  a c id
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i n t o  B  a n d  b a c k  a g a in .  T h e  a p p a r a t u s  w a s  t h e n  r e a d y  t o  s e a l  o f f  a t  E .  
A s  a  p r e l im in a r y  s t e p  t h e  g la s s  a r o u n d  t h e  s e a l s  E  a n d  F  w a s  h e a t e d  t o  
d r iv e  o f f  g a s  a b s o r b e d  o n  i t .  A f t e r  t h e  p u m p  h a d  d e a l t  w i t h  t h i s  t h e  s e a l  
w a s  m a d e  a t  E ,  t h e  f l e x ib le  r u b b e r  j o i n t  G  a l lo w in g  t h e  n e c e s s a r y  m o v e ­
m e n t .  G  w a s  d e t a c h e d  a n d  t h e  a p p a r a t u s  c o u ld  b e  r e m o v e d  t o  a  t h e r m o ­
s t a t .  F i r s t l y ,  h o w e v e r ,  t h e  a c id  w a s  p o u r e d  o v e r  i n t o  B  b y  t i l t i n g .  (T h e  
o i l  u s e d  i n  I  t o  s t e a d y  t h e  p o in t e r  i s  o f  s u c h  v i s c o s i t y  t h a t  i t  d o e s  n o t  f lo w  
e a s i l y . )

T h e  a p p a r a t u s  t h r o u g h o u t  t h e  e x p e r i m e n t  w a s  c la m p e d  t o  a n  ir o n  
r o d  w h ic h  r a n  a t  r ig h t  a n g le s  t o  t h e  p la n e  o f  t h e  s k e t c h  a n d  w h e n  in  t h e  
t h e r m o s t a t  w a s  u s e d  a s  a n  a x l e  a b o u t  w h i c h  t o  r o c k  t h e  t u b e  s o  t h a t  t h e  
a c id  c o u ld  b e  w e l l  m i x e d .  A  a n d  B  w e r e  i n  t h e  t h e r m o s t a t  w h i l e  C , D  
a n d  I  h u n g  o v e r  t h e  f r o n t .  N o  d i s t i l l a t i o n  i n t o  C , D  o r  I  t o o k  p la c e ,  s in c e  
t h e  r o o m  t e m p e r a t u r e  w a s  h ig h e r  t h a n  t h a t  o f  t h e  t h e r m o s t a t  (2 0 ° C .) 
i n  w h ic h  a  c o o l in g - c o i l  w a s  f i t t e d .  I n  t w o  in s t a n c e s  w h e n  t h i s  m a y  n o t  
h a v e  b e e n  t r u e  t h e  r e s u l t s ,  a l t h o u g h  g iv e n ,  h a v e  b e e n  ig n o r e d .  A r r a n g e d  
i n  t h i s  w a y ,  t h e  a p p a r a t u s  w a s  r o c k e d  fo r  s o m e  t i m e  a n d  t h e n  t h e  b u lb  C  
w a s  c o o le d  a n d  a b o u t  1 c .c .  o f  a c id  c o l l e c t e d .  T h i s  b u lb  w a s  s e a l e d  o f f  
a t  F  a n d  w i t h  i t  w a s  r e m o v e d  t h e  l a s t  t r a c e  o f  a ir  o r  o t h e r  g a s e s .  I t  w a s  
i m p o r t a n t  t h a t  t h e  t u b i n g  s u r r o u n d in g  F  s h o u ld  h a v e  p r e v i o u s l y  b e e n  
h e a t e d  t o  r e m o v e  a b s o r b e d  g a s .

T h e  t o t a l  p r e s s u r e  o f  n i t r i c  a c id  a n d  w a t e r  v a p o u r  w a s  t h e n  r e a d  i n  t h e  
f o l l o w i n g  w a y : G  w a s  f i r s t ly  c o n n e c t e d  t o  a  m e r c u r y - f i l l e d  m a n o m e t e r  
o f  w h ic h  t h e  v a c u u m  o n  o n e  s i d e  w a s  c h e c k e d  b y  a  M c L e o d  g a u g e .  T h e  
c o n n e c t i o n  b e t w e e n  G  a n d  t h e  U - t u b e  a l s o  c o n t a i n e d  a  t a p  w h i c h  c o u ld  
b e  u s e d  t o  a d m i t  d r y  a ir  o r  "  v a c u u m  ”  a t  w i l l .  B y  o p e n in g  t h i s  t a p  a n d  
s e t t i n g  u p  a  s u i t a b l e  p r e s s u r e - t h e  p o in t e r  o f  t h e  B o u r d o n  g a u g e ,  t o  w h i c h  a  
f in e  w ir e  w a s  f ix e d ,  w a s  b r o u g h t  b e t w e e n  t h e  t w o  f ix e d  p o i n t s  a l s o  f o r m e d  
b y  f in e  w ir e s .  T h e  t w o  f ix e d  w ir e s  l a y  i n  t h e  p la n e  o f  m o v e m e n t  o f  t h e  
p o in t e r  a n d  w h e n  o b s e r v e d  t h r o u g h  a  m ic r o s c o p e  a l l  t h r e e  w e r e  t h e r e f o r e  
i n  f o c u s .  T h e  p o s i t i o n  o f  t h e  p o in t e r  r e l a t i v e  t o  t h e  f i x e d  p o i n t s  c o u ld  
t h e n  b e  n o t e d  o n  t h e  e y e p ie c e  s c a le  a n d  t h e  d i f f e r e n c e  i n  p r e s s u r e  b e t w e e n  
t h e  b u lb  a n d  t h e  m a n o m e t e r  c o u ld  b e  f o u n d  b y  in t e r p o l a t io n  a f t e r  a  
p r e l im in a r y  c a l i b r a t i o n  o f  t h e  g a u g e .  I n  e a c h  c a s e  s e v e r a l  r e a d in g s  w e r e  
m a d e  a n d  t h e  m e a n  a c c e p t e d  a s  t h e  t o t a l  p r e s s u r e  o f  t h e  n i t r i c  a c id  a n d  
w a t e r  v a p o u r s .  A l t h o u g h  t h e  r e a d in g s  w e r e  t a k e n  s o m e t i m e s  w i t h  a n  
i n t e r v a l  o f  1 6  h o u r s  b e t w e e n ,  t h e y  w e r e  a l w a y s  f o u n d  t o  a g r e e  w i t h i n  
o n e ,  o r  a t  m o s t  t w o  p a r t s  p e r  h u n d r e d .

T h e  n e x t  p r o c e d u r e  w a s  t o  e s t i m a t e  t h e  f r a c t io n a l  p a r t ia l  p r e s s u r e s .  
S o m e  o f  t h e  m i x e d  v a p o u r s  w e r e  c o n d e n s e d  b y  c o o l in g  D  w h i l e  t h e  a p p a r ­
a t u s  w a s  s h a k in g .  A b o u t  1 - 2  c . c .  o f  l iq u id  w a s  c o n d e n s e d  o v e r  a  p e r io d  
o f  i - i  h o u r  a n d  t h e  d e g r e e  o f  c o o l in g  j u s t  n e c e s s a r y  f o r  t h i s  w a s  a p p l i e d .  
W h e n  t h e  r e q u ir e d  a m o u n t  o f  a c id  h a d  c o l l e c t e d  H  w a s  s c r a t c h e d  w i t h  a  
g la s s - k n i f e  a n d  c o n n e c t e d  t o  J  b y  a  r u b b e r  c o n n e c t i o n  c o n t a i n i n g  a  T - p ie c e  
w i t h  a  t a p .  A f t e r  c o n n e c t in g  u p  a n d  o p e n in g  J  t h e  t i p  o f  H  w a s  b r o k e n  
o f f  in s id e  t h e  c o n n e c t io n ,  a n d  a ir  a l l o w e d  t o  e n t e r .  T h e  d i s t i l l a t e  w a s  
f o r c e d  u p  i n t o  t h e  s m a l l  t u b e  a t t a c h e d  t o  D .

T h e  s m a l l  b u lb ,  r e a l l y  a  m in ia t u r e  R e g n a u l t  b o t t l e ,  h a d  b e e n  s t a n d a r d ­
i s e d  w i t h  w a t e r  t o  t h e  c o n s t r i c t io n  b e f o r e  s e a l i n g  o n  a n d  t h e  d e n s i t y  o f  
t h e  a c id  w a s  d e t e r m in e d  in  i t .  T h e  b u lb  w a s  a f t e r w a r d s  b r o k e n  u n d e r  
w a t e r  a n d  t h e  a c id  t i t r a t e d .  T h e  w e i g h t  o f  t h e  e m p t y  b u lb  w a s  o b t a in e d  
f r o m  t h e  f r a g m e n t s  o f  g la s s  c o l l e c t e d  in  a  f u s e d  g la s s  f i l t e r .  T h e  w e ig h in g s  
o f  t h e s e  s m a l l  o b j e c t s  w e r e  a l l  c a r r ie d  o u t  o n  a n  a s s a y  b a la n c e  t o  o - i  m g .

C o m p o s i t i o n  a s  s h o w n  b y  D e n s i t y  a n d  T i t r a t i o n .

M e l lo r  4 q u o t e s  s t a t e m e n t s  t o  t h e  e f f e c t  t h a t  1 0 0  %  n i t r i c  a c id  i s  u n ­
s t a b le  a b o v e  — 4 0 ° . O u r  e x p e r i e n c e  i s  i n  a c c o r d a n c e  w i t h  t h i s .  T h e  a c id .

l Treatise on Inorganic and Theoretical Chemistry, vol. S.



G. L. WILSON AND F. D. MILES 359

h o w e v e r ,  c o u ld  b e  k e p t  f o r  a b o u t  a  d a y  a t  o °  a n d  t o o k  a n  h o u r  o r  t w o  t o  
d e v e lo p  m o r e  t h a n  a  f a i n t  c o lo u r a t io n  a t  2 0 ° . B e l o w  9 9 - 5  %  t h e  d e ­
c o m p o s i t io n  i s  s lo w e r  a n d  7 0  %  a c id  i s  f a i r l y  s t a b l e  i f  k e p t  i n  t h e  d a r k ,  
p r e f e r a b ly  i n  f u l l  b o t t l e s .  P r o b a b l y  t h e  d e c o m p o s i t io n ,  a s  V e l e y  a n d  
M a n le y  s u g g e s t e d ,  t a k e s  p la c e  m o r e  r e a d i ly  in  t h e  v a p o u r  s t a t e .  T h e  
n i t r o g e n  p e r o x id e  f o r m e d  i s  v e r y  s o lu b le  i n  c o n c e n t r a t e d  n i t r i c  a c i d  a n d  
i t  w a s  f o u n d  b e t t e r  
t o  c o n c e n t r a t e  c o lo u r ­
l e s s  7 0  %  a c id  in  
s e v e r a l  d i s t i l l a t i o n s  a t  
l o w  t e m p e r a t u r e  t h a n  
t o  a t t e m p t  t o  d e ­
c o lo u r is e  a n d  u s e  t h e  
p l a n t  9 6  %  a c id .  I n  
o u r  e x p e r i e n c e ,  t o  
d e c o lo u r is e  a c id  s a t i s ­
f a c t o r i l y  b y  b lo w in g  
a ir  t h r o u g h  i t  t h e  
s t r e n g t h  m u s t  b e  8 8  %  
o r  le s s ,  f o r  a t  s u c h  
c o n c e n t r a t io n  t h e  p e r ­
o x i d e  i s  a p p r e c ia b ly  
l e s s  s o lu b le .

T h e  d i s t i l l a t e s  
f r o m  t h e  m o r e  c o n ­
c e n t r a t e d  a c id s  b e in g  
v a p o u r i s e d  a t  2 0 ° 
w e r e  i n v a r ia b ly  m o r e  
o r  le s s  c o lo u r e d ,  t h e  
c o lo u r a t io n  b e in g  a t  
t h e  m o s t  a b o u t  t h e  
s a m e  a s  t h a t  o f  
n . / io o o  io d i n e  s o lu t io n .  T h e  e f f e c t  o f  t h i s  d e c o m p o s i t io n  o n  t h e  r e s u l t s  
m u s t  b e  c o n s id e r e d .  A s  p r e v io u s ly  s t a t e d ,  t h e  d e n s i t y  w a s  m e a s u r e d  in  
t h e  f ir s t  p la c e  t o  c h e c k  r e s u l t s  b y  t i t r a t i o n .  W i t h  d i s t i l l a t e s  a b o v e  9 9 ^ 5  % , 
h o w e v e r ,  i t  w a s  f o u n d  t h a t  t h e  c o n c e n t r a t io n  b y  d e n s i t y  r e a d  f r o m  o u r  
o w n  d e n s i t y - t i t r a t i o n  c u r v e  n o  lo n g e r  c h e c k e d  w i t h  t h e  c o n c e n t r a t io n  b y  
t i t r a t i o n .  T h i s  i s  s h o w n  in  F i g .  3  w h e r e  t h e  f ig u r e s  a v a i la b le  fo r  t h e

d e n s i t y  o f  t h e  m o r e  
c o n c e n t r a t e d  s o l u ­
t io n s  o f  n i t r i c  a c id  
a r e  c o m p a r e d  w i t h  
t h e  c o n c e n t r a t io n  
b y  t i t r a t i o n .

S u p p o s e  t h a t  
t h e  d e c o m p o s i t io n  
o c c u r r e d  a c c o r d in g  
t o  e q u a t io n  (a) 
2 H N O ,  =  H . O  +  
N O  +  N O ,  +  O ,,  
o r  (b) 4 H N O 3 =  
4 N O ,  +  2 H , 0  +  
O ;, a n d  t h a t  i t  o c ­

c u r r e d  d u r in g  t h e  d i s t i l l a t i o n  s o  t h a t  t h e  t o t a l  p r e s s u r e  r e a d in g  w a s  
u n a f f e c t e d .

T h e n  u s in g  t h e  f ig u r e s  o f  K le m e n c  a n d  R u p p  3 fo r  t h e  d e n s i t i e s  o f  
m ix t u r e s  o f  p u r e  n i t r i c  a c id  w i t h  n i t r o g e n  p e r o x id e ,  c a l c u la t io n s  c o u ld  b e  
m a d e  o f  t h e  e f f e c t  o f  d e c o m p o s i t io n  o n  t h e  t i t r a t i o n  a n d  d e n s i t y .  I f  
° ' 5  %  b y  w e i g h t  o f  p e r o x id e  w e r e  f o r m e d  i n  a  d i s t i l l a t e  b y  d e c o m p o s i t io n  
a n d  t h i s  w a s  n o t  a l l o w e d  f o r  i n  t h e  a n a l y t i c a l  c a lc u la t io n s ,  t h e  t w o  m e t h o d s

T A B L E  I .— E s t i m a t e d  E r r o r  i n  A n a l y s i s  d u e  t o  
D e c o m p o s i t io n  o f  N i t r i c  A c id  i n  D i s t i l l a t e s .  
•5 %  N O , F o rm e d .

No
Decomposition according to

decomposition.
Equation (a). Equation (b).

Titration . 97*33 97-29 97-4°

Density 97-33 97-81 97-93
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o f  e s t i m a t i o n  w o u ld  g i v e  d i f f e r e n t  r e s u l t s .  T a b le  I  s h o w s  t h e  f ig u r e s  
w h ic h  t i t r a t i o n  a n d  d e n s i t y  d e t e r m in a t io n s  w o u l d  g i v e  a n d  t h e  r e s u l t s ,  
i f  t h e r e  w e r e  n o  d e c o m p o s i t io n ,  f o r  t h e  d i s t i l l a t e  f r o m  S i -2  %  a c id .

O f  t h e  p o i n t s  i n  F i g .  3  w h ic h  l i e  a b o v e  9 9 - 5  % , t h o s e  m a r k e d  b y  “  X , ”  
a n d  r e p r e s e n t in g  v a l u e s  o b t a in e d  d i r e c t l y  f r o m  a  s u p p l y  o f  a c id  d i s t i l l e d  
a t  —  8 o ° , a r e  c lo s e r  t o  t h e  e x t r a p o l a t i o n  o f  t h e  c u r v e  o b t a i n e d  f o r  p u r e  
a c id  a t  l o w e r  c o n c e n t r a t io n s  t h a n  t h o s e  r e p r e s e n t e d  b y  “  O .”  T h e  l a t t e r  
p o i n t s  w e r e  d i s t i l l a t e s  f r o m  d e t e r m in a t io n  o f  p a r t i a l  p r e s s u r e s  a n d  w e r e  
c o lo u r e d .  T h e r e  i s  o n e  p o i n t  f r o m  a  d i s t i l l a t e  f o r m e d  a t  o °  a n d  i t  a ls o  
l i e s  n e a r  t h e  c u r v e ,  b e c a u s e  t h e  a c id  i n  t h i s  c a s e  a l s o  w a s  o n l y  s l i g h t l y  
c o lo u r e d .

T h e  g r a p h  s h o w s  t h a t  t h e  d e n s i t y  m e t h o d  g i v e s  a  h ig h  r e s u l t  w h e n  
t h e r e  h a s  b e e n  s o m e  d e c o m p o s i t io n ,  w h i l e  t h e  t i t r a t i o n  m e t h o d  g i v e s  a  
s l i g h t l y  t o o  l o w  r e s u l t .  I n t e r p r e t in g  t h e  d i s c r e p a n c y  o f  0 - 2  %  a s  d u e  t o  
d i s s o l v e d  N O j  t h e  c o n c e n t r a t io n  o f  N O a c a n  b e  e s t i m a t e d  f r o m  T a b le  I  
a s  o -2  % , a n d  h e n c e  t h e  e r r o r  in  t h e  t i t r a t i o n  m e t h o d  i s  o n l y  —  0 - 0 2  %  
o r  — 0 - 0 3  %  a c c o r d i n g  t o  t h e  e q u a t io n .

A p a r t  f r o m  p r o v id i n g  t h i s  e s t i m a t e  o f  t h e  p o s s i b l e  e r r o r  c a u s e d  b y  
c o lo u r  i n  t h e  d i s t i l l a t e  t h e  c o n c e n t r a t io n  b y  d e n s i t y  w a s  n o t  u s e d  w i t h  
c o lo u r e d  s o lu t io n s  a n d  t h e  t i t r a t i o n  m e t h o d  a lo n e  p r o v id e d  t h e  m e a s u r e  
o f  t h e  n i t r i c  a c id  c o n c e n t r a t io n .

E x p e r i m e n t a l  R e s u l t s .

T h e  m e a s u r e m e n t s  a t  2 0 ° a r e  c o n t a i n e d  i n  T a b le  I I ,  a n d  w h e n  p l o t t e d  
o n  s q u a r e d  p a p e r  s a t i s f a c t o r y  c u r v e s  c a n  b e  d r a w n  t h r o u g h  t h e m  w i t h o u t  
m u c h  d i f f i c u l t y  (G r a p h  1 ) .  T h e  c o m p o s i t i o n  o f  t h e  o r ig in a l  a c id  w a s  u s e d

T A B L E  I I .— V a p o u r  P r e s s u r e  M e a s u r e m e n t s  o f  N it r ic  A c id -W a t e r
M i x t u r e s  a t  20 °.

Composition by Weight.
Distillate
Molecular

Com­
positions.

Vapour Pressure (mm. Mercury).

Original
Nitric
Acid

% .

Residual
Nitric
Add

% .

Distilled
Nitric
Acid
%-

Total. HNO3. Ha0 .
Remarks.

49*80 50*05 13*88 4*40 8-i 0-355 7*75
— 59*53 40-70 16-40 7.7 — — Contained air

6o*oo 60*24 40*91 16*51 5*8 0 95 4*85
69-64 69*60 77.76 49*96 5*8 2-90 2-90

69*80
69-68 77*54 49*65 5*8

5*95
2-88 2-92

Distilled at o°
76-62 — 92-48 77*84 8-82 6-87 i*95
78-80 78-50 94*59 83*34 i i *5 9*58 1*92
79*60 — 97-10 90*55 10*81 9.79 1-02 Fractionation *
8 i-6o — 97*5i 91*80 13*6 12*49 I ' l l
82*02 81-82 98-36 94*47 13*9 I3*i3 o-77 Fractionation *
86-13 — 98*90 96-25 19*05 iS-34 0-71
89-85 89-58 99*45 98*07 26-2 25-70 0-50
9i*45 — 99-66 98-80 29*55 29-11 o-35
91-81 91-10 99*65 98-77 30-3 29*94 0-37
94*49 — 99-Si 99*33 36-32 36-08 0*24
96-58 96-37 99*92 99*73 41-7 41*59 0*11
97*43 97-oo 99*75 99-17 41-7 — — Not reliable
99-7S 99*75 — — 47-S — —
99.90 99.90 — — 47*9 — —
99*80 47*8

* T h e se  w e re  d o n e  d u r in g  c o ld  w e a th e r  a n d  i t  i s  s u s p e c te d  t h a t  th e  r o o m  
te m p e r a tu r e  m a y  h a v e  fa lle n  b e lo w  2 0 °.
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i n  p l o t t i n g  t h e  r e s u l t s ,  s in c e  t h e  c h a n g e  o f  c o m p o s i t i o n  w a s  s m a l l .  T h e  
e x p e r i m e n t s  w h ic h  w e r e  c a r r ie d  o u t  a t  o °  a r e  s h o w n  i n  T a b le  I I I  w h e r e  
t h e  p r e s s u r e s  g i v e n  i n  b r a c k e t s  a r e  c a l c u la t e d ,  i n  t h e  m a n n e r  s h o w n  la t e r ,  
f r o m  G r a p h  1 .

T A B L E  I I I . — V a p o u r  P r e s s u r e  M e a s u r e m e n t s  o f  N it r ic  A c i d -W a t e r
M ix t u r e s  a t  o°.

V a p o u r  p r e ssu r e s  in  b r a c k e ts  a re  r ea d  fr o m  c u r v e s  c a lc u la te d  fr o m  th e  
2 0 ° r e a d in g s  (see  T a b le  V ).

Composition by Weight. Distillate Vapour Pressure (mm. Mercury).

Remarks.
Original

Acid.
Residual

Acid. Distillate
Composi­

tion. Total. HNOj. Ht0 .

69'So — 79*27 52*21 i* 60 
(i-39)

0-835
(0-74)

0-765
(0-65)

69*90 69*39 80*19 53-65 t-55
(i -37)

0-83
(o-74)

0*72
(0*63)

76*62 — — — 2*42
(2*30)

*“ Distilled at 20®

79'6° — — 2*60
(3-04)

--- --- Distilled at 20®

8 i*6o 3-70
(3-70)

Distilled at 20°

S3M4 9S'74 98-7+ 4-50
(4-49)

4*31
(4-30)

0*19
(0-19)

91-45 99*93 99-76 8-39
(8-76)

8-37
(8-70)

0*02
(0*06)

99*80
~ ~

14-5 Distilled at 20®

C a l c u l a t i o n  o f  V a p o u r  P r e s s u r e s  a t  o t h e r  T e m p e r a t u r e s .

T h e  v a p o u r  p r e s s u r e s  w e r e  r e q u ir e d  o v e r  a  r a n g e  o f  0 - 2 0 ° . T h e  v a lu e s  
a t  o t h e r  t e m p e r a t u r e s  t h a n  2 0 ° c a n  b e  c a l c u l a t e d  b y  u s in g  K ir c h h o f f ’s  
e q u a t i o n —

x t ' a r O - i ? ) .

w h e r e  i s  t h e  d i f f e r e n t ia l  h e a t  o f  m i x i n g  p e r  m o l .  o f  a  c o m p o n e n t .

P 0 =  t h e  v a p o u r  p r e s s u r e  o f  a  p u r e  c o m p o n e n t  a t  T °  a n d  
P  =  t h e  p a r t ia l  p r e s s u r e  o f  t h e  c o m p o n e n t  i n  t h e  m ix t u r e  a t  T ° .

F o r  t h e  t e m p e r a t u r e  d i f f e r e n c e  —  2 0 ° t o  0 °  i t  w i l l  b e  s u f f i c ie n t  t o  t a k e

- {  l o g  ~  l o g
d Q  _  — 2 - 3 0  x  2  x  (2 8 3 ) °  1 
d iV  — 2 0

O f t h e  t e r m s  c o n t a in e d  i n  K ir c h h o f f ’s  e q u a t i o n  t h e  v a lu e s  o f  P 0 ( n i t r ic  
a c id )  w e r e  c a l c u la t e d  a c c o r d in g  t o  t h e  e q u a t io n

l o g  P  — A  —
2 - 3 0  R T

w h e r e  L  =  l a t e n t  h e a t  o f  n i t r i c  a c id ,  R  =  g a s  c o n s t a n t ,  A  =  a n  u n k n o w n  
c o n s t a n t ,  T  =  a b s o l u t e  t e m p e r a t u r e ,  P  =  v a p o u r  p r e s s u r e  a t  t e m p e r a t u r e  T .

T h e  c o n s t a n t  A  a n d  t h e  l a t e n t  h e a t  w e r e  c a lc u la t e d  f r o m  t h e  m e a s u r e d  
v a p o u r  p r e s s u r e s  o f  1 0 0  %  n i t r i c  a c id  a t  0 ° a n d  2 0 ° a n d  t h e  in t e r m e d i a t e
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p r e s s u r e s  a t  5 0, 1 0 °  a n d  1 5 0 c o u ld  b e  c a l c u l a t e d  f r o m  t h e m .  T h e  l a t e n t  
h e a t  f r o m  t h e  v a p o u r  p r e s s u r e  m e a s u r e m e n t s ,  u s i n g  t h e  a p p r o x im a t e  
f o r m u la  a b o v e ,  w a s  9 4 5 0  c a l .  p e r  m o l .  w h i l e  B e r t h e l o t ’s  v a l u e  ( t h e  o n ly -  
o n e  in  t h e  l i t e r a t u r e )  i s  7 2 5 0  c a l .  I n  v i e w  o f  t h i s  d i s a g r e e m e n t  t h e  l a t e n t

h e a t  o f  n i t r i c  a c i d  w a s  r e d e t e r m i n e d  b y  a  m e t h o d  w h ic h  i t  i s  h o p e d  t o  d e ­
s c r ib e  i n  f u l l  i n  c o n n e c t i o n  w i t h  s im i la r  w o r k  i n  s u lp h u r  t r i o x i d e  a n d  o l e u m .  
E l e c t r i c a l  h e a t i n g  w a s  u s e d  i n  s u c h  a  w a y  t h a t  t h e  r a t e s  o f  s u p p l y  o r  
e l e c t r i c a l  e n e r g y  a n d  o f  v a p o r i s a t io n  c o u ld  b e  b a la n c e d ,  s o  t h a t  t h e  d i s ­

t i l l a t i o n  w a s  i s o t h e r m a l  a n d  t h e  
T A B L E  I V .— H e a t  o f  A d d it io n  o f  i  t r a n s f e r e n c e  o f  h e a t  b e t w e e n  t h e

M o l . o f  N it r ic  A c id  o r  W a t e r  t o  d i s t i l l a t i o n  b u lb  a n d  t h e  c a lo r i -

ACIDo ° F THE m e t e r  w a s  a l m o s t  n e g l ig ib l e .  T h eS t a t e d  C o m p o s i t io n  a t  2 0  . . , ,  . , .  a  P  . ,  . . ,
h e a t  o f  v a p o r i s a t i o n  o f  n i t r i c  a c id
(9 9 ‘9 i  % ) a t  2 0 0 w a s  t h u s  f o u n d  
t o  b e  9 4 1 5 , a n d  9 4 3 6  c a l . / g .  m o l .  
in  t w o  d e t e r m in a t io n s ,  i n  g o o d  
a g r e e m e n t  w i t h  t h e  f ig u r e  o b ­
t a i n e d  f r o m  t h e  v a p o u r  p r e s s u r e  
c u r v e s .

T h e  v a l u e s  f o r  P 0 (w a te r )  a r e  
a c c u r a t e l y  k n o w n .

T h e  d i f f e r e n t ia l  h e a t s  o f  s o l u ­
t i o n  o f  n i t r i c  a c id  a n d  w a t e r  in  
n i t r i c  a c id s  o f  v a r io u s  s t r e n g t h s  

h a d  b e e n  d e t e r m in e d  i n  t h e  c o u r s e  o f  o t h e r  w o r k  w h i c h  w i l l  b e  r e p o r t e d  
l a t e r .  T h e y  a r e  g i v e n  i n  T a b le  I V .  T h e  o n e  r e s u l t  w h ic h  i s  q u e s t io n e d  i s  
o b t a i n e d  b y  a  r a t h e r  h a z a r d o u s  e x t r a p o l a t i o n ,  b u t  t h e  h e a t  i s  k n o w n  t o  b e  
s m a l l  a n d  t h e  e f f e c t  o n  t h e  v a p o u r  p r e s s u r e  w i l l  b e  u n im p o r t a n t .

Composition
%

N itric Acid.

Nitric Acid 
Cals. 

Per Mol.

Water 
Cals. 

Per Mol.

90 160 3140
80 860 2365
70 1760 1550
60 26S0 750
50 3670 ioo(?)
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I n  t h i s  w a y ,  a l l  t h e  o t h e r  t e r m s  o f  K ir c h h o f f ’s  e q u a t io n ,  P 0 (o r  P Tj, 
P 10, P 15) c a n  b e  c a l c u la t e d .  T a b le  V  s h o w s  t h e  v a l u e s  o f  t h e  p a r t i a l

T A B L E  V .— P a r t ia l  V a p o u r  P r e s s u r e s  o f  N it r ic  A c id -W a t e r
M ix t u r e s .

Temper­
ature. Constituent.

Composition of Acid (by Weight).

5 0 %. 6 0 %. 70 %. 8 0 %. 9°% - 100 %.

■0° Water "I i-97 1-19 0-617 0-266 o-oS3 __
Nitric acid J-mm. Hg 0-095 0-195 0-76 2-89 7-81 H-7
Total J 2-06 i*39 1-38 3-16 7-89 14-7

5° Water 'v 2-80 i-73 0-92 0-409 0-132 —
Nitric acid J-mm. Hg 0-146 0-292 I-IO 4-07 io-74 20-1
Total J 2-95 2-02 2-02 4-48 10-87 20-1

10° Water 3*95 2-49 1*36 0-619 0-203 ---
Nitric acid J-mm. Hg 0-222 0-428 1-57 5-63 14-56 27-1
Total J 4-17 2-92 2-93 6-25 14-76 27-1

15° Water 5*48 3*52 i-97 0-92 0-309 —
Nitric acid J-mm. Hg 0-332 0-62 2-20 7.72 19-54 36-2
Total J 5*8i 4-14 4-17 8-64 19-85 36-2

20° Water A 7*53 4*93 2-83 1-35 0-46 —
Nitric acid J-mm. Hg 0-49 0-89 3*o8 10-49 26-03 48-0
Total J 8-02 5-82 5-9i 11-84 26-49 48-0

p r e s s u r e s  o f  n i t r i c  a c id  a n d  w a t e r  a t  2 0 ° t a k e n  f r o m  t h e  s m o o t h e d  c u r v e ,  
a n d  t h e  v a l u e s  a t  o ° ,  5 0, 1 0 ° a n d  1 5 ° c a l c u l a t e d  f r o m  t h e m  a s  d e s c r ib e d  
. a b o v e .  T h e  a g r e e m e n t  o f  t h e  o b s e r v e d  r e a d in g s  a t  o °  a n d  t h e  c a l c u la t e d  
o n e s  i s  s a t i s f a c t o r y  ( s e e  T a b le  I I I )  a n d  r e a s s u r e s  u s  t h a t  n o  a p p r e c ia b le  e r r o r  
i s  in t r o d u c e d  b y  t h e  a p p r o x im a t io n s  o f  t h e  K ir c h h o f f  e q u a t io n .

T h e  d i f f e r e n c e  b e t w e e n  t h e  n e w  m e a s u r e m e n t s  a n d  t h e  o ld e r  o n e s  i s  
q u i t e  c o n s id e r a b le .  T h u s  t h e  d i s t i l l a t e s  f r o m  6 0 , 7 0 , 8 0  a n d  9 0  %  n i t r i c  
a c id  a c c o r d i n g  t o  t h e  o ld e r  r e s u l t s  h a v e  t h e  r e s p e c t i v e  c o m p o s i t io n s  3 4 , 
7 1 -9 , 9 2 - 1  a n d  9 8 - 9 5  % , w h i l e  a c c o r d i n g  t o  t h e  n e w  o n e s  t h e y  a r e  3 8 -9 , 
7 9 -1 , 9 6 - 5  a n d  9 9 - 5  % . T h i s  i s  n o  d o u b t  d u e  t o  t h e  s c a r c i t y  o f  e x p e r i ­
m e n t a l  r e s u l t s  f o r  c o m p o s i t io n s  a b o v e  7 0  %  a t  t h e  t i m e  w h e n  t h e  o ld e r  
t a b l e s  w e r e  c o n s t r u c t e d ,  w h ic h  n e c e s s i t a t e d  t h e  u s e  o f  e x t r a p o la t i o n .

S u m m a r y .

T h e  p a r t ia l  v a p o u r  p r e s s u r e s  o f  n i t r i c  a c id  a n d  w a t e r  o v e r  n i t r i c  a c id -  
w a t e r  m i x t u r e s  h a v e  b e e n  d e t e r m in e d  i n  a  s p e c ia l  a p p a r a t u s  o v e r  t h e  r a n g e  
o f  c o m p o s i t i o n s  f r o m  5 0  %  t o  1 0 0  %  n i t r i c  a c id ,  a t  2 0 ° a n d  o ° .  T h e  v a l u e s  
a t  in t e r m e d i a t e  t e m p e r a t u r e s  h a v e  b e e n  c a l c u la t e d  f r o m  t h e s e .  T h e  
h e a t s  o f  d i l u t i o n  o f  n i t r i c  a c i d  (5 0 - 1 0 0  % ) h a v e  b e e n  d e t e r m in e d  a n d  a  
n e w  v a l u e  ( m u c h  h ig h e r  t h a n  t h e  o n l y  a v a i l a b l e  o n e  d u e  t o  B e r t h e l o t )  
h a s  b e e n  o b t a i n e d  f o r  t h e  h e a t  o f  v a p o r i s a t io n  o f  p u r e  n i t r i c  a c id .

O u r  t h a n k s  a r e  d u e  t o  M e s s r s .  I m p e r ia l  C h e m ic a l  I n d u s t r i e s  f o r  p e r ­
m is s io n  t o  p u b l i s h  t h i s  p a p e r .

T h e  N o b e l  L a b o r a to r ie s ,
A r d e e r .
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S T U D I E S  IN  E L E C T R O D E  P O L A R IS A T IO N . P A R T  
I I .  T H E  IN V E S T IG A T IO N  O F  T H E  R A T E  O F  
G R O W T H  O F  P O L A R IS A T IO N  P O T E N T IA L S .

B y  A .  H i c k l i n g .

R e c e i v e d  2 9 th  A u g u s t ,  1 9 3 9 .

I n  r e c e n t  y e a r s  c o n s i d e r a b l e  i n t e r e s t  h a s  c e n t r e d  a r o u n d  t h e  r a t e  a t  
w h i c h  p o l a r i s a t i o n  p o t e n t i a l s  a r e  b u i l t  u p ,  p a r t i c u l a r l y  i n  c o n n e c t i o n  
w i t h  t h e  p r o b le m  o f  h y d r o g e n  o v e r v o l t a g e .  T h e  u s u a l  m e t h o d  o f  
s t u d y i n g  t h e s e  c h a n g e s  h a s  b e e n  t o  c a r r y  o u t  p o l a r i s a t i o n  a t  a  c o n s t a n t  
c u r r e n t  a n d  t o  a p p l y  t h e  v o l t a g e  b e t w e e n  t h e  w o r k i n g  e l e c t r o d e  a n d  a  
r e f e r e n c e  e l e c t r o d e ,  e i t h e r  w i t h  o r  w i t h o u t  v a l v e  a m p l i f i c a t i o n ,  t o  s o m e  
f o r m  o f  s t r i n g  g a l v a n o m e t e r ,  t h e  m o v e m e n t  o f  w h i c h  i s  p h o t o g r a p h e d  
o n  a  f i lm  m o v i n g  a t  a  c o n s t a n t  s p e e d .  A f t e r  s u i t a b l e  c a l ib r a t io n ,  
m e a s u r e m e n t  o f  t h e  t r a c k  p r o d u c e d  p e r m i t s  t h e  c o n s t r u c t i o n  o f  a  g r a p h  
o f  t h e  p o l a r i s a t i o n  p o t e n t i a l  p l o t t e d  a g a i n s t  t h e  q u a n t i t y  o f  e l e c t r i c i t y  
p a s s e d . 1 T h i s  m e t h o d ,  w h i l e  c a p a b l e  o f  c o n s id e r a b le  a c c u r a c y ,  i s  
a t t e n d e d  b y  a  n u m b e r  o f  d i f f i c u l t i e s  w h i c h  m a y  b e  b r i e f ly  s u m m a r i s e d  :

(a )  O n l y  m i n u t e  p o l a r i s i n g  c u r r e n t s  c a n  b e  u s e d ,  s i n c e  a t  h i g h  s p e e d s  
t h e  in e r t i a  o f  t h e  m e c h a n i c a l  o s c i l l o g r a p h  b e c o m e s  a p p r e c ia b le  a n d  
c a u s e s  d i s t o r t i o n  o f  t h e  t r a c k .

(b ) R i g o r o u s  p r e c a u t i o n s  a r e  n e c e s s a r y  t o  r e m o v e  a l l  t r a c e s  o f  d e -  
p o la r i s e r s  f r o m  t h e  e l e c t r o l y t i c  c e l l ,  e .g .  o x y g e n  in  s t u d y i n g  h y d r o g e n  
o v e r v o l t a g e ,  s i n c e  t h e s e  m a y  c h a n g e  m a r k e d l y  t h e  s h a p e  o f  t h e  t r a c k  
o b t a i n e d . 2

(c j S i n c e  a  s i n g l e  p o l a r i s a t i o n  p r o c e s s  o n l y  i s  s t u d i e d  i n  e a c h  e x p e r i ­
m e n t ,  i t  i s  n e c e s s a r y  i n i t i a l l y  t o  h a v e  t h e  e l e c t r o d e  i n  a  r e p r o d u c ib le  
v i r g i n  s t a t e  i f  t h e  r e s u l t  i s  t o  h a v e  a n y  g e n e r a l  s ig n i f i c a n c e .

(d )  T h e  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  is  n o t  d i r e c t l y  r e c o r d e d ,  a n d  
a n y  f l u c t u a t i o n  in  t h e  p o la r i s in g  c u r r e n t  o r  t h e  s p e e d  o f  t h e  c a m e r a  
f i l m  w i l l  l e a d  t o  a n  e r r o r  in  c o m p u t i n g  t h i s  q u a n t i t y .

(e) T h e  m e t h o d  i s  e x t r e m e l y  l a b o r io u s  a n d  t i m e  c o n s u m in g ,  a n d  
r e q u ir e s  a  c o n s i d e r a b l e  q u a n t i t y  o f  r i g i d l y  m o u n t e d  m e c h a n i c a l  a p p a r a t u s .  
M o r e o v e r ,  t h e  r e q u ir e d  g r a p h  c a n  o n l y  b e  o b t a i n e d  b y  m e a s u r e m e n t  a n d  
c a l c u l a t i o n  s u b s e q u e n t  t o  e a c h  e x p e r i m e n t ,  a n d  d i r e c t  v i s u a l  o b s e r v a t i o n  
o f  t h e  b u i l d i n g  u p  o f  t h e  p o l a r i s a t i o n  p o t e n t i a l  i s  p r e c l u d e d .

T h e  p r e s e n t  m e t h o d  w a s  d e v i s e d  t o  e l i m i n a t e  t h e s e  d i f f i c u l t i e s .  I t  
u t i l i s e s  a  c a t h o d e  r a y  o s c i l l o g r a p h  a s  i n d i c a t i n g  i n s t r u m e n t , 3 a n d  b y  a

1 B o w d e n  a n d  R id e a l,  P r o c . R o y .  S oc . A ,  1 9 2 S, 1 2 0 , 5 9  ; B a a rs , S itzu n g sb e r . 
G es. B e fo rd . N a tu r w . M a rb u r g ,  1 9 2 8 , 6 3 , 2 1 3  ; B r a n d e s , Z .  p h y s ik a l .  Cixem ., 
1 9 2 9 , 1 4 2 , 9 7  ; E r d e y -G r u z  a n d  V o lm e r , i b id . ,  1 9 3 0 , 1 5 0 , 2 0 3  ; E r d e y - G n iz  a n d  
K r o m r e y , ib id . ,  1 9 3 1 , 1 5 7 ,  2 1 3 . F o r  e a r ly  w o r k  o n  th e  o s c il lo g r a p h ic  s t u d y  o f  
p o la r is a t io n  p r o c e s s e s , s e e  L e  B la n c , A b h d lg . d .  B u n s .-G e s .,  1 9 1 0 , N o .  3  ; 
R e ic h in s te in , Z .  E lek tro ch e m ., 1 9 0 9 , 1 5 , 7 3 4 , 9 1 3  ; 1 9 1 0 , 1 6 , 9 1 6 .

3 C f. B o w d e n  a n d  R id e a l,  loc. c i t .1
3 B u t le r  a n d  P e a r so n , T r a n s . F a r a d a y  S o c ., 1 9 3 S, 3 4 , 1 1 6 3 , m a d e  u se  o f  a  

c a th o d e  r a y  o s c il lo g r a p h  a s  in d ic a t in g  in s tr u m e n t  fo r  th e  s t u d y  o f  th e  g r o w th  o f  
p o la r is a t io n  p o t e n t ia ls  a t  h ig h  c u r r e n ts . T h e ir  m e th o d  is  fu n d a m e n t a l ly  d if fe re n t  
fr o m  t h a t  to  b e  d e scr ib e d  h ere , h o w e v e r , a n d  in  a n y  g e n e r a l a p p lic a t io n  is  s t i l l  
o p e n  t o  m o s t  o f  th e  d is a d v a n ta g e s  l is t e d  ; m o r e o v er , i t  in v o lv e s  th e  p h o to g r a p h y  
o f  h ig h  s p e e d  tr a n s ie n ts .
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s p e c i a l  e l e c t r i c a l  c i r c u i t ,  f r e e  f r o m  m o v i n g  p a r t s ,  i t  i s  a r r a n g e d  t h a t  t h e  
p o l a r i s a t i o n  p r o c e s s  i s  r e p e t i t i v e ,  l e a d i n g  t o  a  s t a t i o n a r y  im a g e  o n  t h e  
o s c i l l o g r a p h  s c r e e n  s h o w i n g  d i r e c t l y  t h e  v a r i a t i o n  o f  p o l a r i s a t i o n  p o t e n ­
t i a l  w i t h  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d .  T h e  p r e s e n c e  o f  s m a l l  q u a n t i t i e s  
o f  d e p o la r i s e r s  h a s  n o  e f f e c t  o n  t h e  s h a p e  o r  s l o p e  o f  t h e  s e c t i o n  o f  t h e  
g r a p h  p o r t r a y e d ,  b u t  a f f e c t s  o n l y  i t s  e x t e n t ; f u r t h e r m o r e ,  s i n c e  t h e  
p a t t e r n  o b t a i n e d  is  t h e  m e a n  o f  a  n u m b e r  o f  p o la r i s a t io n s ,  i t  i s  l a r g e ly  
i n d e p e n d e n t  o f  t h e  i n i t i a l  s t a t e  o f  t h e  e l e c t r o d e .  D i r e c t  v i s u a l  e x a m i n a ­
t i o n  o f  t h e  e f f e c t  o f  v a r i a b l e  f a c t o r s  o n  t h e  p o l a r i s a t i o n  p r o c e s s  i s  p o s s i b l e ,  
a n d  t h e  r e s u l t s  m a y  b e  p h o t o g r a p h i c a l l y  r e c o r d e d  a t  l e is u r e .

E x p e r i m e n t a l .

I n  t h e  p r e s e n t  m e t h o d  t h e  p o la r i s in g  c u r r e n t  i s  s u p p l i e d  f r o m  a  h ig h  
v o l t a g e  d i r e c t  c u r r e n t  s o u r c e ,  t r a n s m i t t e d  t h r o u g h  a  s a t u r a t e d  d io d e  w h ic h  
s e r v e s  t o  m a in t a in  i t  s u b s t a n t i a l l y  c o n s t a n t ,  a n d  t h e n  p a s s e d  in t o  a  c o n ­
d e n s e r  w h i c h  i s  c o n n e c t e d  i n  s e r ie s  w i t h  t h e  e l e c t r o l y t i c  c e l l .  C o n n e c t e d  
a c r o s s  t h e  c o n d e n s e r - c e l l  s e c t i o n  o f  t h e  c i r c u i t  i s  a  t h y r a t r o n  v a lv e ,  t h e  
t r ip  v o l t a g e  o f  w h i c h  c a n  b e  c o n t r o l l e d  b y  v a r y i n g  t h e  g r id  p o t e n t ia l .  
W h il e  t h e  c o n d e n s e r  i s  b e in g  c h a r g e d ,  a  s t e a d y  c u r r e n t ,  w h i c h  c a n  b e  
a d j u s t e d  t o  a n y  d e s ir e d  v a lu e ,  f lo w s  t h r o u g h  t h e  e l e c t r o l y t i c  c e l l ,  b u t  w h e n  
t h e  c o n d e n s e r  v o l t a g e  r e a c h e s  t h a t  r e q u ir e d  t o  t r ip  t h e  t h y r a t r o n ,  t h e  
a r r a n g e m e n t  i s  s h o r t  c i r c u i t e d  a n d  t h e  c o n d e n s e r  d is c h a r g e s ,  a  q u a n t i t y  
o f  e l e c t r i c i t y  e x a c t l y  e q u a l  t o  t h a t  o r ig in a l ly  p a s s e d  f lo w in g  r a p id l y  t h r o u g h  
t h e  c e l l  i n  t h e  r e v e r s e  d i r e c t io n  ; t h e  p r o c e s s  t h e n  r e p e a t s  i t s e l f  in d e f in i t e ly .  
T h e  v o l t a g e  b e t w e e n  t h e  e l e c t r o d e  o f  t h e  c e l l  w h ic h  i s  b e in g  s t u d i e d  a n d  
a  s u i t a b le  r e f e r e n c e  e l e c t r o d e  i s  a m p l i f i e d  b y  m e a n s  o f  a  v a l v e  a m p lif ie r ,  
a n d  a p p l i e d  t o  t h e  Y - d e f l e c t in g  p l a t e s  o f  a  c a t h o d e  r a y  t u b e ,  w h i l e  t h e  
v o l t a g e  d e v e lo p e d  a c r o s s  t h e  c o n d e n s e r  ( w h ic h  i s  e x a c t l y  p r o p o r t io n a l  t o  
t h e  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  a t  a n y  t im e )  i s  a p p l i e d  d i r e c t ly  t o  t h e  
X - d e f l e c t i n g  p l a t e s  o f  t h e  t u b e .  U n d e r  t h e s e  c o n d i t io n s ,  t h e  t r a c k  o n  t h e  
o s c i l l o g r a p h  s c r e e n  r e p r e s e n t s  d i r e c t l y  t h e  v a r i a t i o n  o f  p o t e n t i a l  o f  t h e  
w o r k in g  e l e c t r o d e  w i t h  t h e  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  t h r o u g h  t h e  c e l l ,  
a n d  i f  t h e  p r o c e s s  i s  r e p r o d u c ib le  t h e  t r a c k  a p p e a r s  s t a t io n a r y .  T h e  
o c c u r r e n c e  o f  a  s t a t i o n a r y  im a g e  im p l i e s  t h a t  e x a c t l y  t h e  s a m e  c h a n g e  o f  
p o t e n t i a l  i s  b r o u g h t  a b o u t  o n  c h a r g in g  t h e  e l e c t r o d e  a s  o n  d i s c h a r g in g  i t ,
i . e .  t h a t  t h e r e  i s  n o  ir r e v e r s ib le  l o s s  o f  e l e c t r o m o t i v e l y  a c t i v e  m a t e r ia l  
f r o m  t h e  e le c t r o d e .  I f  t h e  e l e c t r o d e  i s  p o la r i s e d  a n d  t h e  p u l s a t in g  c u r r e n t  
t h e n  s w i t c h e d  o n ,  t h e  o s c i l lo g r a p h  t r a c k  is  u s u a l l y  f o u n d  a t  f i r s t  t o  m o v e  
d o w n w a r d s ,  b u t  i n  a  f e w  s e c o n d s  b e c o m e s  s t a t i o n a r y  ; t h u s  a u t o m a t i c a l l y  
o n l y  t h e  r e p r o d u c ib le  p o r t io n  o f  t h e  p o la r i s a t io n  c u r v e  i s  r e c o r d e d .  T h e  
p r e s e n c e  o f  a  d e p o la r i s e r  w h ic h  r e a c t s  ir r e v e r s ib ly  w i t h  t h e  e l e c t r o m o t i v e l y  
a c t i v e  m a t e r ia l  a t  t h e  e le c t r o d e ,  lo w e r s  t h e  m a x i m u m  p o la r i s a t io n  p o t e n t i a l  
w h ic h  i s  r e c o r d e d  b u t  c a n n o t  a f f e c t  t h e  s h a p e  o r  s lo p e  o f  t h a t  s e c t io n  o f  t h e  
p o la r i s a t io n  c u r v e  w h i c h  i s  p o r t r a y e d ,  p r o v id e d ,  o f  c o u r s e ,  t h a t  t h e  d e ­
p o la r i s e r  i s  n o t  p r e s e n t  in  s u c h  la r g e  q u a n t i t i e s  a s  t o  p r e v e n t  e n t i r e ly  t h e  
f o r m a t io n  o f  a  s t a t i o n a r y  im a g e .

I n  t h i s  w a y  t h e  m e t h o d  s e r v e s  t o  i s o la t e  t h a t  p a r t  o f  t h e  p o la r i s a t io n  
c u r v e  w h i c h  i s  u n a f f e c t e d  b y  lo s s  o f  e l e c t r o m o t i v e l y  a c t i v e  m a t e r ia l  a n d  
b y  a c c i d e n t a l  v a r i a t i o n  i n  t h e  s t a t e  o f  t h e  e le c t r o d e ,  a n d  t h e  r e s u l t s  m a y  
t h e r e f o r e  b e  p r e s u m e d  t o  b e  i n d i c a t i v e  o f  t h e  t r u e  c o u r s e  o f  t h e  p o la r i s a t io n  
p r o c e s s .  T h e  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  a t  e a c h  p u ls e  c a n  b e  v a r i e d  b y  
c h a n g in g  t h e  s iz e  o f  t h e  s e r ie s  c o n d e n s e r ,  a n d  h e n c e  a n y  s e c t io n ,  la r g e  o r  
s m a l l ,  o f  t h e  p o la r i s a t io n  c u r v e  c a n  b e  s t u d i e d  i n  d e t a i l .

T h e  e le c t r ic a l  c i r c u i t  o f  t h e  a p p a r a t u s ,  c o n s t r u c t e d  f o r  t h e  s t u d y  o f  
c a t h o d i c  p o la r i s a t io n  p r o c e s s e s ,  i s  s h o w n  i n  F i g .  1 . C u r r e n t  w a s  s u p p l ie d  
f r o m  a n  8 0 0  V .  r e c t i f ie r ,  p a s s e d  t h r o u g h  a  m i l l ia m m e t e r  a n d  b r ig h t  e m i t t e r  
v a l v e  V j ,  t h e  l a t t e r  s e r v in g  a s  a  s a t u r a t e d  d io d e ,  t h e  c u r r e n t  b e in g  a d j u s t ­
a b le  b y  v a r y i n g  t h e  f i l a m e n t  c u r r e n t  b y  m e a n s  o f  t h e  r h e o s t a t  R 1; a n d  t h e n
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p a s s e d  i n t o  a  c o n d e n s e r  C  c o n n e c t e d  i n  s e r ie s  w i t h  t h e  e l e c t r o l y t i c  c e l l .  
T h e  v a l u e  o f  C  w a s  v a r ie d  a c c o r d i n g  t o  t h e  q u a n t i t y  o f  e l e c t r i c i t y  i t  w a s  
d e s ir e d  t o  p a s s  i n  e a c h  p u ls e .  C o n n e c t e d  a c r o s s  t h e  c o n d e n s e r  a n d  c e l l  
w a s  t h e  t h y r a t r o n  c i r c u i t  w h ic h  in c lu d e d  a  r e s i s t a n c e  R ,  o f  1 2 5  o h m s  t o

l i m i t  t h e  d i s c h a r g e  c u r r e n t .  T h e  t h y r a t r o n  T  w a s  a n  O s r a m  G T i A ,  t h e  
h e a t e r  b e in g  d r iv e n  f r o m  a  4  V .  t r a n s f o r m e r ; b y  m e a n s  o f  a  g r id  b ia s  
b a t t e r y  B j  t h e  f la s h in g  o v e r  v o l t a g e  o f  t h e  t h y r a t r o n  w a s  a d j u s t e d  t o  
a p p r o x i m a t e l y  6 0  V . ,  t h i s  g i v i n g  a  c o n v e n i e n t  s w e e p  o n  t h e  o s c i l lo g r a p h

s c r e e n .  T h e  v o l t a g e  d e v e l o p e d  b e t w e e n  t h e  
c a t h o d e  o f  t h e  c e l l  a n d  a  s a t u r a t e d  c a lo m e l  
e l e c t r o d e  S  w a s  a p p l i e d  b e t w e e n  t h e  g r id  
a n d  c a t h o d e  o f  a  s c r e e n  g r id  v a l v e  V 2| t h e  
g r id  o f  w h ic h  w a s  k e p t  n e g a t i v e  u n d e r  a l l  
c o n d i t io n s  b y  m e a n s  o f  a  s m a l l  b ia s s in g  
b a t t e r y  B 3. V 3 w a s  a n  a c c u m u la t o r  h e a t e d  
T r i o t r o n  v a l v e  S 2 1 3 . A n o d e  c u r r e n t  w a s  
s u p p l i e d  t o  i t  f r o m  a  2 0 0  V .  a c c u m u la t o r  
b a t t e r y  t h r o u g h  a  v a r ia b le  r e s i s t a n c e  R 3 o f
1 2 5 ,0 0 0  Q , t h e  s c r e e n  b e in g  m a i n t a i n e d  a t  a  
p o t e n t i a l  o f  6 5  V .  T h e  a m p l i f i c a t io n  c o u ld  
b e  v a r i e d  b y  a d j u s t m e n t  o f  R 3 a n d  h a d  a  
m a x im u m  v a l u e  o f  a b o u t  6 0 . T h e  c a t h o d e  
r a y  o s c i l lo g r a p h  t u b e  O  w a s  a  l o w  v o l t a g e  
g a s - f o c u s s e d  t u b e  ( S t a n d a r d  T e l e p h o n e  a n d  
C a b le s ,  4 0 5 0  B B )  w i t h  a  s e n s i t i v i t y  o f  a p ­
p r o x i m a t e l y  0 - 1 7  c m . / V .  A n o d e  c u r r e n t  
w a s  s u p p l i e d  t o  i t  f r o m  a  3 6 0  V .  d r y  
b a t t e r y  B 3. O n e  o f  e a c h  p a ir  o f  d e f l e c t in g  
p l a t e s  w a s  c o n n e c t e d  t o  t h e  a n o d e  w h i c h  w a s  

e a r t h e d  t h r o u g h  t h e  m a in  n e g a t i v e  l e a d  o f  t h e  c i r c u i t .  T h e  r e m a in in g  
X - p l a t e  w a s  c o n n e c t e d  t o  t h e  p o s i t i v e  s id e  o f  t h e  c o n d e n s e r  C , w h i l e  t h e  
Y - p l a t e  w a s  c o n n e c t e d  t o  t h e  a n o d e  o f  V ,  t h r o u g h  a  b a c k in g  b a t t e r y  B ,  
w h i c h  s e r v e d  t o  a d j u s t  t h e  s t e a d y  v o l t a g e  o n  t h e  p l a t e .  R 4 a n d  R 5 w e r e  
l e a k a g e  r e s i s t a n c e s  o f  4  M £? c o n n e c t e d  b e t w e e n  e a c h  p a ir  o f  d e f l e c t in g  
p la t e s .  B y  s w i t c h in g  a r r a n g e m e n t s  n o t  s h o w n  i n  t h e  f ig u r e ,  i t  w a s  
a r r a n g e d  t h a t  a  p o t e n t i o m e t e r - v o l t m e t e r  c o u ld  b e  c o n n e c t e d  t o  t h e
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a m p l i f i e r  s o  a s  t o  g i v e  s u i t a b l e  r e f e r e n c e  l i n e s  a t  f r a c t io n s  o f  a  v o l t  o n  t h e  
o s c i l lo g r a p h  s c r e e n .

T h e  f o r m  o f  t h e  e l e c t r o l y t i c  c e l l  i s  s h o w n  i n  F i g .  2 . T h e  a n o l y t e  w a s  
c o n t a i n e d  i n  a  t a l l  b e a k e r  a n d  i n  i t  w a s  im m e r s e d  t h e  c a t h o d e  c h a m b e r  
w h ic h  w a s  s t o p p e d  a t  i t s  lo w e r  e n d  w i t h  a  t i g h t  f i l t e r  p a p e r  p l u g  t o  p r e v e n t  
m ix i n g  o f  a n o l y t e  a n d  c a t h o l y t e .  T h e  c a t h o d e  c o m p a r t m e n t  w a s  f i t t e d  
■with a  r u b b e r  b u n g  c a r r y in g  t h e  c a t h o d e ,  t h e  s ip h o n  c o n n e c t in g  t h e  c a t h o d e  
t o  t h e  c a lo m e l  e le c t r o d e ,  a n d  a  g la s s  t a p  fo r  in t r o d u c t io n  o f  g a s  ; a  s id e  
t u b e  l e d  t o  a  w a s h b o t t l e  c o n t a i n i n g  w a t e r .  T h e  a n o d e  w a s  i n  g e n e r a l  a  
p ie c e  o f  p l a t i n u m  fo i l ,  a n d  t h e  c a t h o d e  w a s  v a r i e d  a s  d e s c r ib e d  b e lo w .

R e s u l t s .

H y d r o g e n  O v e r v o l t a g e . — I n  o r d e r  t o  t e s t  t h e  a p p l i c a t io n  o f  t h e  
m e t h o d ,  t h e  b u i ld in g  u p  o f  h y d r o g e n  o v e r v o l t a g e  w a s  s t u d i e d ,  s in c e  in  t h i s  
c a s e  t h e  g e n e r a l  n a t u r e  o f  t h e  p r o c e s s  h a s  b e e n  e s t a b l i s h e d  b y  e a r l ie r  
w o r k e r s .

A  f r e s h ly  a m a lg a m a t e d  c o p p e r  c a t h o d e ,  o f  1 s q .  c m .  a r e a ,  w a s  u s e d  
w i t h  n . - s u lp h u r ic  a c id  a s  e l e c t r o l y t e .  T h e  a c id  s o l u t i o n  w a s  b o i l e d  o u t  t o  
g e t  r id  o f  d i s s o l v e d  a ir  p r io r  t o  i n t r o d u c t i o n  i n t o  t h e  c e l l ,  a n d  t h e n  s t e a d y  
e l e c t r o l y s i s  a t  0 - 0 2 5  a m p .  w a s  c a r r ie d  o u t  f o r  t e n  h o u r s  t o  d is p la c e  t h e  
b u lk  o f  a ir  i n  t h e  c a t h o d e  c h a m b e r  a n d  t o  p o la r i s e  t h e  e l e c t r o d e .  T h e  
d ir e c t  c u r r e n t  w a s  t h e n  s t o p p e d ,  t h e  p u l s a t in g  c u r r e n t  s w i t c h e d  o n ,  a n d  
o b s e r v a t io n s  o f  t h e  o s c i l lo g r a p h  t r a c k s  r e c o r d e d  u n d e r  v a r io u s  c o n d i t io n s .  
T h e  r e s u l t s  a r c  s h o w n  i n  F i g .  3  ( P l a t e  V ) .  I n  F i g .  3 .4. i s  s h o w n  t h e  p o la r i s a ­
t i o n  g r a p h  w i t h  a  0 - 0 5  /¿ f . c o n d e n s e r  i n  s e r ie s  w i t h  t h e  c e l l  a n d  p o la r i s in g  
c u r r e n t s  o f  i o - 3  a n d  i o - 4  a m p . / s q .  c m .  r e s p e c t i v e l y ; t h e  r e f e r e n c e  p o t e n t i a l s  
i n  t h i s ,  a n d  i n  a l l  s u b s e q u e n t  c a s e s ,  a r e  e x p r e s s e d  o n  t h e  h y d r o g e n  s c a le .  I t  i s  
t o  b e  n o t e d  t h a t  t h e  p o t e n t i a l  v a r ie s  l i n e a r ly  w i t h  t h e  q u a n t i t y  o f  e l e c t r i c i t y  
p a s s e d ,  a n d  i s  p r a c t i c a l l y  i n d e p e n d e n t  o f  c u r r e n t  d e n s i t y .  T o  e x p lo r e  a  
la r g e r  s e c t i o n  o f  t h e  p o l a r i s a t io n  c u r v e ,  t h e  c a p a c i t y  o f  t h e  s e r ie s  c o n d e n s e r  
w a s  in c r e a s e d  t o  o - i  ¡jlF. a n d  t h e  t r a c k s  a g a in  r e c o r d e d .  T h e  r e s u l t s  a r e  
s h o w n  i n  F i g .  3 B a n d  i t  i s  s e e n  t h a t  t h e  l i n e a r i t y  o f  t h e  p o la r i s a t io n  p r o c e s s  
i s  m a in t a in e d .  T h e  q u a n t i t y  o f  e l e c t r i c i t y  d e l iv e r e d  a t  e a c h  p u ls e  c a n  
r e a d i l y  b e  w o r k e d  o u t  f r o m  a  k n o w l e d g e  o f  t h e  c a p a c i t y  o f  t h e  s e r ie s  
c o n d e n s e r  a n d  t h e  v o l t a g e  t o  w h i c h  i t  i s  c h a r g e d  ; t h i s  l a t t e r  q u a n t i t y  i s  
d i r e c t l y  d e t e r m in e d  b y  c o m p a r in g  t h e  h o r i z o n t a l  d e f le c t io n  o n  t h e  o s c i l l o ­
g r a p h  w i t h  t h a t  p r o d u c e d  b y  s t a n d a r d  v o l t a g e s .  H e n c e  t h e  c a p a c i t y  o f  
t h e  d o u b le  l a y e r  a t  t h e  e le c t r o d e ,  w h ic h  i s  s u p p o s e d  t o  b e  i n v o l v e d  i n  t h e  
b u i l d i n g  u p  o f  t h e  h y d r o g e n  o v e r v o l t a g e ,  c a n  b e  e v a l u a t e d .  M e a s u r e m e n t  
o f  F i g s .  3 A a n d  3 B g i v e  a  v a lu e  o f  1 0 - 1 1  ¿¿F ./sq . c m .  B o w d e n  a n d  R i d e a l 2 
o b t a i n e d  a  v a l u e  o f  6  ¿ if .  f o r  m e r c u r y  a n d  7  ¡xF. f o r  f r e s h ly  a m a lg a m a t e d  
s i l v e r  u n d e r  s o m e w h a t  d i f f e r e n t  c o n d i t io n s ,  w h i l e  i n d ir e c t  m e a s u r e m e n t s  
o f  t h e  c a p a c i t y  b y  v a r io u s  m e t h o d s  g i v e  a  v a l u e  o f  c a .  2 0  /.if . a t  a  m e r c u r y  
s u r f a c e .4 I t  h a s  b e e n  s u g g e s t e d  4 t h a t  t h e  l o w  v a l u e s  o b t a in e d  b y  t h e  d i r e c t  
m e t h o d s  o f  i n v e s t i g a t i o n  a r c  d u e  t o  c o n t a m i n a t i o n  o f  t h e  s u r f a c e  s t u d i e d ,  
a n d  t h i s  f a c t o r  m a y  b e  o p e r a t iv e  i n  t h e  p r e s e n t  e x p e r i m e n t s ; i t  s h o u ld  
b e  n o t e d ,  h o w e v e r ,  t h a t  t h e  s a m e  v a l u e  w a s  o b t a i n e d  i n  n u m e r o u s  e x p e r i ­
m e n t s  u n d e r  a  v a r i e t y  o f  c o n d i t io n s .

A s  h a s  b e e n  p r e v i o u s l y  s t a t e d ,  t h e  s h a p e  a n d  s lo p e  o f  t h e  p o l a r i s a t i o n  
g r a p h ,  a s  d e t e r m in e d  b y  t h e  p r e s e n t  m e t h o d ,  s h o u l d  b e  i n d e p e n d e n t  o f  
t h e  p r e s e n c e  o f  s m a l l  q u a n t i t i e s  o f  a ir  i n  t h e  a p p a r a t u s .  T o  t e s t  t h i s  
p o i n t ,  t h e  v a l u e  o f  t h e  c a p a c i t y  o f  t h e  s e r ie s  c o n d e n s e r  w a s  r e d u c e d  t o  
a p p r o x i m a t e l y  0 - 0 2  p .F ., s o  t h a t  a  s m a l l  s e c t i o n  o n l y  o f  t h e  g r a p h  w a s  
e x p l o r e d ,  a n d  a f t e r  t h e  e l e c t r o d e  h a d  b e e n  p o la r i s e d  a s  a b o v e ,  a ir  w a s  
s l o w l y  a d m i t t e d  t o  t h e  c e l l ; t h e  c u r r e n t  d e n s i t y  w a s  i o - 4  a m p . / s q .  c m .  
T h e  t r a c k  o n  t h e  o s c i l l o g r a p h  s c r e e n  m o v e d  s l o w l y  d o w n w a r d s ,  i n d i c a t i n g

4 S e e  F r o s k u r n in  a n d  F r u m k in , T r a n s .  F a r a d a y  S o c ., 1 9 3 5 , 3 1 , n o .
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d e c r e a s i n g  p o l a r i s a t i o n ,  a n d  t h r e e  s u c c e s s i v e  p h o t o g r a p h s  w e r e  t a k e n .  
T h e s e  a r e  r e p r o d u c e d  in  F i g .  3 c .  I t  i s  s e e n  t h a t  a l t h o u g h  t h e  m a x i m u m  
o v e r v o l t a g e  o b t a i n e d  i s  d i f f e r e n t  in  e a c h  o f  t h e  t h r e e  c a s e s ,  t h e  l i n e a r i t y  
a n d  s lo p e  o f  t h e  g r a p h  i s  n o t  a p p r e c i a b l y  a f f e c t e d  b y  t h e  p r e s e n c e  o f  a ir .

P o l a r i s a t i o n  i n  t h e  D e p o s i t i o n  o f  N i c k e l . — E l e c t r o d e p o s i t i o n  
o f  F e ,  C o , a n d  N i  f r o m  s o l u t i o n s  o f  t h e i r  s i m p l e  s a l t s  d o e s  n o t  c o m m e n c e  
u n t i l  t h e  c a t h o d e  p o t e n t i a l  i s  d i s t i n c t l y  m o r e  n e g a t i v e  t h a n  t h e  r e v e r s i b l e  
v a l u e s .5 T h i s  t y p e  o f  p o l a r i s a t i o n ,  w h i c h  is  a p p a r e n t l y  p e c u l ia r  t o  
t h e s e  m e t a l s ,  i s  m o s t  m a r k e d l y  s h o w n  b y  N i ; t h u s ,  a c c o r d i n g  t o  
G l a s s t o n e , 6 t h e  r e v e r s i b l e  p o t e n t i a l  o f  N i  in  a  n . - s u l p h a t e  s o l u t i o n  
is  —  0 - 2 3  V . ,  b u t  o n  e l e c t r o l y s i s  a t  r o o m  t e m p e r a t u r e  d e p o s i t i o n  o f  
m e t a l  d o e s  n o t  c o m m e n c e  u n t i l  a  c a t h o d e  p o t e n t i a l  o f  a b o u t  —  0 - 5 7  V .  
is  r e a c h e d .  F o e r s t e r  a n d  G e o r g i 7 c l a im  t o  h a v e  o b s e r v e d  N i  d e p o s i t i o n  
f r o m  a  c h lo r id e  s o l u t i o n  a t  a  c a t h o d e  p o t e n t i a l  o f  —  0 - 4 0  V .  a t  1 8 0, b u t  
i t  i s  d o u b t f u l  w h e t h e r  i t  t a k e s  p l a c e  m u c h  c lo s e r  t o  t h e  r e v e r s i b l e  p o t e n ­
t i a l  e v e n  a t  v e r y  l o w  c u r r e n t  d e n s i t i e s .  N u m e r o u s  s u g g e s t i o n s  h a v e  
b e e n  m a d e  t o  a c c o u n t  f o r  t h i s  t y p e  o f  o v e r v o l t a g e , 8 a n d  t h e y  f a l l  g e n e r a l l y  
i n t o  t w o  c la s s e s  : o n  t h e  o n e  h a n d ,  i t  h a s  b e e n  p o s t u l a t e d  t h a t  t h e  m e t a l  
i s  d e p o s i t e d  in  s o m e  p e c u l i a r l y  a c t i v e  f o r m  w h i c h  h a s  a  m o r e  n e g a t i v e  
p o t e n t i a l  t h a n  t h a t  o f  t h e  m e t a l  in  t h e  n o r m a l  s t a b l e  s t a t e ,  w h i l e  o n  t h e  
o t h e r  h a n d ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  t h e  p r o c e s s  o f  i o n i c  d i s c h a r g e  is  
s l o w  a n d  r e q u ir e s  a  c e r t a i n  e n e r g y  o f  a c t i v a t i o n ,  i . e .  a  v i e w  e s s e n t i a l l y  
s im i la r  t o  t h a t  n o w  a d o p t e d  f o r  t h e  n e u t r a l i s a t i o n  o f  h y d r o g e n  i o n s .  
T h e  p r e s e n t  m e t h o d  w o u l d  s e e m  t o  a f f o r d  a  m e a n s  o f  d i s t i n g u i s h i n g  
b e t w e e n  t h e s e  t w o  g e n e r a l  v i e w s .  I f  t h e  o v e r v o l t a g e  i s  d u e  t o  s o m e  
a c t i v e  f o r m  o f  N i ,  t h e n  i t  i s  t o  b e  e x p e c t e d  t h a t  in  t h e  i n i t i a l  b u i l d i n g  u p  
o f  t h e  p o l a r i s a t i o n  t h e  p o t e n t i a l  w i l l  e i t h e r  v a r y  d i s c o n t i n u o u s l y  w i t h  
t h e  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  o r  e l s e  l o g a r i t h m i c a l l y  i f  t h e  a c t i v e  
s u b s t a n c e  f o r m s  a  s o l id  s o l u t i o n  in  t h e  c a t h o d e  s u r f a c e ,  w h i l e  i f  t h e  
p r o c e s s  o f  i o n i c  d i s c h a r g e  i s  s lo w ,  l e a d i n g  t o  t h e  c h a r g i n g  u p  o f  a  d o u b le  
l a y e r  a t  t h e  c a t h o d e  s u r f a c e ,  a  l in e a r  v a r i a t i o n  o f  p o t e n t i a l  w i t h  q u a n t i t y  
o f  e l e c t r i c i t y  p a s s e d  is  t o  b e  a n t i c i p a t e d .

T o  t e s t  t h i s ,  a n  e l e c t r o d e  o f  N i  w ir e  o f  a r e a  1 s q .  c m .  w a s  u s e d  a s  
c a t h o d e  a n d  s o lu t io n s  o f  A n a la r  N i S 0 4 i n  a  b u f fe r  m i x t u r e  o f  0 - 5  N .- s o d iu m  
a c e t a t e  +  o - 5 X .- a c e t ic  a c id  ( a p p r o x .  p u  4 -6 ) e m p lo y e d  a s  c a t h o l y t e .  T h e  
a n o d e  w a s  o f  p l a t i n u m  f o i l  a n d  t h e  a n o l y t e  w a s  d i l u t e  s u lp h u r ic  a c id .  
P r io r  t o  e a c h  o b s e r v a t io n ,  t h e  a ir  i n  t h e  c a t h o d e  c h a m b e r  w a s  d i s p la c e d  
b y  a  c u r r e n t  o f  h y d r o g e n  ; s t e a d y  e l e c t r o l y s i s  w a s  t h e n  c a r r ie d  o u t  fo r  
t w o  m i n u t e s  a t  t h e  c u r r e n t  d e n s i t y  t o  b e  u s e d  s u b s e q u e n t l y ,  a n d  f in a l ly  
t h e  p u l s a t i n g  c u r r e n t  w a s  s w i t c h e d  o n  a n d  t h e  o s c i l l o g r a p h  t r a c k  o b s e r v e d .  
S o m e  o f  t h e  r e s u l t s  o b t a in e d  a r e  s h o w n  i n  F i g .  4  ( P l a t e  V ) . I n  F i g .  4 A i s  
s h o w n  t h e  p o la r i s a t io n  g r a p h  u s i n g  a  c u r r e n t  d e n s i t y  o f  i o - 3  a m p . / s q .  c m .  
w i t h  a  x . - N iS O . ,  s o lu t io n ,  t h e r e  b e in g  a  4 4 F. c o n d e n s e r  i n  s e r i e s  w i t h  t h e  c e l l .  
T h e  t r a c k  o n  t h e  o s c i l l o g r a p h  s c r e e n  w a s  v e r y  s t e a d y  a n d  s h o w e d  l i t t l e  
s i g n  o f  d e c a y  e v e n  o n  a d m i t t i n g  o x y g e n  t o  t h e  c e l l .  I t  i s  t o  b e  n o t e d  t h a t  
t h e  g r a p h  i s  a c c u r a t e l y  l in e a r  u p  t o  a  p o t e n t i a l  o f  a b o u t  — 0 - 4  V . ,  w h e r e  i t  
b e g in s  t o  r o u n d  o ff ,  t h e  p o t e n t i a l  t h e n  a p p r o a c h in g  a s y m p t o t i c a l l y  a

5 S c h w e itz e r , Z. Elektrochem., 1 9 0 9 , 15, 6 0 2  ; S c h ild b a c h , ibid., 1 9 1 0 , 16, 9 6 7  ; 
F o e r ste r , Abh. Bunsen-Ges., 1 9 0 9 , N o .  2  ; G la s s to n e , J .C .S ., 1 9 2 6 , 2 8 8 7 .

6 G la s s to n e , loc. cit.s
'  F o e r ste r  a n d  G eo r g i, Z. physikal. Chem., Bodenstein Festband, 1 9 3 1 , 5 4 3 .
s S e e , fo r  e x a m p le , L e  B la n c , Trans. Faraday Soc. Soc., 1 9 1 4 , 9, 2 5 1  ; F o e r ste r ,  

Z. Elektrochem., 1 9 1 6 , 22, 8 5  ; S m its ,  Trans. Faraday Soc., 1 9 2 4 , 19, 7 7 2  ; 
K o h ls c h iit te r ,  Trans. Atner. Electrochem. Soc., 1 9 2 4 , 45, 2 2 9  ; G la s s to n e , loc. cit.5 ; 
T h o n , Cornptes rendus, 1 9 3 3 , 1 9 7 , 1 3 1 2 .
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c o n s t a n t  v a l u e  o f  r a t h e r  l e s s  t h a n  — 0 - 5  V .  T h e  e f f e c t  o f  v a r i a t i o n  o f  
c u r r e n t  d e n s i t y  i s  s h o w n  in  F i g .  413, w h ic h  w a s  o b t a i n e d  w i t h  c u r r e n t s  o f  
2 , 1 a n d  0 - 5  x  1 0 ” 3 a m p .  s e v e r a l ly ,  o t h e r  c o n d i t i o n s  b e i n g  a s  b e f o r e .  T h e  
g e n e r a l  f e a t u r e s  o f  t h e  g r a p h s  a r e  t h e  s a m e ,  b u t  w i t h  d e c r e a s in g  c u r r e n t  
d e n s i t y  t h e  s lo p e  o f  t h e  l in e a r  p o r t io n  b e c o m e s  r a t h e r  l e s s  a n d  t h e  u l t i m a t e  
p o t e n t i a l  a t t a i n e d  i s  s l i g h t l y  lo w e r e d .  D e c r e a s e  o f  t ir e  N i  i o n  c o n c e n t r a ­
t i o n  d o e s  n o t  a f f e c t  t h e  g e n e r a l  f o r m  o f  t h e  g r a p h ,  b u t  t h e  s lo p e  o f  t h e  
l in e a r  p o r t io n  i s  in c r e a s e d ,  a s  i s  s h o w n  i n  F i g .  4 c ,  w h i c h  w a s  o b t a i n e d  w i t h  
a  o - i x . - N i S 0 4 s o l u t i o n  a n d  a  c u r r e n t  d e n s i t y  o f  1 0 - 3 a m p . / s q .  c m .

T h e  r e s u l t s  i n d i c a t e  q u i t e  c o n c l u s i v e l y  t h a t  t h e  e s s e n t i a l  p r o c e s s  
r e s p o n s ib le  f o r  o v e r v o l t a g e  in  t h e  d e p o s i t i o n  o f  N i  l e a d s  t o  a  l in e a r  
v a r i a t i o n  o f  p o t e n t i a l  w i t h  q u a n t i t y  o f  e l e c t r i c i t y  p a s s e d  u p  t o  t h e  p o i n t  
a t  w h i c h  m e t a l  c o m m e n c e s  t o  s e p a r a t e ,  a n d  t h i s  i s  in  c o n f o r m i t y  w i t h  
t h e  v i e w  t h a t  t h e  p o l a r i s a t i o n  i s  d u e  t o  a  s l o w n e s s  o f  i o n i c  d is c h a r g e  
l e a d i n g  t o  t h e  c h a r g in g  u p  o f  a  d o u b le  l a y e r  a t  t h e  c a t h o d e .  T h e  
c a p a c i t y  o f  t h i s  d o u b l e  l a y e r  c a n  b e  r e a d i l y  e v a l u a t e d  f r o m  t h e  o s c i l l o ­
g r a m s ,  a n d  i s  f o u n d  t o  b e  4 3 0 - 4 7 0  /a F .  p e r  s q .  c m .  f o r  a  N . - N i S 0 4 s o l u t i o n  
e l e c t r o l y s e d  a t  c u r r e n t  d e n s i t i e s  o f  2  X  I 0 ~ 3 t o  0 - 5  X  IO - 3  a m p . / s q .  c m .  
T h e  p r e c i s e  p h y s i c a l  s i g n i f i c a n c e  o f  a  d o u b l e  l a y e r  o f  s o  h i g h  a  c a p a c i t y  
c a n n o t  b e  a s s e s s e d  w i t h o u t  a c c u r a t e  d a t a  o n  t h e  a c c e s s i b l e  a r e a  o f  n i c k e l  
u n d e r  t h e  c o n d i t i o n s  o f  e x p e r i m e n t .

S u m m a r y .

1 . A  n e w  m e t h o d  o f  s t u d y i n g  t h e  r a t e  o f  g r o w t h  o f  p o la r i s a t io n  p o t e n ­
t i a l s  i s  d e s c r ib e d  w h i c h  g i v e s  a  s t a t i o n a r y  im a g e  o n  t h e  s c r e e n  o f  a  c a t h o d e  
r a y  o s c i l lo g r a p h  s h o w in g  d i r e c t l y  t h e  v a r i a t i o n  o f  p o t e n t i a l  w i t h  q u a n t i t y  
o f  e l e c t r i c i t y  p a s s e d .

2 . T h e  m e t h o d  h a s  b e e n  t e s t e d  b y  a p p l y i n g  i t  t o  t h e  s t u d y  o f  t h e  g r o w t h  
o f  h y d r o g e n  o v e r v o l t a g e  a t  a  m e r c u r y  s u r f a c e ,  a n d  r e s u l t s  i n  g e n e r a l  c o n ­
f o r m i t y  w i t h  t h o s e  o f  p r e v io u s  w o r k e r s  h a v e  b e e n  o b t a in e d .

3 . T h e  g r o w t h  o f  o v e r v o l t a g e  i n  t h e  d e p o s i t i o n  o f  n i c k e l  h a s  b e e n  
s t u d i e d ,  a n d  i t  i s  f o u n d  t h a t  t h e  p o t e n t i a l  v a r ie s  l i n e a r ly  w i t h  q u a n t i t y  
o f  e l e c t r i c i t y  p a s s e d ,  u p  t o  t h e  p o i n t  a t  w h ic h  s e p a r a t io n  o f  m e t a l  b e g in s .  
T h e  r e s u l t s  s u p p o r t  t h e  v i e w  t h a t  t h i s  t y p e  o f  p o l a r i s a t i o n  i s  d u e  t o  s lo w n e s s  
o f  t h e  d i s c h a r g e  o f  t h e  m e t a l l i c  io n s .

T h e  a u t h o r ’s  b e s t  t h a n k s  a r e  d u e  t o  M r. J .  H .  B r u c e  f o r  m a n y  
h e l p f u l  s u g g e s t i o n s .

C h e m ic a l  D e p a r t m e n t ,
U n i v e r s i t y  C o lle g e ,

L e ic e s te r .



S Y S T E M A T IC S  O F  B A N D - S P E C T R A L  C O N S T A N T S .  
P A R T  V .*  I N T E R R E L A T I O N  O F  D IS S O C IA T IO N  
E N E R G Y  A N D  E Q U IL IB R IU M  I N T E R N U C L E A R  
D IS T A N C E  O F  D I-A T O M S  IN  G R O U N D  S T A T E S .

B y  C . H .  D o u g l a s  C l a r k .

{ R e c e iv e d  2 5 th  S e p te m b e r ,  1 9 3 9 .)

1 .  I n t r o d u c t i o n .

A t t e m p t s  a r e  m a d e  in  t h e  p r e s e n t  c o m m u n i c a t i o n  t o  f in d  r e l i a b l e  
m e a n s  o f  c a l c u l a t i n g  t h e  d i s s o c i a t i o n  e n e r g i e s  o f  d i - a t o m s  in  g r o u n d  
s t a t e s .  I n  t h e  p r e s e n t  i n c o m p l e t e  s t a t e  o f  t h e  q u a n t u m - m e c h a n i c a l  
d e v e l o p m e n t s ,  t h e  a u t h o r  h a s  c o n f in e d  h i m s e l f  t o  e m p ir i c a l  m e t h o d s .  
T h e  a r g u m e n t  i s  n e c e s s a r i l y  b a s e d  u p o n  a  l i m i t e d  n u m b e r  o f  e x p e r i ­
m e n t a l  v a l u e s ,  w h i c h  a p p e a r ,  h o w e v e r ,  t o  b e  k n o w n  w i t h  c o n s id e r a b le  
c e r t a i n t y .  K n o w l e d g e  o f  g r o u n d  s t a t e  d i s s o c i a t i o n  e n e r g i e s  in  c o n ­
j u n c t i o n  w i t h  e x c i t a t i o n  e n e r g i e s  m a y  f a c i l i t a t e  t h e  c a l c u l a t i o n  o f  
d i s s o c i a t i o n  e n e r g i e s  f r o m  e x c i t e d  s t a t e s .  T h e  f i r s t  p a r t  o f  t h e  p a p e r  
d e a l s  w i t h  n o n - h y d r i d e s  : in  s e c t i o n  5  h y d r i d e s  a r e  c o n s id e r e d .

D i s s o c i a t i o n  e n e r g y  D  i s  e x p r e s s e d  in  v o l t s ,  n o  d i s t i n c t i o n  b e i n g  
m a d e  b e t w e e n  D e a n d  D 0 ( f r o m  t h e  z e r o  v i b r a t i o n a l  l e v e l ) .

E x p r e s s i o n s  f o r  D  p r e v i o u s l y  s u g g e s t e d  v a r y  a c c o r d i n g  t o  t h e  f o r m  
c h o s e n  f o r  t h e  p o t e n t i a l  e n e r g y - n u c l e a r  d i s t a n c e  f u n c t i o n .

M o r s e ,1 u s i n g  h i s  e x p o n e n t i a l  f u n c t i o n ,  o b t a i n e d  t h e  r e l a t i o n

D —  1 - 2 3  X  IO - 4  cuc2 / ( 4 a>care) ,  . . . ( 1 )

w h e r e  w e, a>ex e a r e  i n  c m . - 1 . I t  a p p e a r s  t h a t  t h e  e s t i m a t e s  o f  D  u s i n g  
t h i s  e x p r e s s i o n  t e n d  t o  b e  t o o  h ig h  w h e r e  c o m p a r i s o n  w i t h  e x p e r i m e n t  
i s  p o s s i b l e .

H u g g i n s 2 u s e d  a  m o d i f i e d  M o r s e  p o t e n t i a l  e n e r g y  f u n c t i o n ,  a n d  
o b t a i n e d  a  p a r t l y  e m p ir i c a l  r e l a t i o n  w h i c h  m a y  b e  w r i t t e n

D  =  7 - 4  x  i o - W < u 42 / [ ( 3 3  +  o -72M o ex e) i  -  7 ] ,  . ( 2 )

w h e r e  M  =  A  A '  ¡ { A  -f -  A ' ) ,  A  a n d  A '  b e i n g  t h e  w e i g h t s  o f  t h e  t w o  
a t o m s  c o n c e r n e d  ( 0  =  1 6 ) .  T h i s  r e l a t i o n  t e n d s  t o  g i v e  l o w e r  a n d  g e n e r ­
a l l y  m o r e  a c c u r a t e  v a l u e s  o f  D  t h a n  ( 1 ) ,  b u t  i t  a p p l i e s  o n l y  t o  m o l e c u l a r  
g r o u p s  n  =  8  t o  1 4  i n  t h e  K K  p e r io d ,  w h e r e  t h e  a v e r a g e  e r r o r  i n  D  i s  
0 - 7  v o l t .

S u t h e r l a n d  3 h a s  m o r e  r e c e n t l y  u s e d  a  p o t e n t i a l  f u n c t i o n  i n v o l v i n g  
i n v e r s e  p o w e r s  o f  r, a n d  h a s  d e d u c e d  a  r e l a t i o n  w h i c h  m a y  b e  w r i t t e n  in  
t h e  f o r m

D  =  3 - 6 8  X  1 0 • • • (3 )

w h e r e  r e i s  e q u i l i b r i u m  in t e r n u c l e a r  d i s t a n c e  i n  a ,  a n d  p  i s  t h e  p r o d u c t  
o f  t h e  a t t r a c t i o n  a n d  r e p u l s io n  e x p o n e n t s  o f  r in  t h e  p o t e n t i a l  f u n c t i o n .

* P a r t s  I ,  I I  a n d  I I I  a re  in  th e s e  T r a n s a c tio n s ,  1 9 3 7 , 3 3 , 1 3 9 0 , a n d  P a r t  I V ,  
1 9 3 8 , 3 4 ,  1 3 2 4 -

1 P . M . M orse , P h y s ic .  R e v .,  1 9 2 9  (ii), 3 4 , 5 7 .
2 M . L . H u g g in s , J .  Chem. P h y s ic s ,  1 9 3 5 , 3 , 4 7 3  ; 1 9 3 6 , 4, 3 0 S.
3 G . B .  B .  M . S u th e r la n d , P r o c . I n d .  A c a d .  S c i. ,  1 9 3 8 , 8 , 3 4 1 .
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T h e  v a l u e  o f  S u t h e r l a n d ’s  p r o d u c t  i s  a p p r o x i m a t e l y  t h e  s a m e  f o r  d i ­
a t o m s  o f  s im i la r  e l e c t r o n  s t r u c t u r e  i n  g r o u n d  s t a t e s .

T h e  p r e s e n t  a u t h o r ,  in  a  p r e l i m i n a r y  n o t e , 4 h a s  s u g g e s t e d  t h e  
r e l a t i o n

D  =  k l ( r * n i ) ........................................................................ (4 )

w h e r e  n  i s  t h e  g r o u p  n u m b e r  o f  a  n o n - h y d r i d e  d i - a t o m ,  a n d  k  i s  i t s  p e r io d  
o r  s u b - p e r io d  d i s s o c i a t i o n  c o n s t a n t .  T h i s  r e l a t i o n  a l s o  a p p l i e s  o n l y  t o  
g r o u n d  s t a t e s .

C o m p a r in g  (4 ) w i t h  t h e  M o r s e - C la r k  f o r m u la  ( s e e  P a r t  I V ) ,  i t  a p p e a r s  
t h a t  p r o p o r t i o n a l i t y  b e t w e e n  a>c a n d  D  i s  i n v o l v e d .  I f  w e  c a l c u l a t e  
D  f r o m  t h e  r e l a t i o n  D  =  01^/3 1 3 , h o w e v e r ,  a n  a v e r a g e  e r r o r  o f  1 7  p e r  
c e n t ,  i s  f o u n d  f o r  t h e  t e s t  c a s e s  L iL i ,  N N  a n d  0 0 ,  w h e r e a s  (4 ) g i v e s  
o n l y  0 - 4  p e r  c e n t .  T h e  c o n s t a n t  in  t h e  M o r s e - C la r k  f o r m u la  i s  s l i g h t l y  
d i f f e r e n t  f o r  L iL i  ( s s  t y p e )  f r o m  t h a t  f o r  N N  a n d  0 0  [ p p  t y p e ) ,  s o  t h a t  
c o n s t a n c y  o f  o je / D  w i l l  n o t  b e  e x a c t .  M o r e o v e r ,  t h e  M o r s e - C la r k  c o n ­
s t a n t  t a k e s  a  d i f f e r e n t  v a l u e  f o r  d i - a t o m  io n s  i n  a  g i v e n  p e r io d .  O u t  o f  
a  c o n s i d e r a b l e  v a r i e t y  o f  r e l a t i o n s  w h i c h  h a v e  b e e n  t r ie d ,  (4 ) a p p e a r s  
t o  b e  t h e  b e s t ,  a n d  i t  i s  a l s o  i n  c o n f o r m i t y  w i t h  t h e  p r e v i o u s  f i n d i n g  
t h a t  D r  3 i s  c o n s t a n t  f o r  c a r b o n - c a r b o n  l i n k a g e s . 5’ 6

2 .  S y m m e t r i c a l  ( E l e m e n t a r y )  D i - a t o m s  o f  t h e  K K  P e r i o d .

T a b l e  I  s h o w s  t h e  r e s u l t s  o f  c a l c u l a t i o n  o n  t h r e e  e l e m e n t a r y  d i - a t o m s  
o f  t h e  K K  p e r io d ,  w h o s e  D  v a l u e s  a p p e a r  t o  b e  a c c u r a t e l y  d e t e r m in e d .

T A B L E  I .

Di­ M. Te. “e. oieXg. D w„/D.
Calculated Values.

atom. (expt.).
O ff). D (2). P Í3Í- *(4). 0 (4 ).

L iL i  . 
N N  . 
O O  .

2
1 0
12

3 ‘5
7
8

2 ’6 7 0
1-094
1 -2 0 4

3 5 1 -4
2 3 5 9 -6
I5 8 0 -3

5 - iS
1 4 -4 4
11-99

1 1 4
7-3 5
5 0 9

3 0 8
3 2 1
3 1 1

0 -7
X l-9

6 -4
8 -7
4-8

9-9
23-4
2 0 -9

3 0 -7
3 0 -4
3 0 -8

I - I 4
7 3 9
5 0 6

D  c a l c u l a t e d  b y  ( 1 ) d o e s  n o t  g i v e  s a t i s f a c t o r y  a g r e e m e n t  w i t h  e x p e r i ­
m e n t ,  w h i l s t  D ( 2 ) i s  c lo s e r  f o r  N N  a n d  0 0 .  S u t h e r l a n d ’s  p  s e p a r a t e s  
t h e  c a s e s ,  p ( L i L i )  b e i n g  d i f f e r e n t ,  w h i l s t  p ( N N )  >  p { 0 0 ) .  T h e  f u n c t i o n  
k  =  D r 3n i  i s  s e n s i b l y  c o n s t a n t ,  g i v i n g  m e a n  k  =  3 0 -6 , w h ic h  t h e r e ­
f o r e  g i v e s  v e r y  g o o d  v a l u e s  o f  D ( 4 ).

F o x  a n d  M a r t in  6 f in d  p  =  2 0 - 7  f o r  C C  l in k s ,  c l o s e  t o  p ( 0 0 )  =  2 0 -9 . 
T a b l e  I I  s h o w s  c a l c u l a t e d  v a l u e s  o f  D  f o r  F F  a n d  C C , a s s u m i n g  
p ( F F )  =  2 0 7 .

T A B L E  I I .

Calculated Values.
Di-atom. ». M. r,. “ t. k.

D ( t). D (  3). D U )-

CC . 8 6 1-31 1 6 4 1 -6 — 3 0 -6 — 4 -9 4 -8

F F . 1 4 9-5 I "337 1 0 8 1 8 9-9 3 0 -6 3-6 3 5 3 5

4 C. H . D .  C lark , Nature, 1 9 3 9 , 144, 2 8 5 . 5 Ibid., 143, 8 0 0 .
6 J . J . F o x  a n d  A . E .  M a rtin , J .  Chem. S o c ., 1 9 3 9 . 8 8 4 .
7 C. H . D . C lark , Nature, 1 9 3 4 , 99> *34-
8 C. H . D . C lark , Trans. Faraday S o c ., 1 9 3 5 , 31, 5 8 5 .



3/2 SYSTEMATICS OF BAND-SPECTRAL CONSTANTS
T h e  a g r e e m e n t  b e t w e e n  D ( 3 ) a n d  £>(4 ) i s  s a t i s f a c t o r y  in  t h e  t w o  

c a s e s .  T h e  m e a n  v a l u e  £ ) ( C C ) =  4 - 8 5  i s  l o w e r  t h a n  M u l l ik e n ’s  e s t i m a t e , 9 

5 -5 , w h i c h  i s  u n c e r t a i n .  £ > (F F )  =  3 - 5  a g r e e s  f a i r l y  w e l l  w i t h  D e s a i ’s  
t h e r m a l  v a l u e ,10  3 - 3  ¿ o - i .  T h e  h ig h e r  f ig u r e  i s  s u p p o r t e d  b y  t h e  v a l u e  
f r o m  M o r s e ’s  e q u a t i o n  £>( 1) =  3 -6 . M o r s e ’s  e q u a t i o n  g i v e s  a  g o o d  
f i t  f o r  C1C1, b u t  g i v e s  e r r o r s  in c r e a s i n g  f r o m  B r B r  t o  I I ,  s o  i t  m a y  a p p l y  
t o  F F .

3 .  S u t h e r l a n d ’s  P r o d u c t  a s  a  P e r i o d i c  F u n c t i o n .

T h e  r e s u l t s  o f  t h e  p r e c e d i n g  s e c t i o n  s u g g e s t  t h a t  S u t h e r l a n d ’s  p r o d u c t  
p ,  w h i l s t  c l o s e l y  a l i k e  f o r  d i - a t o m s  o f  s im i la r  c o n f ig u r a t io n ,  v a r i e s  
s o m e w h a t  f o r  a  g i v e n  c o n f i g u r a t i o n a l  t y p e  w i t h  g r o u p  n u m b e r .  A m o n g s t  
t h e  s y m m e t r i c a l  d i - a t o m s  o f  K K p p  t y p e ,  i t  w o u l d  a p p e a r  t h a t  p  r e a c h e s  
a  m a x i m u m  f o r  n  —  1 0 , in  c o m m o n  w i t h  o t h e r  s p e c t r o s c o p i c  f u n c t i o n s  
a>e a n d  k e ( b o n d  c o n s t a n t ) . 11 T h i s  v i e w  a p p e a r s  s o m e w h a t  s t r e n g t h e n e d  
w h e n  a t t e n t i o n  i s  p a id  t o  u n s y m m e t r i c a l  K K  d i - a t o m s  a n d  t o  K K +  
d i - a t o m  i o n s .

F r o m  e q u a t i o n s  (3 ) a n d  ( 4 ) w e  h a v e

p k  —  3 - 6 8  X  i o - 6M w e\ Bn i ,  . . . ( 5 )

w h i c h ,  s i n c e  k e c c M c o e2, i s  e s s e n t i a l l y  a  f u n c t i o n  o f  k e , r e a n d  11. V a l u e s  
o f  p k  a r e  : N N  7 1 1 , C O  6 9 2 , a n d  C N  6 6 7 . I f  p  =  2 0 - 7  f o r  C O  a n d  C N ,  
k  —  3 3 - 4  a n d  3 2 - 3  r e s p e c t i v e l y ,  v a l u e s  g r e a t e r  t h a n  t h e  a b o v e  K K  
c o n s t a n t  3 0 - 6  ; b u t  i f  p ( C O ) =  p ( N N )  =  2 3 -4 , k ( C O )  =  2 9 -6 . ( T h e  r e ­
m a i n i n g  d i s c r e p a n c y  m a y  i n d i c a t e  a  f u r t h e r  v a r i a t i o n  o f  p  w i t h  s u b ­
g r o u p ,  N N  b e i n g  in  t h e  1 0 5  a n d  C O  i n  t h e  1 0 b  s u b - g r o u p  o f  t h e  
c l a s s i f i c a t i o n ,12 b u t  t h i s  p o s s i b l e  r e f in e m e n t  i s  n o t  a t  p r e s e n t  t a k e n  i n t o  
a c c o u n t ) .  W e  s h a l l  s t u d y  t h e  e f f e c t  o f  a  c o n t i n u o u s  v a r i a t i o n  o f  p  
w i t h  n  i n  t h e  K K  a n d  K K +  p e r io d s  f o r  p p  t y p e  d i - a t o m s ,  t a k i n g  p  =  2 1 - 5  

i n  g r o u p s  9  a n d  I I  o n  e a c h  s i d e  o f  t h e  m a x i m u m ,  a n d  s o  o b t a i n i n g  t h e  
£ 1(3 ) v a l u e s  o f  T a b l e  I I I .  T h e  v a l u e s  o f  £>(4 ) a r e  o b t a i n e d  b y  k e e p i n g  
k  =  3 0 - 6  f o r  a l l  c a s e s ,  a n d  c a l c u l a t e d  v a l u e s  £>( 1 ) a n d  D ( 2 ) a r e  i n c l u d e d  
f o r  c o m p a r i s o n .  £ > (J )  a n d  -D (S ) r e f e r  t o  e s t i m a t e s  q u o t e d  b y  J e v o n s  13 

a n d  S p o n e r  14 r e s p e c t i v e l y ,  t h e  v a l u e s  in  b r a c k e t s  b e i n g  g e n e r a l l y  l e s s  
r e l ia b le .

T A B L E  I I I .

D i-a t o m B eO B e F B O C O + C N N N + CO N O o o +
n S 9 9 9 9 9 1 0 11 11
S u b -g r o u p  . c c b b a a b a a
D (  1) . 5 -3 5 ’4 9-3 1 0 -0 100 9'3 1 0 -9 7 .7 6 -6
D (  2 ) . 4 '6 4 '7 7 -2 7 '5 7-6 6 -9 8 -2 5-7 4 -3
£>(3) ■ 4 -0 3 ' 1 5 -7 ? ! 6 -5 7 - 2 6-5 6-1 6-3
-0 (4 ) • 4 -6 4-1 5 ’9 7 4 6 4 7 '4 6 7 6-1 6 -2
-D(J) . — (6 -0 ) (6 -6 ) 7-1 — 6 -8 ( io -o ) (6 -1) 6 -2
£>(S) . (5-3)

~

6 -7 6-3 (9-6) 5 ’3 6 -4

8 R . S . M u llik en , R e v . M o d . P h y s ic s ,  1 9 3 2 , 4 , 1 .
10 M . S . D c s a i,  P r o c . R o y .  S o c ., A ,  1 9 3 2 , 1 3 6 , 7 6 .
11 C. H . D . C lark , P r o c . L e e d s  P h i l .  S o c .,  1 9 3 5 , 3 , 2 6 .
12 C. H . D , C la rk , T r a n s .  F a r a d a y  S o c .,  1 9 3 5 , 3 1 , 1 0 1 7 .

13 W . J e v o n s ,  R e p o r t  cm B a n d -S p e c tr a  o f  D ia to m ic  M o le c u le s  ( A p p e n d ix  I I . ) ,  
1 9 3 2 , C am b . U n iv .  P r e ss .

14 H . S p o n e r , M o le k ü lsp e k tr e n  u n d  ih re  A n w e n d u n g  a u f  ch em isch e  P ro b lem e .  
I .  T a b e lle n ,  1 9 3 5 , B e r lin , J u l iu s  S p r in g er .
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A s  p r e v i o u s l y  n o t i c e d ,  D ( i )  t e n d s  t o  g i v e  r a t h e r  t o o  h i g h  v a l u e s ,  
a n d  £>(2 ) i s  o b s e r v e d  t o  b e  s m a l l e r  t h a n  £ > ( i ) .  D ( 2) i n v o l v e s  a n  e m ­
p ir i c a l  f a c t o r  2 o f  0 -8 , w h i c h  m a y  n o t  a l w a y s  b e  s u i t a b l e ,  b u t  t h e  r e s u l t s  
a r e  p r o b a b l y  n e a r e r  t h e  t r u t h  t h a n  t h o s e  o f  D ( i ) .  O n  t h e  o t h e r  h a n d ,  
t h e  g e n e r a l l y  s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  ¿ ( 3 ) a n d  £>(4 ) p r e v i o u s l y  
f o u n d  f o r  C C  a n d  F F  in  t h i s  p e r io d  i s  m a i n t a i n e d .  I t  i s  n o t e w o r t h y  
t h a t  B e O  a n d  B e F  g i v e  p o o r  a g r e e m e n t ,  b u t  s i n c e  t h e s e  d i - a t o m s  a r e  
o f  s p  t y p e ,  i t  a p p e a r s  t h a t  a  d i f f e r e n t  v a l u e  o f  p  s h o u l d  b e  u s e d  in  
c a l c u l a t i n g  £>(3 ).

C o m p a r in g  t h e  r e s u l t s  w i t h  t h e  e s t i m a t e s  £ > (J )  a n d  -D (S ) b a s e d  u p o n  
e x p e r i m e n t a l  d a t a ,  t h e  m e a n  o f  D ( 3 ) a n d  D ( 4 ) a g r e e s  s a t i s f a c t o r i l y  
f o r  C 0 + , 0 0 +  a n d  C N , l e s s  w e l l  f o r  N N +  a n d  N O .  T h e r e  i s  s t r i k i n g  
d i v e r g e n c e  in  t h e  c a s e  o f  C O , b u t  h e r e  t h e  d i s s o c i a t i o n  e n e r g y  is  s t i l l  
u n c e r t a i n ,  i n  s p i t e  o f  e x t e n s i v e  d i s c u s s i o n  o f  t h e  d a t a .15 I t  a p p e a r s  
w e l l  e s t a b l i s h e d  t h a t  i f  t h e  d i s s o c i a t i o n  o f  b o t h  C N  a n d  C O  is  i n t o  
u n e x c i t e d  a t o m s ,  £> (C O ) s h o u l d  b e  g r e a t e r  t h a n  £ > (C N ) b y  a b o u t  3 - 2  

v o l t s .  A l l  t h e  f o u r  m e t h o d s  o f  c a l c u l a t i o n  u s e d  i n  c o m p i l i n g  T a b l e  I I I ,  
h o w e v e r ,  a g r e e  in  m a k i n g  t h e  d i f f e r e n c e  m u c h  s m a l l e r  t h a n  t h i s .  I t  
m a y  b e  p o i n t e d  o u t  t h a t  a  d i f f e r e n c e  o f  3 - 2  i s  i n c o m p a t i b l e  w i t h  e v e n  
a p p r o x i m a t e  e q u a l i t y  o f  £ ( C N )  a n d  p { C O ). T h e  d i f f i c u l t y  m i g h t  b e  
r e s o l v e d  i f  C N  d o e s  n o t  d i s s o c i a t e  f r o m  t h e  g r o u n d  s t a t e  i n t o  n o r m a l  
a t o m s .

T a b l e  I I I  f u r t h e r  s u g g e s t s  t h a t  t h e  p e r i o d i c i t y  o f  d i s s o c i a t i o n  e n e r g i e s  
f o l l o w s  a  p l a n  s im i la r  t o  t h a t  p r e v i o u s l y  f o u n d  f o r  f u n d a m e n t a l  v i b r a t i o n  
f r e q u e n c i e s , 11 w i t h  m a x i m u m  v a l u e s  i n  g r o u p  X ,  a n d  d e c r e a s in g  v a l u e s  
w i t h  i n c r e a s i n g  s u b - g r o u p  a s y m m e t r y  : t h u s  D ( C N ) >  £ > ( B 0 )  >  £ > (B e F )  
in  s u b - g r o u p s  I X a ,  I X b  a n d  I X c  r e s p e c t i v e l y .  T h i s  w o u l d  s u g g e s t  
D ( C O ) <  £ > ( N N ) ,  w h i c h  h a s  n o t  b e e n  s o  f a r  p r o v e d  b y  e x p e r i m e n t .  
A p a r t  f r o m  s o m e  u n c e r t a i n t y ,  t h e  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  a n d  
t h e  m o s t  r e l i a b le  e x p e r i m e n t a l  e s t i m a t e s  m a y  b e  j u d g e d  g e n e r a l l y  
s a t i s f a c t o r y .  T h e  m e t h o d s  a d o p t e d  a f f o r d  c o n s i d e r a b l e  s y s t e m i s a t i o n  
o f  t h e  d a t a  o n  t h e  r e l a t e d  d i - a t o m s  o f  t h e  K K  a n d  K K +  p e r io d s ,  a n d  
p r o v i d e  e v i d e n c e  o f  t h e  s u g g e s t e d  p e r i o d i c i t y  o f  S u t h e r l a n d ' s  p r o d u c t .

T h e  a b o v e  c o n s i d e r a t i o n s  a p p e a r  l a r g e l y  u p h e ld  b y  s im i la r  c a l c u l a ­
t i o n  i n  t h e  K L  a n d  L K  p e r io d s  o n  p p  t y p e  d i - a t o m s ,  w h e r e  w e  h a v e  
t h e  e x p e r i m e n t a l  r e s u l t  £ > ( S 0 )  =  5 -0 5 3 . T h i s  w i t h  r e —  1 - 4 8 9  g i v e s  
p { 3 ) =  2 1 -8 , a n d  £ ( 4 ) =  5 7 -8 . I f  w e  k e e p  k  c o n s t a n t  a n d  a s s u m e  a  
s i m i l a r  p e r io d ic  v a r i a t i o n  o f  p  w i t h  n  t o  t h a t  u s e d  in  t h e  K K  p e r io d ,  
w e  o b t a i n  T a b i c  I V .  W e  t a k e  p  —  2 4 - 3  f o r  n  = 1 0 , p  =  2 2 - 4  f o r  
n  —  9  a n d  1 1 , w i t h  t h e  a b o v e  p  —  2 1 - 8  f o r  n  —  1 2 .

T A B L E  IV .

D i-a t o m A lO C P S iN CS SiO P N P O
G ro u p 9 9 9 1 0 1 0 xo 11
S u b -g r o u p  . b a a b b s a
-0 (3 ) • 4-1 5 3 5 0 5  1 5 4 5-8 5 5
D<4) . 4 -6 5 1 5 0 5-1 5-4 5-6 5-8

T h e  a g r e e m e n t  b e t w e e n  D ( 3 ) a n d  £>(4 ) i s  a g a i n  s a t i s f a c t o r y ,  e x c e p t  
in  t h e  c a s e  o f  A 1 0 ,  w h e r e  p e r h a p s  t h e  l e s s  s y m m e t r i c a l  s u b - g r o u p  9 b  
r e q u ir e s  a  l o w e r  p  t h a n  9 a .  S h o u l d  t h e  e x p e r i m e n t a l  D ( S O )  b e  c o r -

15 G . H e r zb er g , C h em . R e v .,  1 9 3 7 , 2 0 , 1 4 5 .
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r e c t e d ,  t h i s  w i l l  a f f e c t  t h e  v a l u e s  o f  £> (3 ) a n d  D ( 4 ) ,  b u t  s i n c e  r a t i o s  o n l y  
a r e  i n v o l v e d ,  i t  w o u l d  a p p e a r  t h a t  t h e  m e a s u r e  o f  a g r e e m e n t  b e t w e e n  
t h e m  w o u l d  r e m a in .

T h e  m e t h o d s  o f  d e r i v a t i o n  o f  £> (3 ) a n d  £>(4 ) a p p e a r  q u i t e  i n d e p e n d e n t ,  
a n d  t h e  p e r i o d i c i t y  o f  p  h a s  n o t  b e e n  s u g g e s t e d  t o  c a u s e  t h e m  t o  a g r e e ,  
b u t  t o  c o n f o r m  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  o f  T a b l e  I . I t  a p p e a r s ,  
h o w e v e r ,  t h a t  a n o t h e r  r e l a t i o n  o f  t h e  f o r m  ( 5 ) i s  i n v o l v e d ,  c o n n e c t i n g  
b o n d  c o n s t a n t  a n d  i n t e r n u c l e a r  d i s t a n c e .4 F o x  a n d  M a r t i n 6 h a v e  
r e a c h e d  s i m i l a r  c o n c l u s i o n s  f o r  C— C  l in k s ,  w h e r e  k cr e5 i s  f o u n d  t o  b e  
c o n s t a n t .  T h i s  m a t t e r  i s  r e c e i v i n g  f u r t h e r  c o n s i d e r a t i o n .

4 .  M o r e  C o m p l e x  N o n - h y d r i d e  D i - a t o m s .

I n  T a b l e  V  w e  h a v e  c a l c u l a t e d  a s  m a n y  v a l u e s  o f  p ( 3 ) a n d  k ( 4) a s  
p o s s i b l e  f r o m  £ > ( e x p t .)  f o r  d i - a t o m s  w h i c h  c o n t a i n  n o  a t o m  o f  t h e  K  
p e r io d .  T h e  v a l u e  o f  £ > (S S ) i s  e i t h e r  3 - 6  o r  3 - 3  a c c o r d i n g  t o  O l s s o n ,1 6 » 17 

w h i l s t  r e =  1 -8 8 . O t h e r  D  v a l u e s  a r e  t a k e n  f r o m  S p o n e r . 14

T A B L E  V .

D i-a t o m N a N a P P S S C1C1 K K B r B r ICI I I
P e r io d L L L L L L L L M M M M N L N N
G ro u p  . 2 1 o s I 2 S 14 2 14 1 4 14
T y p e  . SS p p p p p p s s p p P P p p
r . 3 -0 7 i - 8 8 i -8 8 1 -9 8 3 3 -9 i 2 -2 8 2-315 2 -6 6 0

D (e x p t . ) 0 -7 6 5'OoS 3-6  3-3 2 - 4 6 8 0 -5 1 1 -9 6 1 2 -1 4 3 1-535
p {  3) • 1 3 -3 2 4 - 6 3 0-5  33-3 33-2 iS -5 4 0 - 9 3 2 -0 4 9 -4
* (4 )  • 3 1 *1 i ° 5 - 3 8 2 - 9  7 6 -0 7 2 -0 43-1 8 6 -9 9 9 -4 1 0 8 - i

T a b l e  V  i n d i c a t e s  t h a t  f o r  L L  a n d  h i g h e r  p e r io d s  k ,  l i k e  p ,  b e c o m e s  
s e n s i t i v e  t o  c o n f i g u r a t i o n  t y p e ,  b e i n g  d i f f e r e n t  f o r  t h e  s s  d i - a t o m s  N a N a ,  
K K  f r o m  t h a t  f o r  t h e  p p  c a s e s  C1C1, B r B r  r e s p e c t i v e l y .  A m o n g s t  t h e  
L L p p  c a s e s ,  t h e  £ ( 3 ) v a l u e s  s u p p o r t  £ > (S S ) =  3 - 3  r a t h e r  t h a n  3 -6 , a n d  
p ( P P )  =  2 4 - 6  a p p e a r s  e r r o n e o u s .  F u r t h e r ,  D ( S S )  =  3 - 3  g i v e s  £>(3 ) =  3 3 -3 , 
w h i c h  a g r e e s  w i t h  p ( 3 ) =  3 3 - 2  f o r  C1C1. V a l u e s  o f  £>(4 ) w h i c h  a g r e e  
w i t h  k  —  7 2  a r e  3 * 4 , 3 * 1  f o r  P P ,  S S  r e s p e c t i v e l y .  S i m i l a r l y ,  t a k i n g  
& (S e S e )  =  & (B r B r )  =  8 6 -9 , r e( S e S e )  =  2 - 1 5 ,17  a n d  ¿ ( T e T e )  =  ¿ (1 1 )  =  
1 0 8 *1 , r e ( T e T e )  =  2 -5 9 , 17  w e  o b t a i n  D ( 4 ) e q u a l  t o  2 * 5  a n d  1 * 8  f o r  S e S e  
a n d  T e T e  r e s p e c t i v e l y .  A g a i n ,  r „ (P P )  ■ l i e s  n e a r  r e( S S ) ,  s o  i f  w e  m a y  
t a k e  r „ (A s A s )  =  r e ( S e S e )  =  2 - 1 5 , w i t h  k  =  8 6 -9 , w e  o b t a i n  D [ 4 ) f o r  
A s A s  a s  2 * 8 . T h e  D  v a l u e s  f o u n d  h e r e  f o r  S e S e  a n d  T e T e  a r e  a b o u t  
0 - 5  v o l t  s m a l l e r  t h a n  e a r l i e r  u n c e r t a i n  a s s i g n m e n t s  f o r  t h e s e  c a s e s ,  
w h i l s t  t h e  v a l u e  f o r  A s A s  a g r e e s  w i t h i n  0 ' 2  v o l t  w i t h  t h e  l o w e r  o f  t h e  
t w o  p o s s i b l e  v a l u e s  4 - 0  a n d  2 - 6  f o u n d  b y  A l m y  a n d  K i n z e r . 18

5 .  H y d r i d e  D i - a t o m s .

I t  i s  c h a r a c t e r i s t i c  o f  h y d r i d e  d i - a t o m s  X H  t h a t  t h e  r e d u c e d  a t o m i c  
w e i g h t  M  —  A / ( A  +  1 ) ,  w h e r e  A  i s  t h e  a t o m i c  w e i g h t  o f  X ,  d o e s  n o t

16 E .  O ls so n , N a tu r e ,  1 9 3 6 , 1 3 7 , 7 4 5 .
15 E . O lsso n , T h e  B a n d  S p e c tr a  o f  S u lp h u r , S e le n iu m  a n d  T e l lu r iu m ,  1 9 3 S, 

D is s e r ta t io n ,  S to c k h o lm .
18 G . M . A lm y  a n d  G . D .  K in ze r , P h y s ic .  R e v .,  1 9 3 5 , (ii), 4 7 , 7 2 1 .



C. H. D. CLARK 375

v a r y  g r e a t l y  f o r  s m a l l  c h a n g e s  i n  A ,  a n d  a p p r o a c h e s  u n i t y  a s  A  i n c r e a s e s ,  
w h i l s t  t h e  r e d u c e d  m a s s  ¡x =  1 - 6 5 M  a p p r o a c h e s  t h e  v a l u e  1 -6 5 .

I f  w e  e l i m i n a t e  a>e b e t w e e n  t h e  M o r s e - C la r k  f o r m u l a  ( s e e  P a r t  I V )  
a n d  S u t h e r l a n d ’s  r e l a t i o n  (3 ) ,  w e  o b t a i n  p D r / n  =  3 - 6 8  X  1 0 ~ 6M K 2Qn 
w h e r e  K qr i s  t h e  s u b - p e r io d  c o n s t a n t  o f  t h e  f o r m u la .  I t  t h e n  f o l l o w s  
t h a t  f o r  d i - a t o m s  w h o s e  v a l u e s  o f  p  a n d  M  d o  n o t  d i f f e r  v e r y  g r e a t l y

D  =  l l ( r * n ) , .................................................................... (6 )

w h e r e  I i s  a  s u b - p e r i o d  c o n s t a n t .  T h i s  f o r m u la  m a y  b e  e x p e c t e d  t o  
h o ld  f o r  h y d r i d e s ,  in  p l a c e  o f  (4 ) a p p l i c a b l e  t o  n o n - h y d r i d e s .

I s o t o p i c  d i - a t o m s  h a v e  D  a n d  r e c l o s e l y  a l ik e ,  s o  w e  m a y  e x p e c t  
c o n s t a n c y  o f  I i n  s u c h  c a s e s ,  a l t h o u g h  M  v a r i e s .  U s i n g  B e u t l e r ’s  D  
v a l u e s  19 f o r  H H ,  H D ,  a n d  D D ,  i t  i s  f o u n d  t h a t  I =  2 - 7  f i t s  t h e  t h r e e  
c a s e s ,  a  s m a l l  i n c r e a s e  i n  D  f r o m  H H  t o  D D  b e i n g  a c c o m p a n i e d  b y  a  
s m a l l  d e c r e a s e  in  r c . E q u a t i o n  (4 ) s h o u l d  a l s o  b e  s u i t a b l e  f o r  i s o t o p i c  
f o r m s  o f  n o n - h y d r i d e s .

W e  n e x t  a p p l y  (6 ) t o  t h e  K H  a n d  L H  p e r io d s ,  u s i n g  t h e  D  v a l u e s  
s e l e c t e d  b y  B e r r im a n  a n d  C la r k , 20  b a s e d  o n  c a r e f u l  c o m p a r i s o n  o f  a v a i l ­
a b le  s p e c t r o s c o p i c  a n d  t h e r m a l  e v i d e n c e .  S o m e  o f  t h e  n u m b e r s  m a y  
b e  s u b j e c t  t o  r e v i s io n ,  b u t  s e r v e  a s  a  b a s i s  f o r  d i s c u s s i o n .  I n  T a b l e  V I  
v a l u e s  o f  p ( 3 ) a n d  1(6) a r e  g i v e n .

T A B L E  V I .

Di-atom. Period. 11. Type. D. f*. te • Î(3)- m -

L iH  1 ' 1 S<7 2*47 1-453 1-593* 6-6 3 1 8
B e H 3 1 P a Jr 3 -2 2 1-495 1 -3 4 0 7-8 3 * i
B H 4 J 113-45 1 -5 2 1 1*226 7-4 3 1 2
C H y K H - 5 I 4 -0 1-533 I - I 2 8 -8 3 1 -5
N H 6 . 4 -4 7 1 -5 5 ° 1 -0 4 1 7 -9 3 1 -5
O H 7

piT 1 5 -° 7 1 -5 6 3 0 - 9 7 4 8 -9 31 -9
F H 8 6 -3 6 1 -5 7 8 0 -9 1 5 7 -9 35-7
N a H l ' 2 sa 2 -2 8 1 -5 8 1 i -88 7-5 57
M g H 3*1 p a Jr 1 -4 ° 1 -5 8 5 i-7 3 1 6 -9 38
A 1H L H 4 j 1 3 -1 2 1 -5 9 2 1 -6 4 3 8 -7 91
S iH 5 1 3 -2 7 1-593 1-53 i o -3 9 0
P H 6 pTT 2-74 1-599 1 -4 2 9 I5 -I 6 9
C1H _ 8 _ .4 - 4 ° I -6 0 4 1 -2 7 2 I I -8 9 2

* V a lu e  fo r  L iD .

F r o m  L i H  t o  F H ,  D  a n d  r e m o v e  i n  o p p o s i t e  d i r e c t i o n s ,  w h i l s t  p  
a p p e a r s  s e n s i t i v e  t o  s t r u c t u r a l  c h a n g e ,  a p p a r e n t l y  in c r e a s i n g  s l i g h t l y  
f r o m  sty  t o  p i r  t y p e s .  O n  t h e  o t h e r  h a n d ,  I i s  r e m a r k a b l y  c o n s t a n t  
t h r o u g h o u t  t h e  w h o l e  p e r io d ,  e x c e p t  f o r  F H ,  w h e r e  p e r h a p s  D ( F H ) = 6 - 3 6  

i s  t o o  h i g h .  T h e  M o r s e  f o r m u l a  ( 1 ) g i v e s  t h e  f o l l o w i n g  v a l u e s  o f  D  : 
L i H  2 -6 0 , B e H  3 -5 6 , O H  5 -2 6 , F H  5 -5 2 . T h e s e  n u m b e r s  r u n  w i t h i n  
0 - 3  v o l t  o f  D  f o r  L i H ,  B e H  a n d  O H .  I f  w e  t a k e  D ( F H )  =  5 -5 2 , w e  
h a v e  Z(6 ) =  3 0 -9 , w h i c h  i s  n o t  f a r  f r o m  t h e  m e a n  3 1 - 5  o f  t h e  K H  p e r io d .  
I f  / ( F H )  =  3 1 -5 , w e  h a v e  D ( 6 ) =  5 * 6 2 , w h i c h  in  t u r n  g i v e s  ¿>(3 ) =  8 -9 , 
in  a g r e e m e n t  w i t h  ji> (O H ). A  s e l f - c o n s i s t e n t  s c h e m e  i s  t h u s  o b t a i n e d .

I n  t h e  L H  p e r io d ,  a l t h o u g h  r e f a l l s  c o n t i n u o u s l y  f r o m  N a H  t o  C 1H , 
D  d o e s  n o t  m o v e  c o n t i n u o u s l y  i n  t h e  o p p o s i t e  d i r e c t i o n  a s  i n  t h e  K H  
p e r io d .  T h i s  m a y  s u g g e s t  t h a t  s o m e  o f  t h e  D  v a l u e s  a r e  w r o n g ,  w h i c h

19 H . B e u t le r ,  Z .  physih. Chem., B ,  1 9 3 4 , 2 7 , 2 8 7 .
20 R . W . B er r im a n  a n d  C. H . D . C lark , Proc. Leeds Phil. S o c .,  1 9 3 8 , 3, 4 6 5 .
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a p p e a r s  b o r n e  o u t  b y  t h e  g e n e r a l  i r r e g u l a r i t y  o f  p ( f ) .  T h e  r u n  o f  1(6)  
s u g g e s t s  i t  t o  b e  a  s u b - p e r i o d  f u n c t i o n  d e p e n d i n g  o n  e l e c t r o n  c o n ­
f i g u r a t i o n .  T h e  I v a l u e s  f o r  A 1 H , S i H  a n d  C 1H  l i e  n e a r  t o g e t h e r ,  s u g ­
g e s t i n g  Z =  9 1  f o r  p a  a n d  p a  t y p e s  i n  t h i s  p e r io d ,  i n  w h i c h  c a s e  M g H  
a n d  P H  d o  n o t  f i t .  I f  I =  9 1  f o r  M g H ,  D ( 6) —  3 - 4  a n d  p ( ^ )  =  7 , w h i c h  
f i t s  b e t t e r  t h a n  1 6 - 9  i n t o  t h e  s e q u e n c e ;  s i m i l a r l y ,  l  =  g i  f o r  P H  g i v e s  
D { 6) =  3 -6 4 , p ( 3 ) =  1 1 -3 , w h i c h  l i e s  n e a r  p ( C l H )  =  1 1 -8 . F r o m  N a H  
t o  C 1H , a s  f r o m  L iP I  t o  F H ,  p  a p p e a r s  t o  in c r e a s e  w i t h  i n c r e a s i n g  n .

R e s u l t s  o n  t h e  m e a g r e  d a t a  i n  h i g h e r  h y d r i d e  p e r io d s  a r e  n o t  r e c o r d e d  
i n  d e t a i l ,  b u t  t h e y  t e n d  t o  c o n f ir m  t h e  v a r i a t i o n  o f  I w i t h  e l e c t r o n  t y p e  
in  a  g i v e n  p e r io d .  _ F u r t h e r ,  in  t h e  c a s e  o f  t h e  o n l y  p a ir  ( A g H  a n d  C d H + ) 

o f  a  g i v e n  t y p e  (N H s c r )  f o r  w h i c h  c o m p a r i s o n  i s  p o s s i b l e  t h e  I v a l u e s  
c o i n c i d e .  I n  t h e s e  h i g h e r  p e r io d s ,  t h e  e v i d e n c e  s u g g e s t s  t h a t  p  m a y  
b e  p e r io d ic ,  i n  s u c h  a  w a y  t h a t  a  m a x i m u m  i s  r e a c h e d  i n  e a c h  p e r io d  ; 
t h u s ,  f o r  e x a m p l e ,  p  s h o w s  t h e  f o l l o w i n g  c o r r e s p o n d i n g  s e q u e n c e s  : 
C u P I 9 -5 , Z n H  2 1 7 , B r H  1 3 -4 ; A g H  1 2 -2 , C d H  3 2 -6 , I H  1 6 -4 .

T h e  m o r e  c e r t a i n  p e r io d  d i s s o c i a t i o n  c o n s t a n t s  k  a n d  I a r e  c o l l e c t e d  
in  T a b l e  V I I ,  w h i c h  s h o w s  t h a t  i n  t h e  K K  a n d  K H  p e r io d s  t h e  n u m b e r s  
a r e  i n d e p e n d e n t  o f  s u b - p e r i o d  t y p e .

T A B L E  V I I .

Values of Dre3>î  «  k. Values of Dre*n =  I.

P e r io d K K K L L L H H K H L H
f  SS 3 0 -6 — 3 1 -1 f  Sa 2 -7 3 i-5 57

S u b -p e r io d  t y p e 4 SP 3 0 -6 — — -i p a — 31-5 9 1
I P P 3 0 -6 5 7 '« 7 2 -0 y^p-n 3 i- 5 91

T h e  v i e w s  e x p r e s s e d  i n  t h i s  c o m m u n i c a t i o n  m a y  b e  c a p a b l e  o f  c o n ­
s i d e r a b l e  e x t e n s i o n  a s  t h e  e x p e r i m e n t a l  d a t a  a r e  a u g m e n t e d .  T h e  
w o r k  d e s c r ib e d  i n  t h e  p r e s e n t  a n d  p r e c e d i n g  p a r t  o f  t h i s  s e r i e s  o f  p a p e r s  
a p p e a r s  t o  e m p h a s i s e  t h e  i m p o r t a n c e  o f  g r o u p  n u m b e r  in  i n t e r r e l a t i n g  
s p e c t r o s c o p i c  c o n s t a n t s .

S u m m a r y .

T h e  a p p l i c a b i l i t y  o f  t h e  e m p ir i c a l  r e l a t i o n  k  =  D r c3n i ,  w h e r e  D  i s  
d i s s o c i a t i o n  e n e r g y ,  r c e q u i l ib r iu m  in t e r n u c l e a r  d i s t a n c e ,  n  g r o u p  n u m b e r ,  
a n d  k  a  p e r io d  (o r  s u b - p e r io d )  c o n s t a n t ,  h a s  b e e n  t e s t e d  f o r  n o n - h y d r id e  
d i - a t o m s  i n  g r o u n d  s t a t e s  a n d  c o m p a r e d  w i t h  f o r m u læ  s u g g e s t e d  b y  o t h e r  
a u t h o r s  (M o r se , H u g g i n s ,  S u t h e r la n d ) .  C o n s i s t e n t  r e s u l t s  a r e  o b t a i n e d  
b y  S u t h e r l a n d ’s  a n d  t h e  a u t h o r ’s  fo r m u læ ,  p r o v id e d  t h a t  t h e  p r o d u c t  
o c c u r r in g  in  S u t h e r l a n d ’s  e x p r e s s io n  h a s  p e r io d ic  c h a r a c t e r  w i t h  g r o u p  
n u m b e r ,  a t t a i n i n g  m a x i m u m  v a l u e s  i n  g r o u p  X  i n  e a c h  p e r io d .  T h e  r e ­
s u l t s  a l s o  c o n f ir m  r e c e n t  w o r k  o f  F o x  a n d  M a r t in  o n  C C  l i n k a g e s .

T h e  c o r r e s p o n d in g  r e l a t io n  f o r  h y d r id e  d i - a t o m s  i s  f o u n d  t o  b e  l — D r c*n. 
C o n s i s t e n t  r e s u l t s  a r e  o b t a i n e d  b y  S u t h e r la n d ’s  a n d  t h e  a u t h o r ’s  m e t h o d s .

T h e  r e s u l t s  in d ic a t e  t h a t  k  i s  s e n s i b l y  c o n s t a n t  i n  t h e  K K  p e r io d  fo r  
e l e m e n t a r y  d i - a t o m s ,  a n d  p o s s i b l y  f o r  o t h e r  c a s e s ,  a n d  t h a t  I i s  c o n s t a n t  
i n  t h e  K H  p e r io d ,  b u t  t h a t  i n  o t h e r  p e r io d s  k , I a r e  s e n s i t i v e  t o  e l e c t r o n  
c o n f ig u r a t io n  t y p e .

C o m p a r is o n  w i t h  e x p e r i m e n t a l  d a t a  g i v e s  g e n e r a l l y  s a t i s f a c t o r y  r e s u l t s .  
A  m e t h o d  i s  h e r e b y  s u g g e s t e d  f o r  t h e  r a p id  a p p r o x im a t io n  o f  D  f r o m  r c, 
w h e r e b y  c e r t a i n  u n k n o w n  d i s s o c i a t i o n  e n e r g ie s  a r e  c a l c u la t e d .

D e p a r t m e n t  o f  I n o r g a n i c  C h e m i s t r y ,
T h e  U n i v e r s i t y  o f  L e e d s ,  2 .



I N F L U E N C E  O F  A C ID I T Y  ON C A T A L Y T IC  
E X C H A N G E  O F  H Y D R O G E N  A N D  W A T E R .

B y  A .  R .  B e n n e t t  a n d  M .  P o l a n y i .

R e c e iv e d  4th  O c to b e r ,  1 9 3 9 .

T h e  f o l l o w i n g  n o t e  i s  c o n c e r n e d  w i t h  a  f a c t u a l  d e t a i l  o f  a  c o m p l e x  
m a t t e r .  I m m e d i a t e l y  f o l l o w i n g  o n  t h e i r  f i r s t  o b s e r v a t i o n 1 o f  t h e  
c a t a l y t i c  i n t e r c h a n g e  o f  h y d r o g e n  a n d  w a t e r  o n  p l a t i n u m  b la c k ,  H o r i u t i  
a n d  P o l a n y i  n o t e d  2 t h a t  t h e  r a t e  o f  t h i s  r e a c t i o n  w a s  s lo w e r  i n  a lk a l i  
t h a n  in  a c id .  H e n c e  t h e y  c o n c lu d e d  t h a t  t h e  r a t e  w a s  n o t  d e t e r m in e d  
b y  t h e  p r o c e s s

| H 2 +  P t  =  P t  -  H  . . . . ( 1 )

w h ic h  w a s  a t  t h e  t i m e  t h o u g h t  t o  b e  p u r e l y  h o m o p o la r ,  b u t  t h a t  i t
c o n s i s t s  in

P t  -  H  +  H 20  =  P t -  +  H O H 2+  . . . (2 )

w h i c h ,  i n v o l v i n g  t h e  s e p a r a t i o n  o f  c h a r g e s  i s  o f  a  n a t u r e  t o  b e  in f lu e n c e d
b y  p o t e n t i a l  c h a n g e s  a c c o m p a n y i n g  v a r i a t i o n s  i n  a c i d i t y .  T h e  s i g n i f i ­
c a n c e  o f  t h e  a c i d i t y  e f f e c t  w a s  c o n t e s t e d  b y  B u t l e r  3 b u t  m a i n t a i n e d  b y  
H o r i u t i  a n d  P o l a n y i .4 N e w  e v i d e n c e  f o r  t h e  a c id - a l k a l i  e f f e c t  w a s  
p r e s e n t e d  b y  E l e y  a n d  P o l a n y i  5 w h o ,  h a v i n g  f o u n d  ( s im i l a r ly  t o  F a r k a s  
a n d  F a r k a s  6) t h a t  t h e r e  i s  l i t t l e  i f  a n y  d e l a y  b e t w e e n  t h e  s p l i t t i n g  u p  
o f  a  h y d r o g e n  m o l e c u l e  a n d  i t s  e x c h a n g e  w i t h  w a t e r ,  n o w  c o n c lu d e d  
t h a t  i t  i s  n o t  (2 ) b u t  ( 1 ) w h i c h  d e t e r m in e d  t h e  r a t e s ,  a n d  t h a t  t h i s  is  
in f lu e n c e d  b y  t h e  in t e r f a c e  p o t e n t i a l  i n  v i r t u e  o f  t h e  p o la r  n a t u r e  o f  
t h e  P t  —  H  b o n d ,  a s  e v i d e n c e d  b y  t h e  w o r k  o f  S l y g i n  a n d  F r u m k i n . 7 

T h i s  c o n t e n t i o n ,  h o w e v e r ,  w a s  n o t  a c c e p t e d  b y  H o r i u t i  a n d  O k a m o t o  8 

w h o  d o u b t e d  w h e t h e r  p o i s o n i n g  o f  t h e  m e t a l  b y  im p u r i t i e s  o f  t h e  a lk a l i ,  
a s  o b s e r v e d  i n  v a r i o u s  e l e c t r o l y t e s  b y  V o l m e r  a n d  W i c k , 9 c o u ld  n o t ,  in  
c o n j u n c t i o n  w i t h  t h e  a c t i v a t i n g  e f f e c t s  o f  a ir ,  s i m u l a t e  a  r e v e r s i b le  e f f e c t  
o f  a c i d i t y  w h i c h  d o e s  n o t  e x i s t  in  r e a l i t y .

C o n s e q u e n t l y ,  f u r t h e r  e x p e r i m e n t s  h a v e  n o w  b e e n  u n d e r t a k e n  t o  
t e s t  t h e  a c i d i t y  e f f e c t  u s i n g  d e p o i s o n e d  a lk a l i  a n d  r e m o v i n g  t h e  s y s t e m  
f r o m  c o n t a c t  w i t h  a ir .  T h e  r e s u l t s  c o n t a i n e d  i n  t h e  p r e s e n t  p a p e r  
p r o v e  t h a t  t h i s  c h a n g e  o f  c o n d i t i o n s  h a s  n o  in f lu e n c e  : t h e  a c i d i t y  
e f f e c t  i s  o b s e r v e d  e x a c t l y  a s  b e f o r e .  O u r  e x p e r i m e n t s  w e r e  c o m p l e t e d  
w h e n  c o n f i r m a t io n  o f  t h e  a c i d i t y  e f f e c t  a l s o  c a m e  f r o m  H o r i u t i  a n d
I k u s i m a 10  w h o ,  u s i n g  d e p o i s o n e d  a lk a l i  a n d  s t r o n g  s h a k in g ,  c la i m  a
1 0 0 - f o ld  r e d u c t io n  o f  r a t e  b e t w e e n  n . / i o  H C 1 a n d  n . / i  K O H .  T h e ir  
c o m m u n i c a t i o n ,  w h i c h  s e e m s  t o  b e  o f  a  p r e l i m i n a r y  n a t u r e ,  d o e s  n o t

1 H o r iu t i  a n d  P o la n y i ,  N a tu r e ,  1 9 3 3 , 1 3 2 , S 1 9 .
- Ibid., 9 3 1 . 3 B u t le r ,  ibid., 1934 . *33.
4 H o r iu t i  a n d  P o la n y i ,  ibid., 1 9 3 3 , 1 3 2 , 9 3 1 .
5 E le y  a n d  P o la n y i ,  Trans. Faraday Soc., 1 9 3 6 , 3 2 , 1 3 8 8 .
6 A . F a r k a s  a n d  L . F a r k a s , ibid., 1 9 3 7 , 3 3 , 6 7 S.
7 S ly g in  a n d  F r u m k in , Acta Physicochimica U .R.S.S., 1 9 3 5 .
8 H o r iu t i  a n d  O k a m o to , Trans. Faraday Soc., 1 9 3 6 , 3 2 , 1 4 9 2 .
8 V o lm e r  a n d  W ic k , Z .  physik. C h etn ., 1 9 3 5 , 1 7 2 , 4 2 9 .

10 H o r iu t i  a n d  I k u s im a , Proc. Imp. Acad. Tokyo, 1 9 3 9 , 13, 3 9 .
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378 CATALYTIC EXCHANGE OF HYDROGEN AND WATER
m e n t i o n  w h a t  t e s t s  o f  r e v e r s i b i l i t y  w e r e  m a d e  a n d  s e e m s  t o  i m p l y  t h a t  
a ir  w a s  n o t  e x c l u d e d  f r o m  r e a c h i n g  t h e  c a t a l y s t  w h e n  t h e  l i q u i d  w a s  
c h a n g e d  ; r e f e r e n c e  i s  m a d e  t o  f u r t h e r  e x p l a n a t i o n s  w h i c h  w i l l  b e  g i v e n  
in  a  la t e r  p a p e r .

E x p e r i m e n t a l  M e t h o d .

M a t e r i a l s .

C a t a l y s t  c o n s i s t e d  o f  p l a t i n u m  f o i l  o - o o i  in .  t h i c k  c u t  i n t o  s q u a r e s  
o f  a p p r o x i m a t e l y  5 x 5  m m .  a n d  w a s  c le a n e d  b y  c h r o m ic  a c id  a n d  w a s h e d  
w i t h  d i s t i l l e d  w a t e r .

N .  H y d r o c h l o r i c  A c i d . — W o o l l e y ’s  P u r e  N o r m a l  H y d r o c h lo r i c  a c id  
w a s  u s e d .

N . / 1 0  C a u s t i c  P o t a s h  S o l u t i o n . — P r e p a r e d  b y  d i s s o l v i n g  t h e  r e q u i s i t e  
w e i g h t  o f  M e r c k ’s  p u r e  K O H  i n  d i s t i l l e d  w a t e r .  T h i s  w a s  d e p o i s o n e d  
b y  a l lo w in g  t o  s t a n d  i n  c o n t a c t  w i t h  p l a t i n u m  b l a c k  fo r  s o m e  w e e k s .

D e u t e r i u m ,  o b t a i n e d  b y  e l e c t r o l y s i s  o f  a lk a l in e  D .O  f r o m  N o r s k  
H y d r o - E le k t r i s l c  C o ., w a s  p u r i f i e d  b y  p a s s i n g  i t  t h r o u g h  a  h e a t e d  p a l l a d iu m

t h i m b l e .  T h e  D 2 c o n c e n ­
t r a t i o n  w a s  a s s u m e d  t o  b e  
1 0 0  % . F o r  e x p e r i m e n t s  
i n  w h i c h  6 0  %  D 2, 4 0  %  H 2 
w a s  u s e d  t h e  1 0 0  %  D 2 
w a s  d i l u t e d  w i t h  p u r e  H 2.

T h e  R e a c t i o n  V e s s e l  
b e f o r e  u s e  w a s  c l e a n e d  in  
c h r o m ic  a c id  a n d  w a s h e d  
t h o r o u g h l y  w i t h  d i s t i l l e d  
w a t e r .

T h e  p l a t i n u m  f o i l  c u t ­
t i n g s  w h i c h  w e r e  u s e d  a s  
t h e  c a t a l y s t  w e r e  p la c e d  
i n  t h e  r e a c t i o n  v e s s e l  
s h o w n  i n  F i g .  1 a n d  i m ­
m e r s e d  t o  s t a r t  w i t h  e i t h e r  
i n N . / i  H C l o r  N . / i o N a O H .  
T h e  v e s s e l  ( c o n n e c t e d  b y  
a  g la s s  s p i r a l  w i t h  t h e  
v a c u u m  a p p a r a t u s )  w a s  

F ig . 1 . f i l l e d  w i t h  d e u t e r iu m  a n d
s h a k e n  i n  h o r i z o n t a l  d ir e c ­

t i o n  a t  a n  a m p l i t u d e  o f  a b o u t  f  in . ,  m a k in g  4 - 6  f u l l  t u r n s  p e r  s e c o n d .  
A t  t h e  e n d  o f  a  r u n  t h e  l iq u id  w a s  r e m o v e d  u n d e r  h y d r o g e n  t h r o u g h  t h e  
c a p i l l a r y  /  a n d  t h e  t w o - w a y  t a p  T  ; a  n e w  l i q u i d  w h i c h  h a d  b e e n  p r e ­
v i o u s l y  o u t g a s s e d  b e in g  t h e n  i n t r o d u c e d  t h r o u g h  o n e  o f  t h e  b r e a k a b le  
j o i n t s  G i  o r  G 2 . T h e  l iq u id  w a s  c h a n g e d  a  s e c o n d  t i m e  u n d e r  h y d r o g e n  
t h r o u g h  t h e  j o i n t  n o t  u s e d  i n  t h e  f i r s t  in s t a n c e .  T h is  c o m p l e t e  c y c l e  w a s  
c a r r ie d  o u t  t w i c e  ; b u t  e x p e r i m e n t s  w e r e  a l s o  r e g i s t e r e d  in  w h ic h  o n l y  
o n e  c h a n g e  c o u ld  b e  m a d e  u n d e r  h y d r o g e n ,  b e c a u s e  s u b s e q u e n t l y  a ir  
c a m e  i n  b y  le a k a g e  o r  m i s t a k e .  S u c h  e x p e r i m e n t s  s h o w e d  t h a t  t h e  
p r e s e n c e  o f  a ir  h a s  n o  a p p r e c ia b le  e f f e c t  o n  t h e  p h e n o m e n o n .

T h e  d e u t e r iu m  u s e d  w a s  1 0 0  p e r  c e n t ,  t o  s t a r t  w i t h ,  e x c e p t  i n  t h e  
e x p e r i m e n t s  w h e r e  t h e  o b s e r v a t i o n  o f  t h e  r e a c t i o n  H 2 +  D 2 =  a H D  
w a s  in t e n d e d ,  i n  w h i c h  c a s e  a n  i n i t i a l  c o n c e n t r a t i o n  o f  6 0  %  D  w a s  t a k e n .  
C h a n g e s  i n  c o n c e n t r a t io n  w e r e  o b s e r v e d  b y  m e a s u r in g  t h e  h e a t  c o n d u c ­
t i v i t y  o f  t h e  g a s .  F o r  t h e  H ,  + D 2 r e a c t i o n  t h e  c o n d u c t i v i t y  w a s  r e a d  
t w i c e  : b e f o r e  a n d  a f t e r  e q u i l ib r ia t io n  o n  a  h o t  w ir e .



A . R .  B E N N E T T  A N D  M . P O L A N Y I 3 7 9

R e s u l t s .

I n  T a b le  I  o n e  r u n  i s  r e p r o d u c e d  t o  s h o w  t h e  d e t a i l s  o f  t h e  e x p e r i m e n t a l  
c o n d i t i o n s  a n d  t h e  e x t e n t  t o  w h ic h  t h e  e x c h a n g e  v e l o c i t y  c o n s t a n t s  k e, 
c a l c u l a t e d  o n  t h e  b a s i s  o f  a  f i r s t  o r d e r  r e a c t i o n ,  w e r e  r e p r o d u c ib le .  T a b le

T A B L E  I .

9 0  c m .2 P la t in u m  F o i l .  1 0  c .c .  n . HC1.
I n it ia l  G a s. 1 0 0  %  D . H y d r o g e n  P r e ssu r e  1 0 3 - 1 1 3  m m .

Date. Temperature (°C.J. Time (t) (hr.). % D at Time t. ■ k, (hr.-1 ).

2 4  I 39 1 9 -4 3-31 46* 6 0 - 2 3 0
25  I 39 i 8 - i 4 -2 9 3 7 ‘7 0 - 2 2 7
25 I 39 18 -5 3-17 4 8 -2 0 - 2 3 0
2 6  1 3 9 i 8 -o 3 -37 4 4 -8 0 - 2 4 0
2 7  1 3 9 0 -0 5 -0 3 4 6 -0 0-155
2 7  I  39 o-o 3-93 52-4 0 -1 6 5
2 8  1 3 9 0 -0 2 -6 7 6 6 -0 0 - 1 5 6
3 °  i  39 0 -0 3 '6 7 3 4 '4 0 1 6 6
3 °  i  39 1 9 -0 2 -1 0 6 2 -0 0 -2 2 9
3 0  I 39 1 7 -2 2*10 59-8 0 - 2 4 6

I I  s u r v e y s  t h e  f in a l  r e s u l t s  o f  a  n u m b e r  o f  r u n s .  I t  s h o w s  t h a t  t h e  s u b ­
s t i t u t i o n  o f  n . / i o  N a O H  f o r  n . / i  H C 1 r e d u c e s  t h e  r a t e  o f  e x c h a n g e  b y  a  
f a c t o r  4 - 1 2  a t  o °  a n d  t o  a  l e s s e r  e x t e n t  a t  r o o m  t e m p e r a t u r e .  T h is  i s  
a c c o m p a n ie d  b y  a  m a r k e d  in c r e a s e  i n  t h e  t e m p e r a t u r e  c o e f f i c ie n t ,  r e s u l t in g

T A B L E  I I *

a  a n d  b g o  c m . 2 P la t in u m  F o i l  (E x p e r im e n ts  1 2  t o  5 7 ).
c a n d  d  1 5 0  c m . 2 P la t in u m  F o i l  (E x p e r im e n ts  7 2  t o  1 4 4 ).
H y d r o g e n  P r e ssu r e  1 0 0 - 1 2 7  m m -

Solution. *,(0° C.), 
hr.-1.

k , (20» C.), 
hr.“1.

Logio B. E k.cal./moi.

f  n . / i o  K O H  . 0 - 0 4 0 o - i3 4 6-3 9-8
n .  . HC1 0 - 1 1 9 0 -1 8 2 i -8 3-4

b l I n . . HC1 0 - 1 5 9 0 - 2 4 0 1 -6 3-o
N . / I O  K O H  . 0 -0 1 3 0 -0 3 7 4-7 8-4

' N . / I O  K O H  . 0 -0 6 5 0 -1 7 9 5-6 8-4
n . . HC1 0 -2 6 9 0 - 3 9 6 1 -8 3-0
n . / i o  K O H  . 0 -0 5 6 0 - 1 4 6 4-8 7 .7

N. . HC1 0 -3 5 7 0 -5 2 5 2 -0 3-2
d \ n . / i o  K O H  . 0 - 0 7 2 o - i 8 i 4 - i 6 -7

n .  . HC1 0 -2 7 1 0 -4 4 9 2 -6 4-1

* T h e  v a lu e  o f  k ,  a t  0 ° C. a n d  2 0 ° C ., o f  B  th e  te m p e r a tu r e  in d e p e n d e n t  
fa c to r , a n d  E  t h e  a c t iv a t io n  e n e r g y , w e r e  o b ta in e d  g r a p h ic a lly  fr o m  th e  e x p e r i­
m e n t a l  v a lu e s  o f  k e a t  v a r io u s  te m p e r a tu r e s .  T h e  a c id -a lk a li  c h a n g e s  w ith in  
t h e  g r o u p s  a , b, c  a n d  d  w e r e  a l l  e f fe c te d  in  a n  a tm o sp h e r e  o f  H 2.

i n  a n  i n c r e a s e  o f  t h e  c a l c u l a t e d  a c t i v a t i o n  e n e r g y  o n  t h e  a v e r a g e  f r o m
3 - 5  k . c a l .  i n  a c id  t o  8 -o  k .c a l .  i n  a lk a l i .  W e  c a n n o t  d e f in i t e ly  c o n c lu d e  
f r o m  o u r  e x p e r i m e n t s  a s  t o  w h a t  e x t e n t  t h e  r a t e  o f  e x c h a n g e  w a s  lo w e r e d  
b y  t h e  p h y s i c a l  f a c t o r s  l i m i t i n g  t h e  r a t e  o f  d i f f u s io n .  T h i s  w o u ld  r e d u c e



3So CATALYTIC EXCHANGE OF HYDROGEN AND WATER
t h e  a p p a r e n t  e f f e c t  o f  c h a n g e s  i n  a c i d i t y  w h i l e  a t  t h e  s a m e  t i m e  d i m i n i s h ­
i n g  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g y  o f  t h e  f a s t e r  r e a c t i o n .  H o r i u t i  a n d  
I k u s im a  10 h a v e  p u b l i s h e d  a  s in g le  s e r ie s  o f  o b s e r v a t io n s  f r o m  w h i c h  b y  
s l i g h t  e x t r a p o l a t i o n  a  2 2 - f o ld  r e d u c t io n  o f  r a t e  in  t h e  r a n g e  o f  n . /H C I  t o  
n . / i o  K O H  i s  a p p a r e n t .  T h i s  m a y  p e r h a p s  in d i c a t e  t h a t  e v e n  o u r  r a t io  
1 2  i s  s t i l l  s o m e w h a t  r e d u c e d  b y  t h e  p h y s i c a l  f a c t o r s ; b u t  a  m o r e  d e t a i l e d  
c o n s id e r a t io n  o f  o u r  d a t a ,  w h ic h  n e e d  n o t  b e  c o m m u n i c a t e d  h e r e ,  d o e s  n o t  
m a k e  t h i s  a p p e a r  l ik e ly .

I n  T a b le  I I I  s o m e  e x p e r i m e n t s  a r e  l i s t e d  i n  w h i c h  t h e  f ir s t  o r d e r

T A B L E  I I I .*

E x p e r im e n ts  1 2  t o  1 5  a n d  2 2  t o  2 5 . H y d r o g e n  P r e ss u r e  1 0 0  t o  1 2 7  m m . 
9 0  c m .!  o f  P la t in u m  F o i l .  I n it ia l  g a s  6 2 -0  %  D 2, 3 8 -0  %  H , .

Date. Solution. Tempera­
ture °C.

Time t 
(hr.).

% D.
time t. WilWi. ^6

(hr.-1). (hr.-»).

15  1 2  3 8 N ./ io  K O H 21*3 3-23 3 6 -8 0 -8 4 0 -1 6 2 0 -0 5 5
1 6  1 2  3 8 ,, 21*3 5 -0 8 3 3 '4 0 -7 1 0 -1 2 2 0 - 0 6 6
1 6  1 2  3 8 2 1 -0 4 -7 1 3 4 '8 0 -7 6 o - i i 8 0 -0 5 9
1 7  1 2  3 8 ,, 19*2 4 -5 ° 3 8 -0 0 -7 6 0 - 1 0 8 0 - 0 6 2

5 I 39 N. HC1 1 4 -6 5-21 3 1 -0 0 -7 6 0 - 1 3 4 0 -0 5 3
5 1 39 ,, 15-4 4 -4 8 3 0 -0 0 -7 9 0 - 1 6 2 0 -0 5 3
6  1 3 9 ,, 1 6 -0 4 -1 7 3 ° '5 0 -8 2 0 -1 7 1 0 -0 4 7
6  1 3 9 1 6 -9 5 '2 o 2 7 -0 0 -8 3 0 - 1 6 0 0 - 0 3 6

* — 1 ¡t lo g  w 2lw x w h e r e  w 1 is  th e  r e s is ta n c e  s h i f t  o n  e q u il ib r a t io n  o f  th e
f in a l g a s — w % is  t h e  r e s is ta n c e  s h i f t  o n  e q u il ib r a t in g  a  g a s  o f  t h e  s a m e  t o t a l  D  
a to m  c o n c e n tr a t io n  w it h  n o  H D  p r e se n t .

“  c o n v e r s io n  c o n s t a n t  "  k c r e f e r r in g  t o  t h e  H s +  D a =  2 H D  r e a c t i o n  w a s  
a l s o  o b s e r v e d .  T h e  r e s i s t a n c e  s h i f t s  f r o m  w h ic h  t h e s e  a r e  d e r iv e d  a r e  
o f  t h e  o r d e r  o f  0 - 2  o h m s  o n l y  a n d  t h e  a c c u r a c y  i s  c o r r e s p o n d in g ly  r e d u c e d .  
N e v e r t h e l e s s ,  t h e  r e s u l t s  l e a v e  n o  d o u b t  t h a t  i n  o u r  e x p e r i m e n t s  t h e  
e x c h a n g e  w a s  a c c o m p a n ie d  b y  a  c e r t a i n  a m o u n t  o f  c o n v e r s io n ,  i t s  r a t e  
b e i n g  £  t o  £  o f  t h e  r a t e  o f  e x c h a n g e .

D i s c u s s i o n .

T h e  c o m m u n i c a t i o n  o f  t h e s e  e x p e r i m e n t a l  r e s u l t s  s e e m s  n o  s u f f i c i e n t  
o c c a s i o n  t o  d e v e l o p  a l l  t h e  w i d e r  p r o b le m s  o f  w h i c h  t h e y  f o r m  p a r t .  
B u t  a  f e w  r e m a r k s  m a y  b e  p e r m i t t e d  c o n c e r n i n g  t h e  n e w  s u g g e s t i o n  o f  
H o r i u t i  a n d  I k u s i m a  t h a t  t h e  e l e c t r o d e  p r o c e s s e s  o n  p l a t i n u m  p r o c e e d  
b y  t h e  “  e l e c t r o c h e m i c a l  m e c h a n i s m  ”  o f  H o r i u t i  a n d  O k a m o t o .  T h i s  
m e c h a n i s m  w o u ld  a p p e a r  t o  b e  e x c l u d e d  f o r  c a t h o d i c a l l y  p o la r i s e d  
e l e c t r o d e s  o f  t h e  m e t a l  p a l l a d i u m  w h i c h  is  c l o s e l y  s im i la r  t o  p l a t i n u m .  
E x p e r i m e n t s  q u o t e d  in  t h i s  c o n n e c t i o n  b y  F r u m k i n , 11 s h o w  t h a t  t h e  
o v e r v o l t a g e  s p r e a d s  b y  d i f f u s io n  f r o m  o n e  s i d e  o f  a  t h i n  p a l l a d i u m  f o i l  
t o  t h e  o t h e r  : t h i s  e f f e c t  p r o v e s  t h a t  t h e  e v o l u t i o n  o f  h y d r o g e n  i s  n o t ,  
o r  n o t  p r i n c i p a l l y ,  d u e  t o  a  l o w e r i n g  o f  a n  e n e r g y  b a r r ie r  c a u s e d  b y  
p o l a r i s a t i o n  a s  i n  t h e  e l e c t r o c h e m i c a l  m e c h a n i s m ; b u t  t o  a n  a c c u m u l a ­
t i o n  o f  h y d r o g e n  i n  t h e  v a l l e y  i m m e d i a t e l y  p r e c e d i n g  t h e  s i g n i f i c a n t  
e n e r g y  b a r r ie r ,  a n d  t h a t  h y d r o g e n  in  t h e  s t a t e  c o r r e s p o n d in g  t o  t h i s  
v a l l e y  i s  d i f f u s ib l e  t h r o u g h  p a l l a d i u m .  T o  t h i s  m a y  b e  a d d e d  t h e  e x ­
p e r i m e n t s  o f  C a lv in  a n d  D y a s  12 s h o w i n g  t h a t  o n  p l a t i n u m  c a t h o d i c a l l y

11 F r u m k in , A d a  P h y s ic o c h im ic a  U .R .S .S . ,  1 9 3 7 , 7 , 4 7 5 .
12 C a lv in  a n d  D y a s ,  T r a n s . F a r a d a y  S o c .,  1 9 3 7 , 3 3 , 1 4 9 2 .
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p o la r i s e d  t o  n o t  m o r e  t h a n  o - o i  v o l t ,  t h e  r a t e  o f  e x c h a n g e  is  r e d u c e d  to  
a  f r a c t io n  o f  t h e  r a t e  o f  H 2 +  D 2 c o n v e r s i o n — a l t h o u g h  a c c o r d i n g  t o  
t h e  e l e c t r o c h e m i c a l  m e c h a n i s m  s u c h  c o n v e r s i o n  s h o u l d  b e  n e g l ig ib l e .

T h e  c o n v e r s i o n  w h i c h  w e  o b s e r v e d  o u r s e l v e s  s h o w s  t h a t  e v e n  o n  
u n p o l a r i s e d  b l a n k  p l a t i n u m  a  p r o c e s s  o f  d i s s o c i a t i o n  H 2 =  2 H  p r e ­
l i m i n a r y  t o  t h e  f o r m a t i o n  o f  H + — io n s  d o e s  t a k e  p a r t  in  d e t e r m i n i n g  
t h e  r a t e  o f  r e a c t i o n .

T h e  U n i v e r s i t y ,
M a n c h e s t e r .

T H E  S I M P L E S T  U L T R A C E N T R I F U G E  W IT H  
P H O T O G R A P H IC  R E C O R D IN G .1

B y  J a m e s  W .  M c B a i n  a n d  A l l e n  H .  L e w i s .

R e c e i v e d  1 3 //1  O c to b e r , 1 9 3 9 .

T h e  d i r e c t l y  a ir - d r iv e n  t r a n s p a r e n t  u l t r a c e n t r i f u g e s  2 r e q u ir e  a  h i g h l y  
s k i l l e d  m e c h a n i c i a n  f o r  t h e i r  c o n s t r u c t i o n .  C o n s e q u e n t l y  t h e  c o s t  is  
m o r e  t h a n  t h a t  o f  t h e  o p a q u e  a n a l y t i c a l  u l t r a c e n t r i f u g e s ,3 a l t h o u g h  s t i l l  
m u c h  l e s s  t h a n  t h a t  o f  t h e  a ir - d r iv e n  v a c u u m  t y p e  o f  B e a m s  a n d  o t h e r s .  
F u r t h e r m o r e ,  a l l  o f  t h e s e  t r a n s p a r e n t  u l t r a c e n t r i f u g e s  r e q u ir e  e x p e n s i v e  
o p t i c a l  a c c e s s o r i e s .  W e  h a v e  t h e r e f o r e  s im p l i f i e d  t h e  d i r e c t l y  a i r - d r iv e n  
r o t o r  a n d  d i s p e n s e d  w i t h  a  c a m e r a ,  p r o d u c in g  a n  u l t r a c e n t r i f u g e  w i t h  
w h i c h  u s e f u l  r e s u l t s  o f  f a ir  a c c u r a c y  c a n  b e  a t t a i n e d  in  a n y  l a b o r a t o r y  
w i t h  t h e  n e c e s s a r y  s u p p l y  o f  a ir .

B r i e f ly ,  t h e  r o t o r  i s  a  s o l id  p i e c e  o f  d u r a lu m in  w i t h  a  c o v e r ,  h o l d i n g  
s l i t  n o n - c o n d u c t i n g  b l o c k s  e a c h  c o n t a i n i n g  a  c a p i l l a r y  t u b e  f o r  t h e  
s o l u t i o n  a n d  r e s t i n g  u p o n  a  p i e c e  o f  o r d in a r y  p h o t o g r a p h i c  f i lm .  A  r u n  
i s  m a d e  n  d im  l i g h t  o r  u n d e r  c o v e r  u n t i l  t h e  r e c o r d  is  d e s ir e d ,  w h e r e ­
u p o n  t h e  l i g h t  i s  f la s h e d  o n  f o r  o n e  o r  m o r e  s e c o n d s .  T h e  r e c o r d  i s  t h u s  
o b t a i n e d  w i t h o u t  s t o p p i n g  t h e  r o t o r .  T h e  n o r m a l  s p e e d  i s  7 2 , 0 0 0  r .p .m . ,  
p r o d u c i n g  a  f o r c e  o f  1 1 6 , 0 0 0  t i m e s  g r a v i t y  a t  t h e  c e n t r e  o f  t h e  c e l l .  A  
s m a l l e r  r o t o r  c a n  p r o d u c e  a n y  d e s i r e d  g r e a t e r  f o r c e .  T h e  p r e s e n t  r o t o r  
m a y  a l s o  b e  r u n  a s  s l o w l y  a s  d e s i r e d  t o  m e a s u r e  s e d i m e n t a t i o n  e q u i l i ­
b r iu m .  I n  t h i s  r e s p e c t  i t  i s  e s p e c i a l l y  v a l u a b l e  f o r  t h e  s t u d y  o f  v i r u s .

D e s i g n  o f  t h e  R o t o r .

T h e  d e s ig n  o f  t h e  r o t o r  i s  i l l u s t r a t e d  i n  F i g s  1 ( P la t e  V I ) ,  2 , a n d  3 . T h e  
r o t o r  c o n s i s t s  o f  a  s o l id  p i e c e  o f  d u r a lu m in ,  7  c m .  i n  d ia m e t e r ,  w i t h  a n g le  o f  
c o n e  1 0 2 0. T h e  t o p  s u r f a c e  i s  f la t ,  e x ce ^ L  f o r  a  r im  4  m m . w id e  a n d  1 m m .  
h i g h  a t  t h e  p e r ip h e r y .  T w o  o r  m o r e  w 'e lls  w i t h  p e r p e n d ic u la r  w a l l s  a r e  
m il l e d  i n t o  t h e  r o t o r ,  e a c h  t h e  s a m e  d i s t a n c e  f r o m  t h e  c e n t r e  o f  r o t a t io n .  
T h e s e  w e l l s  a r e  1 1 - 5  m m . w id e ,  1 0 - 5  m m .  d e e p  a n d  2 3  m m .  lo n g ,  w i t h

1 M c B a in  a n d  L ew is , Science, 1 9 3 9 , 8 9 , 6 1 1 .
2 M cB a in  a n d  O S u lliv a n , / .  Amer. Chem. Soc., 1 9 3 3 , 5 7 , 7 8 0 , 2 6 3 1  ; M c B a in  

a n d  L e w is , p r e se n te d  a t  Colloid Symposium, 1 9 3 9 .
3 M cB a in  a n d  A lv a r e z -T o s ta d o , Nature, 1 9 3 7 , 1 3 9 , 1 0 6 6  ; J .  Amer. Chem. 

Soc., 1 9 3 7 , 5 9 , 2 4 8 9 ; M c B a in  a n d  L e y d a , Nature, 1 9 3 8 , 1 4 1 , 9 1 3 ; / .  Amer, 
Chem. Soc., 1 9 3 8 , 6 o , 2 9 9 8  ; M c B a in , J .  Physic. Chem., 1 9 3 8 , 4 2 , 1 0 6 3  ; Chem. 
Rev., 1 9 3 9 , 2 4 , 2 8 9 .
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r o u n d e d  e n d s .  T h e  c o v e r  i s  m a d e  o f  a  s in g le  p i e c e  o f  d u r a lu m in ,  a n d  i s  
h e ld  t o  t h e  r o t o r  b y  a  c e n t r a l  s c r e w .  I t  h a s  a  m a x i m u m  t h i c k n e s s  o f  
3  m m . n e a r  t h e  c e n t r e  a n d  t a p e r s  t o  b e  f lu s h  w i t h  t h e  r im  a t  t h e  e d g e  o f  
t h e  r o t o r .  T h e  u n d e r  s u r f a c e  o f  t h e  c o v e r  l i e s  f lu s h  w i t h  t h e  t o p  s u r f a c e  
o f  t h e  r o t o r .  T h e  t o p  s u r f a c e  o f  t h e  c o v e r  i s  t u r n e d  a s  s h o w n  in  p r o f i l e  
i n  F i g .  2 , s o  t h a t  a  r in g  u n i f o r m l y  2  m m .  i n  t h i c k n e s s  i s  o b t a in e d  j u s t  o v e r  
t h e  w e l l s  i n  t h e  r o t o r .  I n  t h i s  a  s l i g h t l y  t a p e r e d  h o le  g  m m . in  d ia m e t e r ,  
d r i l l e d  f r o m  u n d e r n e a t h ,  t a k e s  a  g la s s  o r  q u a r t z  -w in d o w  h e l d  b y  D u c o

c e m e n t .  T h e  t h r e a d s  o f  t h e  c e n t r a l  
s c r e w  a r e  g r o u n d  u n t i l  w h e n  t h e  c o v e r  
i s  t i g h t  t h e  w i n d o w  i s  d i r e c t l y  o v e r  
t h e  c a p i l l a r y  t u b e .  T h e  c o v e r  a l s o  
c o n t a i n s  t w o  s m a l l  w r e n c h  h o l e s  f o r  
t i g h t e n i n g  t h e  c o v e r .

T w o  b lo c k s  o f  h a r d  r u b b e r  w e r e  
m a d e  t o  f i t  s n u g l y  i n t o  t h e  w e l l s .  
T h e s e  b lo c k s  a r e  h a l f  r o u n d  a t  o n e  
e n d  a n d  c u t  o f f  s q u a r e  a t  t h e  o t h e r  
e n d .  I n t o  e a c h  i s  d r i l l e d  a  h o r i ­
z o n t a l  h o le  7  m m .  i n  d ia m e t e r  w i t h  a  
r o u n d e d  b o t t o m ,  l e a v i n g  a  w a l l  o f  
3  m m . o f  h a r d  r u b b e r  a t  t h e  r o u n d e d  

e n d  o f  t h e  b lo c k .  T h e s e  h o l e s  a r e  m a d e  s o  t h a t  t h i c k - w a l l e d  c a p i l l a r y  
t u b e s  o f  7  m m . e x t e r n a l  d ia m e t e r  f i t  s n u g l y  i n t o  t h e m .  T h e  b lo c k  w h ic h  
i s  t o  h o ld  t h e  t u b e  i n  w h i c h  m e a s u r e m e n t  i s  t o  b e  m a d e  i s  s a w n  n e a r ly  in  
t w o  l e n g t h w i s e  b y  a  v e r t i c a l  c u t  t o  l e t  a  b e a m  o f  l i g h t  p a s s  t h r o u g h .  T h is  
p r o d u c e s  t w o  s l i t s  o -6  m m . w id e  w h ic h  a r e  d i r e c t l y  o p p o s i t e  e a c h  o t h e r ,  
o n e  i n  t h e  c e n t r e  o f  t h e  t o p  w a l l  a n d  t h e  o t h e r  i n  t h e  c e n t r e  o f  t h e  b o t t o m  
w a l l .  I f  a  s m a l l  p i e c e  o f  p h o t o g r a p h ic  f i lm  i s  p la c e d  u n d e r  t h e  h a r d  r u b b e r  
b lo c k ,  t h e  l i g h t  b e a m  p la c e s  u p o n  t h e  f i lm  a  s h a d o w  r e p r o d u c t io n  o f  t h e  
c a p i l l a r y  t u b e  a n d  i t s  c o n t e n t s .  A  t i n y  h o le  0 - 5  m m . i n  d ia m e t e r  i s  d r i l l e d

F ig . 2 .— Cross-section th ro u g h  
assem bled  ro to r.

B
F i g .  3 .— V ie w  fro m  a b o v e , A , c o v e r , a n d  B ,  r o to r  c o n ta in in g  c e l l  a n d  d u m m y .

t h r o u g h  t h e  c o v e r  j u s t  n e x t  t o  t h e  w i n d o w  o n  t h e  s id e  t o w a r d  t h e  c e n t r e  
o f  t h e  r o t o r .  P a r t  o f  t h e  v e r t i c a l  b e a m  o f  l i g h t  p a s s e s  t h r o u g h  t h i s  h o le  
a n d  p l a c e s  a  s p o t  u p o n  t h e  f i lm  w h i c h  i s  a  k n o w n  d i s t a n c e  f r o m  t h e  c e n t r e  
o f  r o t a t i o n  a n d  i s  u s e d  a s  a  r e f e r e n c e  p o i n t  f o r  m e a s u r e m e n t .

T h e  c a p i l l a r y  t u b e s  a r e  o f  g la s s  o r  q u a r t z  o f  o u t s id e  d ia m e t e r  a b o u t  
7  m m .  a n d  in s id e  d ia m e t e r  r m m .  T h e y  a r e  s e a l e d  a t  o n e  e n d ,  a n d  t h e  
o p e n  e n d  i s  g r o u n d  f ia t .  T h e y  a r e  f i l l e d  w i t h  a  c a p i l l a r y  p i p e t t e  a n d  t h e n ,  
t o  p r e v e n t  e v a p o r a t io n ,  s e a l e d  w i t h  a  s m a l l  p i e c e  o f  g u m m e d  la b e l  a n d  
D u c o  c e m e n t .  T h e  t u b e s  a r e  a b o u t  1 2  m m .  lo n g ,  t h u s  b e i n g  a b o u t  2  m m .
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Pressure 
(lbs./in.2).

Rotor Speed in Revolutions/Second.

12 Holes 
0-028 in. diam.

24 Holes 
0-028 in. diam.

12 Holes 
0-033 in- diam.

5 0 6 7 5 7 8 0 8 4 0
75 7 2 5 855 9 8 0

1 0 0 7 7 0 9 2 0 I 0 6 0
125 — — 1 1 2 0
1 5 0 8 4 0 IO0 5 1 1 6 5
2 0 0 8 6 0 1060 1 1 8 0
2 2 5 8 8 5 — 1 2 0 0
275 H I S

s h o r t e r  t h a n  t h e  h o le  i n  t h e  r u b b e r  b lo c k  i n t o  w h ic h  t h e y  f i t .  A  s m a l l  
p ie c e  o f  c o r k  1 m m .  t h i c k  i s  p la c e d  o v e r  t h e  f l a t  e n d  o f  t h e  t u b e  a f t e r  i t  i s  
p la c e d  in  t h e  r u b b e r  h o ld e r ,  t o  in s u l a t e  i t  f r o m  a n y  t e m p e r a t u r e  c h a n g e s .

A  s im p le  7  c m .  s t a t o r  w i t h o u t  c e n t r a l  a ir  i n l e t  w a s  u s e d ,  w i t h  1 5  a ir  
h o le s  o f  0 - 0 3 3  in .  d ia m e t e r .

O p e r a t i o n  C h a r a c t e r i s t i c s  o f  R o t o r s .

T h e  r e l a t io n  b e t w e e n  s p e e d  a n d  t h e  s iz e  a n d  n u m b e r  o f  a ir  p o r t s  w a s  
i n v e s t i g a t e d  b y  F .  A .
L e y d a  a n d  J o s e p h  T A B L E  I .
G r e b m e ie r ,  u s in g  a
5 - 8  c m .  s t a t o r  ( T a b le
I )-

R a i s in g  t h e  n u m b e r  
o f  f lu t e s  o n  t h e  d r iv in g  
c o n e  f r o m  6 0  t o  1 2 0  
r e s u l t e d  i n  o n l y  a  
s l i g h t  i n c r e a s e  i n  
s p e e d .  N e a r l y  d o u b l ­
i n g  t h e  l e n g t h  o f  t h e  
f lu t e s  o n  t h e  t e s t  
r o t o r  h a d  p r a c t i c a l l y  
n o  e f f e c t  o n  t h e  s p e e d .

W h e n  t h e  r a t io  o f  
t h e  n u m b e r  o f  f lu t e s  
t o  t h e  n u m b e r  o f  a ir  
p o r t s  i s  s m a l l ,  i t  m u s t  b e  a n  in t e g e r ,  s u c h  a s  6 0 / 1 5  =  4 , i f  s m o o t h  r u n n in g  
i s  t o  b e  o b t a in e d .  W h e n  t h e  r a t io  i s  la r g e ,  s u c h  a s  1 2 0 / 1 6 , i t  d o e s  n o t  
s e e m  t o  m a t t e r .

C h a n g in g  t h e  a n g le  o f  t h e  r o t o r  c o n e  f r o m  1 0 0 ° t o  1 1 0 ° r e s u l t e d  in  a  
m a r k e d  in c r e a s e  i n  s p e e d  ( T a b le  I I ) ,  a n d  i n  t h e  B e r n o u l l i  e f f e c t ,  b u t  t h e  
r o t o r  w a s  n o t  a s  s t a b l e .  T h e  i n s t a b i l i t y  w a s  d u e  t o  t h e  g r e a t e r  B e r n o u l l i  
e f f e c t  a n d  c o u ld  b e  e l im in a t e d  b y  u s e  o f  a  s t a t o r  w i t h  a d j u s t a b le  c e n t r a l  
a ir  in l e t .

T h e  s i m p l e s t  7  c m . s t a t o r  c o u ld  b e  u s e d  f o r  t h e  la r g e r  p r o t e in s ,  b u t
t o  e l im i n a t e  v ib r a t i o n

T A B L E  I I . — E f f e c t  o f  A n g l e  o f  Co n e  U s in g  a  v i s ib l e  i n  t h e  m ic r o -  
g o °  S t a t o r . s c o p e ,  c a u s e d  b y  t u r -

______________________________________________________________b u le n c e  o f  t h e  a ir ,
s i x  v e r t i c a l  b a f f le s  
w e r e  a t t a c h e d  t o  t h e  
a lu m in u m  r in g  o f  t h e  
s t a t o r ,  e a c h  a p p r o a c h ­
in g  t o  1 m m . f r o m  
t h e  e d g e  o f  t h e  r o t o r .  
I n  a d d i t io n ,  s i x  s l a n t ­
in g  p ie c e s  o f  m e t a l

  w e r e  p la c e d  a r o u n d
t h e  s t a t o r ,  a l t e r n a t i n g

w i t h  t h e  v e r t i c a l  b a f f le s .  T h e  s t r ip s  o f  m e t a l  s i m p l y  r e s t e d  a g a in s t  t h e  
s t a t o r  a t  o n e  e n d  a n d  a g a in s t  t h e  t o p  o f  t h e  g u a r d  a t  t h e  o t h e r .

U s e  o f  C a p i l l a r y  T u b e s .

S e c t o r ia l  c e l l s  2 m a y  e q u a l l y  w e l l  b e  e m p lo y e d  a n d  m a d e  lo n g e r  a n d  
t h i c k e r  t h a n  t h o s e  f o r  t h e  3 7  m m . r o t o r s ,  b u t  t h e y  a r e  m u c h  m o r e  c o m ­
p l i c a t e d  t h a n  o r d in a r y  c a p i l l a r y  t u b e s .  O b j e c t i o n  m i g h t  b e  m a d e  t o  
t h e s e  b e c a u s e  t h e y  a r e  c y l in d r ic a l  r a t h e r  t h a n  r a d ia l  a n d  s e c t o r ia l .  H o w ­
e v e r ,  t h e y  d o  in  f a c t  g i v e  a l m o s t  p e r f e c t  r e s u l t s .  T h i s  m u s t  b e  d u e  t o  
s t r e a m in g  b e in g  c o n f in e d  t o  a  f e w  p a r t i c l e  d ia m e t e r s  o n  t h e  o u t s id e  o f  t h e

Pressure
Speed in Revolutions/Second.

{lbs./in.2).
ioo° Cone. 102° Cone, n o -  Cone.

5 ° 8 4 0 8 7 0 9 8 0
75 9 8 0 1 0 3 0 1 1 6 0

1 0 0 1 0 6 0 1 1 5 0 1 2 9 0
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l iq u id ,  p r o d u c in g  a  v e r y  s l o w  c o n t r o l l e d  a n d  l i m i t e d  m o v e m e n t  d i s p la c in g  
u p w a r d s  f r o m  t h e  b o t t o m  a n  e q u a l  b u l k  o f  t h e  t o t a l  l iq u id .  T h u s  n o t  
o n l y  a r e  g o o d  b o u n d a r ie s  f o r m e d  a n d  m a in t a in e d ,  a s  o b s e r v e d  b y  E lf o r d ,  
M c I n t o s h  a n d  S e lb ie ,  a n d  F o r d ,  a s  w e l l  a s  o u r s e lv e s ,  b u t  t h e y  m o v e  a t  
very'- n e a r ly  t h e  e x a c t  t h e o r e t i c a l  r a t e .

E x p e r i m e n t a l  P r o c e d u r e .

T h e  c a p i l l a r y  t u b e  w a s  f i l le d  b y  m e a n s  o f  a  c a p i l l a r y  p i p e t t e  t o  a b o u t  
1 m m .  f r o m  t h e  t o p ,  g i v i n g  a  c o lu m n  o f  s o l u t i o n  a b o u t  8  m m . l o n g .  Z e r o  
t i m e  w a s  t a k e n  w h e n  t h e  a ir  p r e s s u r e  t o  b e  u s e d  w a s  r e a c h e d ,  s i n c e  t h e  
r o t o r  a c c e l e r a t e s  t o  s p e e d  i n  a  f r a c t i o n  o f  a  m in u t e .  T h e  s p e e d  o f  t h e  
r o t o r  w a s  m e a s u r e d  i n  t h e  d a r k  b y  m a t c h i n g  t h e  n o t e  f r o m  a n  o s c i l l a t o r  
w i t h  t h a t  h e a r d  d i r e c t l y  f r o m  t h e  r o t o r .  T h e  t e m p e r a t u r e  w a s  l ik e w is e  
m e a s u r e d .  A f t e r  t h e  r u n ,  t h e  r o t o r  w a s  s t o p p e d  i n  t h e  d a r k ,  w r a p p e d  in  
b l a c k  c l o t h  a n d  t a k e n  t o  t h e  d a r k r o o m , w h e r e  t h e  f i lm  w a s  d e v e lo p e d .

I n s t e a d  o f  m a k in g  o n l y  o n e  e x p o s u r e ,  a  m o v a b l e  s l i t  c a n  b e  u s e d  o f  
s e c t o r ia l  s h a p e  w i t h  l im i t e d  r a d iu s  a l lo w in g  o n l y  p a r t  o f  t h e  t u b e  t o  b e  
p h o t o g r a p h e d  a t  e a c h  s u c c e s s i v e  e x p o s u r e .

E x p e r i m e n t a l  R e s u l t s .

E r y t h r o c r u o r i n  o f  E a r t h w o r m  B l o o d . 1— W i t h  s h a r p  b o u n d a r ie s  
s u c h  a s  t h o s e  f o r  s o  h e a v y  a  m o l e c u l e  (% , X  i o 13 o b s e r v e d  5 9 -6 , U p s a l a  
v a l u e  6 0 *9 ) ,  m e a s u r e m e n t  o f  t h e  f i lm  ( F ig .  4 , A ,  B ,  P l a t e  V I )  c a n  b e  m a d e  
d i r e c t l y  o r  w i t h  a  t r a v e l l i n g  m ic r o s c o p e  w i t h  a l m o s t  a s  g r e a t  a c c u r a c y  
a s  w i t h  t h e  m i c r o p h o t o m e t e r .

C a r b o x y h e m o g l o b i n . — O n  t h e  o t h e r  h a n d ,  w i t h  t h e  s m a l l e r  p r o t e in s ,  
a n d  o n l y  1 1 6 , 0 0 0  t i m e s  g r a v i t y ,  t h e  b o u n d a r ie s  a r e  n e c e s s a r i l y  d i f f u s e ,  
in  a c c o r d a n c e  w i t h  t h e o r y .  H e n c e  o n e  m u s t  d i s t i n g u i s h  b e t w e e n  t h e  
p o i n t  o f  h a l f - b l a c k e n i n g  o f  t h e  f i lm  a n d  t h a t  o f  h a l f - c o n c e n t r a t i o n ,  t h e  
l a t t e r  b e i n g  a  c lo s e  a p p r o x i m a t i o n  f o r  t h e  i d e a l  f o r  a  s h a r p  b o u n d a r y .  
T h e  e f f e c t s  w e r e  s t u d i e d  a s  f o l l o w s .

H o r s e  r e d  b lo o d  c e l l s  s a t u r a t e d  w i t h  c a r b o n  m o n o x i d e  w e r e  c e n t r i ­
f u g e d  w i t h  1 %  N a C l  f i v e  t i m e s  a t  o ° ,  b e f o r e  a d d i n g  d i s t i l l e d  w a t e r  t o  
r u p t u r e  t h e  c e l l s  a n d  c e n t r i f u g i n g  o f f  t h e  d e b r i s .  A f t e r  d i a l y s i s  a t  0 °, 
s o m e  o f  t h e  c r y s t a l l i n e  h e m o g lo b in  o b t a i n e d  w a s  d i s s o l v e d  in  I %  K C 1  
t o  s t u d y .  E x p o s u r e  w a s  o n e  s e c o n d  w i t h  b l u e  l i g h t  a n d  t h e  f i l m s  w e r e  
m ic r o p h o t o m e t e r e d .  T h e  p o i n t  o f  h a l f - b l a c k e n i n g  i n  t h e  f i r s t  f o u r  r u n s  
g a v e  d i s t i n c t l y  h i g h  v a l u e s  4 - 8  t o  5 -6 , m e a n  5 - 2  X  JO-1 3 , b e f o r e  t h e  
i l l u m i n a t i o n  w a s  i m p r o v e d  b y  p l a c i n g  a  s e c t o r i a l  o p e n i n g  in  t h e  o p t i c a l  
p a t h  t o  s e c u r e  u n i f o r m  i l l u m i n a t i o n .  T h e  d e g r e e  o f  b la c k e n i n g  c o r r e ­
s p o n d i n g  t o  h a l f - c o n c e n t r a t i o n  is  s i m p l y  d e t e r m in e d  b y  p h o t o g r a p h i n g  
i n  t h e  s a m e  t u b e  a  s o l u t i o n  o f  h a l f  c o n c e n t r a t i o n ,  t h e  t w o  f i lm s  b e i n g  
d e v e l o p e d  t o g e t h e r  ( F ig .  4 c, d ) .  I t  w a s  f o u n d  t h a t  t h e  f i lm  h a d  t o  b e  
c u t  v e r y  c a r e f u l l y  w i t h o u t  e x p o s u r e ,  e i t h e r  w i t h  a  d ie ,  o r  m o s t  s i m p l y  
b y  c u t t i n g  r o u n d  a n  o p a q u e  f o r m .

A f t e r  a d o p t i n g  t h i s  t e c h n i q u e  t h e  v a l u e s  f o r  h a l f - b l a c k e n i n g  w e r e
6 - 1 0  a n d  6 -2 1 , b u t  f o r  h a l f - c o n c e n t r a t i o n  t h e  r e s u l t s  t h e n  o b t a i n e d  b y  
L . H .  P e r r y  w e r e  4 - 7 1  a n d  4 - 7 3  f o r  5 20 X  i o 13 a s  c o m p a r e d  w i t h  
S t e i n h a r d t ’s  U p s a l a  v a l u e  4 -6 3 .

S u m m a r y .

D e t a i l s  o f  t h e  c o n s t r u c t io n  a n d  o p e r a t io n  o f  t h e  s i m p l e s t  a ir - d r iv e n  
u l t r a c e n t r i f u g e  a r e  g iv e n ,  a n d  i t  i s  s h o w n  t h a t  t h e  r e s u l t s  a r e  p r a c t i c a l l y  
a s  g o o d  a s  t h o s e  h i t h e r t o  a t t a i n e d  w i t h  a n y  o f  t h e  s t a n d a r d  u l t r a c e n t r i f u g e s .

D e p t ,  o f  C h e m is t r y ,
S t a n f o r d  U n i v e r s i t y ,

C a l i f o r n i a ,  U . S . A .
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F O R M A T IO N .

B y  A .  B a k e r  a n d  F .  L .  U s h e r .

R e c e iv e d  i g t h  O c to b e r ,  1 9 3 9 .

I t  i s  w e l l  k n o w n  t h a t  t h e  s i z e  o f  t h e  p a r t i c l e s  in  g o ld  s o l s  p r e p a r e d  
b y  c h e m i c a l  m e a n s  d e p e n d s  p a r t l y  o n  t h e  r e d u c in g  a g e n t s  u s e d  in  t h e i r  
p r e p a r a t io n .  H y d r a z i n e  a n d  h y d r o x y l a m i n e ,  f o r  e x a m p l e ,  g i v e  la r g e  
p a r t i c l e s  o f  o v e r  5 0  m ¡x r a d iu s  in  t h e  a b s e n c e  o f  n u c le i ,  w h e r e a s  a lk a l i  
t h i o c y a n a t e  o r  a  s o l u t i o n  o f  p h o s p h o r u s  in  e t h e r  g i v e s  v e r y  s m a l l  
p a r t i c l e s  in  t h e  s i z e  r a n g e  1 - 6  m /x , s o l s  o f  t h i s  k in d  b e i n g  k n o w n  a s  
“  n u c l e a r . ”  T h e r e  a r e  n u m e r o u s  e x p e r i m e n t a l  d a t a  r e l a t i n g  t o  t h e  
c o n d i t i o n s  u n d e r  w h i c h  t h e  d i f f e r e n t  k in d s  o f  s o l s  a r e  p r o d u c e d  a n d  t o  
t h e i r  p h y s i c a l  a n d  c h e m ic a l  p r o p e r t i e s ,  b u t  t w o  q u e s t i o n s  o f  s p e c i a l  
in t e r e s t  r e m a in  u n a n s w e r e d  ; o n e  r e l a t e s  t o  t h e  c a u s e  o f  t h e  d e p e n d e n c e  
o f  p a r t i c l e  s i z e  o n  t h e  n a t u r e  o f  t h e  r e d u c in g  a g e n t ,  t h e  o t h e r  t o  t h e  
e x i s t e n c e  o f  a  l o w e r  s i z e  l i m i t .  T h e  p r e s e n t  p a p e r  i s  c o n c e r n e d  w i t h  
t h e  f i r s t  o f  t h e s e  p r o b le m s .

T h e  f o r m a t i o n  o f  a  g o ld  s o l  b y  c h e m ic a l  r e d u c t io n  i n v o l v e s  c r y s t a l ­
l i s a t i o n  f r o m  a  s o l u t i o n  s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  g o ld ,  a n d  t h e r e ­
f o r e  i n  e x p e r i m e n t s  in  w h i c h  o n l y  t h e  r e d u c in g  a g e n t  is  v a r i e d  w e  s h o u l d  
e x p e c t  t h e  r e l a t i v e  s i z e  o f  t h e  c r y s t a l s  t o  b e  d e t e r m in e d  b y  t h e  r e l a t i v e  
s p e e d  o f  t h e  r e a c t i o n s — t h e  s lo w e r  r e a c t i o n  g i v i n g  f e w e r  a n d  la r g e r  
c r y s t a l s .  T h i s  s i m p l e  a n d  o b v i o u s  in f e r e n c e  a p p a r e n t l y  c o n t r a d i c t s  
w h a t  i s  o b s e r v e d  w h e n ,  f o r  e x a m p l e ,  a  d i l u t e  s o l u t i o n  o f  a  g o ld  s a l t  i s  
t r e a t e d  o n  t h e  o n e  h a n d  w i t h  h y d r o x y l a m i n e  h y d r o c h lo r id e ,  a n d  o n  
t h e  o t h e r  w i t h  a n  e t h e r e a l  s o l u t i o n  o f  p h o s p h o r u s  ; in  t h e  f i r s t  c a s e  w e  
g e t  a  c o a r s e  b l u e  s u s p e n s i o n  b y  a  r e a c t i o n  w h i c h  i s  n e a r ly  i n s t a n t a n e o u s ,  
a n d  i n  t h e  s e c o n d  a  r e d  n u c le a r  s o l  b y  a  r e a c t i o n  w h i c h  a t  t h e  o r d in a r y  
t e m p e r a t u r e  n e e d s  a b o u t  a  d a y  f o r  c o m p l e t i o n .  I t  s e e m s  l i k e l y  t h a t  
t h i s  a p p a r e n t l y  a n o m a l o u s  b e h a v i o u r  i s  d u e  t o  t h e  o c c u r r e n c e ,  in  t h e  
s e c o n d  c a s e ,  o f  c o n s e c u t i v e  r e a c t i o n s  d i f f e r i n g  g r e a t l y  in  v e l o c i t y ; w e  
m u s t  t h e r e f o r e  s t a r t  b y  l o o k i n g  f o r  e v i d e n c e  t h a t  r e a c t i o n s  l e a d i n g  t o  
t h e  p r o d u c t i o n  o f  n u c le a r  s o l s  d o  i n  f a c t  o c c u r  in  a t  l e a s t  t w o  s t a g e s .

Faraday Sols.
W h e n  a  s o l u t i o n  o f  p h o s p h o r u s  in  e t h e r  is  a d d e d  t o  a  d i l u t e  a n d  

s l i g h t l y  a l k a l i n e  s o l u t i o n  o f  a  g o ld  c o m p o u n d  ( u s u a l l y  c h lo r o a u r ic  a c id ) ,  
t h e  l i q u i d  a t  o n c e  a s s u m e s  a  b r o w n  c o lo u r  w h i c h ,  in  a b o u t  a  d a y  a t  r o o m  
t e m p e r a t u r e ,  m o r e  r a p i d l y  i f  h e a t e d ,  c h a n g e s  t o  t h e  n o r m a l  c o lo u r  o f  
a  F a r a d a y  s o l .  T h i s  c o lo u r  c h a n g e  s u g g e s t s  t h e  f o r m a t i o n  o f  s o m e  
i n t e r m e d i a t e  p r o d u c t ,  t h o u g h  i t  d o e s  n o t  p r o v e  i t ,  f o r  t h e  b r o w n  l i q u i d  
m a y  c o n t a i n  g o ld  p a r t i c l e s  w h i c h  a f t e r w a r d s  u n d e r g o  s o m e  s t r u c t u r a l  
c h a n g e  a s s o c i a t e d  w i t h  c h a n g e  o f  c o lo u r .  T h i s  q u e s t i o n  h a s  b e e n  
d i s c u s s e d  1 b u t  n o t  i n v e s t i g a t e d .  A t t e m p t s  t o  f in d  t h e  c o m p o s i t i o n  
o f  a  c o a g u l u m  f r o m  t h e  b r o w n  l i q u i d  w e r e  in c o n c l u s i v e ,  b e c a u s e  a l t h o u g h

1 G a le c k i, Koll. Z ., 19 12 , 11, 1 0 5 ; Z s ig m o n d y  a n d  T h ie ss e n , Das kolloide 
Cold, L eip z ig , 1 9 2 5 , 1 2 0 .
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t h e  c o a g u l a ,  a f t e r  w a s h i n g  w i t h  e t h e r ,  c o n t a i n e d  p h o s p h o r u s ,  i t  i s  
p o s s i b l e  t h a t  s o m e  o r  a l l  o f  i t  w a s  d e r i v e d  f r o m  p h o s p h o r u s  p r e c i p i t a t e d  
a l o n g  w i t h  t h e  g o ld .  T h e  o n l y  w a y  o f  r e m o v i n g  t h i s  u n c e r t a i n t y  i s  t o  
u s e  a  m e t h o d  w h i c h  d o e s  n o t  i n v o l v e  t h e  f o r m a t i o n  o f  c o l l o i d a l  p h o s ­
p h o r u s ,  a  c o n d i t i o n  w h i c h  w o u l d  b e  s a t i s f i e d  b y  s u b s t i t u t i n g  f o r  p h o s ­
p h o r u s  i n  e t h e r  a n  a q u e o u s  s o l u t i o n  o f  p h o s p h in e .

T h e  a c t i o n  o f  p h o s p h i n e  o n  g o ld  c o m p o u n d s  w a s  f i r s t  d e s c r ib e d  b y  
M r s . F u l h a m e  2 in  1 7 9 4  a s  f o l l o w s  :—

“  A  p ie c e  o f  s i lk ,  w h ic h  w a s  im m e r s e d  in  a  s o l u t i o n  o f  n i t r o - m u r ia t e  
o f  g o ld  i n  d i s t i l l e d  w a t e r ,  a n d  s u s p e n d e d  i n  t h e  a ir  t w e l v e  h o u r s  t o  d r y ,  
w a s  d i v i d e d  i n t o  t h r e e  p a r t s .  O n e  o f  t h e s e  w a s  e x p o s e d  t o  a  s t r e a m  o f  
p h o s p h o r a t e d  h y d r o g e n  g a s  ; t h e  s i lk  b e c a m e  b r o w n  . . . b u t  n o  r e d u c t io n  
t o o k  p la c e .  A n o t h e r  o f  t h e s e  p a r t s  w a s  w e t t e d  w i t h  a lc o h o l ,  a n d  e x p o s e d  
t o  t h e  g a s  ; b u t  n o  s ig n  o f  r e d u c t io n  c o u ld  b e  p e r c e iv e d .  T h e  r e m a in in g  
p a r t  w a s  w e t t e d  w i t h  w a t e r ,  a n d  w a s  n o  s o o n e r  e x p o s e d  t o  t h e  g a s  t h a n  
t h e  r e d u c t io n  c o m m e n c e d  o v e r  t h e  w h o l e  s i lk ,  w h ic h  w a s  s o o n  c o v e r e d  
w i t h  a  b r ig h t  c o a t  o f  r e d u c e d  g o ld ."

I n  1 8 1 1  O b e r k a m p f 3 o b t a i n e d  f r o m  a q u e o u s  c h lo r o a u r ic  a c id  a  b la c k  
p r e c i p i t a t e  w h i c h  h e  r e g a r d e d  a s  g o l d  p h o s p h i d e ,  b u t  w h i c h  R o s e 4 

c o n s id e r e d  w a s  m e t a l l i c  g o ld .  T h e  o n l y  o t h e r  r e l e v a n t  o b s e r v a t i o n s  
w e r e  m a d e  i n  1 8 8 5  b y  C a v a z z i ,5 w h o  f o u n d  t h a t  p h o s p h i n e  p r e c i p i t a t e d  
f r o m  s o l u t i o n s  o f  g o ld  c h lo r id e  in  a l c o h o l  o r  e t h e r  a  b l a c k  g o ld  p h o s p h i d e  
( A u P )  w h i c h  w a s  d e c o m p o s e d  b y  a ir ,  o r  b y  b o i l i n g  w i t h  w a t e r  o r  a lk a l i s ,  
f o r m in g  m e t a l l i c  g o ld .  H e  a l s o  s t a t e d  t h a t  in  a q u e o u s  s o l u t i o n s  g o ld  
w a s  o b t a i n e d ,  o w i n g  t o  t h e  a c t i o n  o f  c o ld  w a t e r  o n  t h e  p h o s p h i d e  
i n i t i a l l y  f o r m e d .  T h e  p u b l i s h e d  i n f o r m a t i o n  t h u s  l e a v e s  l i t t l e  d o u b t  
t h a t  p h o s p h i n e  r e d u c e s  g o l d  c o m p o u n d s  i n  a q u e o u s  s o l u t i o n  t o  t h e  m e t a l ,  
a n d  s u g g e s t s  t h a t  t h e  l a t t e r  m a y  b e  d e r iv e d  f r o m  a  p r e v i o u s l y  f o r m e d  
g o l d  p h o s p h i d e .

E x p e r i m e n t a l .

P h o s p h i n e  w a s  p r e p a r e d  ( 1 ) b y  b o i l in g  p h o s p h o r u s  w i t h  a q u e o u s  
p o t a s s i u m  h y d r o x i d e ,  a n d  w a s h in g  s u c c e s s i v e l y  w i t h  c o n c e n t r a t e d  h y d r o ­
c h lo r ic  a c id  a n d  w i t h  w a t e r ,  a n d  {2 ) b y  t h e  a c t i o n  o f  w a t e r  o n  p h o s p h o n iu m  
i o d i d e  a n d  w a s h in g  w i t h  w a t e r  ; i n  e a c h  c a s e  t h e  w a s h e d  g a s  w a s  p a s s e d  
o v e r  s o d a - l im e ,  f i l t e r e d  t h r o u g h  g la s s  w o o l ,  a n d  a b s o r b e d  i n  w a t e r  i n  a  
P y r e x  f la s k .  I n  t h e  e x p e r i m e n t s  t o  b e  d e s c r ib e d  t h e  r e s u l t s  o b t a i n e d  
w e r e  t h e  s a m e  ir r e s p e c t iv e  o f  t h e  m e t h o d  o f  p r e p a r a t io n  o f  t h e  p h o s p h in e .

(a )  A d d i t i o n  o f  5 0  c .c .  o f  p h o s p h in e  s o l u t i o n  t o  6 0  c .c .  o f  a  s o lu t io n  
c o n t a i n i n g  1 5  m g .  o f  g o ld  a s  K A u C l4 a n d  2 - 5  X  x o ~ 1 e q u i v a l e n t  o f  s o d i u m  
c a r b o n a t e  c a u s e d  t h e  i n s t a n t  f o r m a t io n  o f  a  r e d  s o l .

(b) W h e n  t h e  a b o v e  s o l u t i o n s  w e r e  m i x e d  in  t h e  r e v e r s e  o r d e r  a  y e l l o w  
s o l  w a s  f i r s t  fo r m e d ,  a n d  t h i s  c h a n g e d  t o  r e d d is h - b r o w n  i n  a  f e w  s e c o n d s  ; 
t h e  y e l l o w  c o lo u r  w a s  n o t  r e g a in e d  o n  d i l u t io n .  W h e n  t h e  a m o u n t  o f  
g o l d  w a s  r e d u c e d  t o  x o  m g .  t h e  d u r a t io n  o f  t h e  y e l l o w  c o lo u r  w a s  in c r e a s e d  
t o  a b o u t  5  m in u t e s .

(c) A  m o r e  s t a b l e  y e l l o w  s o l  (A ) w a s  m a d e  b y  a d d in g  a  s o l u t i o n  c o n t a i n ­
in g  S ' 5  m g .  A u  w i t h  a  p r o p o r t io n a t e  a m o u n t  o f  a lk a l i  t o  a  f r e s h ly  p r e p a r e d  
p h o s p h in e  s o lu t io n ,  t h e  r e s u l t in g  s o l  c o n t a i n i n g  0 - 0 6 3  m g - A u  p e r  c .c .  
2 0  c .c .  o f  A ,  k e p t  f o r  2  d a y s  i n  a  s t o p p e r e d  f la s k  c o n t a i n i n g  a ir ,  c h a n g e d  
i n t o  a  r e d  g o ld  s o l ; 2 0  c . c .  k e p t  f o r  t h e  s a m e  t i m e  in  a  s im i la r  f la s k  u n d e r  
n i t r o g e n  r e m a in e d  y e l lo w .

2 F u lh a m e , E s s a y  on  C o m b u s tio n , L o n d o n , 1 7 9 4 , 6 3 , X1 4 .
3 O b er k a m p f, A n n .  C h im . P h y s . ,  1 8 x 1 , S o , 1 4 0 .
4 R o s e , P o g g . A n n . ,  1 8 2 S, 1 4 , 1 S4 . 6 C a v a zz i; G a zze tta , 1 SS5 , 1 5 , 4 0 .
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{d )  W h e n  h e a t e d ,  s o l  A  r e m a in e d  y e l l o w  u n t i l  t h e  b o i l in g  p o i n t  w a s  
r e a c h e d ,  a n d  t h e n  q u i c k l y  t u r n e d  r e d .

(e) A  m ix t u r e  o f  s o l  A  w i t h  a  s o l u t i o n  o f  K A u C 1 4 t u r n e d  r e d , w h i l s t  
t h e  s a m e  q u a n t i t y  o f  A  e x p o s e d  t o  a ir  f o r  t h e  s a m e  t i m e  r e m a in e d  y e l l o w .

( / )  T h e  d is p e r s e d  m a t e r ia l  in  s o l  A  w a s  a n a l y s e d  a f t e r  c o a g u la t i n g  
w i t h  s o d iu m  c h lo r id e  a n d  w a s h in g  t h e  p r e c i p i t a t e  w i t h  w a t e r  a n d  f i n a l ly  
w i t h  a lc o h o l .  T h e  s o l  w a s  p r e p a r e d  a n d  c o a g u la t e d  a n d  t h e  p r e c i p i t a t e  
d r ie d  in  a n  a t m o s p h e r e  o f  n i t r o g e n .  A f t e r  w e ig h in g ,  t h e  p r e c i p i t a t e  w a s  
o x i d i s e d  w i t h  n i t r i c  a c id ,  a n d  p h o s p h o r u s  w a s  d e t e r m in e d  b y  t h e  le a d  
m o l y b d a t e  m e t h o d , 6 in  w h ic h  t h e  w e i g h t  o f  t h e  f in a l  p r o d u c t  (P b M o O .,)  
i s  1 4 2  t i m e s  t h a t  o f  t h e  p h o s p h o r u s .  T w o  a n a ly s e s  g a v e  P  1 3 - 9  a n d  
1 2 - 9  %  ; c a lc ,  fo r  A u P  1 3 - 6  % . I t  i s  t h e r e f o r e  p r o b a b le  t h a t  t h e  g o ld  
i n  t h e  y e l l o w  s o l  i s  p r e s e n t  e n t i r e l y  a s  c o l lo id a l  a u r ic  p h o s p h id e .

(g )  A  f u r t h e r  a n a ly s i s  o f  t h e  c o a g u lu m  f r o m  a  s o l ,  o r ig in a l ly  y e l lo w ,  
w h ic h  h a d  b e e n  a l lo w e d  t o  s t a n d  o v e r  a  w e e k - e n d  i n  c o n t a c t  w i t h  a ir  
a n d  h a d  t u r n e d  r e d , g a v e  P  0 - 7  % . T h i s  c o a g u lu m  w a s  o f  t h e  u s u a l  b lu i s h -  
b l a c k  c o lo u r  o f  g o ld  p r e c i p i t a t e d  f r o m  a  n o r m a l  g o ld  s o l ,  w h e r e a s  c o a g u la  
f r o m  t h e  y e l l o w  s o l s  w e r e  b r o w n .  T h e  b la c k  p r e c i p i t a t e s  o b t a in e d  b y  
O b e r k a m p f  a n d  b y  C a v a z z i  m a y  h a v e  o w e d  t h e i r  c o lo u r  t o  a d m ix e d  g o ld  ; 
i n  o u r  o w n  e x p e r i m e n t s  t h e  c o lo u r  o f  t h e  p h o s p h id e  p r e c i p i t a t e s  w a s  a lw a y s  
b r o w n  w h e n  a d e q u a t e  p r e c a u t io n s  h a d  b e e n  t a k e n  t o  p r e v e n t  o x id a t io n .

T h e  e x p e r i m e n t s  j u s t  d e s c r ib e d  m a k e  i t  r e a s o n a b l y  c l e a r  t h a t  t h e  
p r im a r y  r e a c t i o n  b e t w e e n  p h o s p h i n e  a n d  a n  a u r ic  c o m p o u n d  in  a q u e o u s  
s o l u t i o n  g i v e s  a u r ic  p h o s p h id e ,  a n d  t h a t  t h i s  m a y  b e  c o n v e r t e d  in t o  
g o ld  u n d e r  c o n d i t i o n s  p e r m i t t i n g  o x i d a t i o n ,  e .g .  b y  t h e  a c t i o n  o f  a ir ,  b o i l ­
i n g  w a t e r ,  o r  e x c e s s  o f  g o ld  s a l t .  T h e  r e a c t i o n s  m a y  b e  f o r m u l a t e d  t h u s  :

( 1 ) A u C l3 +  P H 3 =  A u P  +  3 H C I ;
( 2 ) q A u P  -j- 5 O 2 -f- 6 H 20  =  q A u  -f- 4 H 3P 0 4 ;

•or 3 A u P  -j- 5 A u C 1 3 I 2 H 20  =  8 A u  -T  3 H 3P 0 4 -f - 1 5 H C I.

A c c o r d i n g  t o  C a v a z z i ,  in  t h e  r e a c t i o n  w i t h  w a t e r ,  p h o s p h in e  a n d  h y d r o g e n  
a r e  f o r m e d  in  a d d i t i o n  t o  p h o s p h o r i c  a c id .

G o ld  s o l s  m a d e  b y  t h e  p h o s p h i n e  m e t h o d  a r e  n u c le a r ,  a n d  c a n  in  
f a c t  b e  o b t a i n e d  m o r e  f i n e l y  d is p e r s e  t h a n  a n y  h i t h e r t o  d e s c r ib e d .  
C h e m ic a l ly  t h e  r e a c t i o n  i s  o f  t h e  k in d  e x p e c t e d ,  in  t h a t  g o ld  i s  f o r m e d  
o n l y  in  t h e  l a s t  o f  a  s e q u e n c e  o f  ( in  t h i s  c a s e  t w o )  r e a c t i o n s .  T h e  
F a r a d a y  m e t h o d ,  in  t h e  f o r m  d e s c r ib e d  b y  Z s i g m o n d y  7 i s ,  h o w e v e r ,  
t h e  s t a n d a r d  m e t h o d  o f  p r e p a r in g  n u c le a r  s o l s ,  a n d  i t  s t i l l  r e m a in s  t o  
s h o w  w h a t  r e l a t i o n s  e x i s t  b e t w e e n  F a r a d a y  s o l s  a n d  t h o s e  m a d e  w i t h  
p h o s p h i n e .  T h e  f ir s t  q u e s t i o n  t h a t  a r i s e s  i s  w h e t h e r  a u r ic  p h o s p h i d e  
i s  a n  i n t e r m e d i a t e  p r o d u c t  in  t h e  p r e p a r a t io n  o f  F a r a d a y  s o l s .  D ir e c t  
e v i d e n c e  o n  t h i s  m a t t e r  i s  n o t  t o  b e  h a d ,  s in c e  t h e  p r e s e n c e  o f  e v e n  a  
l a r g e  p r o p o r t i o n  o f  p h o s p h o r u s  in  t h e  c o a g u lu m  f r o m  a  s o l  i m m e d i a t e l y  
a f t e r  m i x i n g  t h e  r e a c t a n t s  i s  c a p a b l e  o f  m o r e  t h a n  o n e  in t e r p r e t a t i o n .  
A  f u r t h e r  d i f f i c u l t y  i s  p r e s e n t e d  b y  t h e  f a c t  t h a t  a u r ic  p h o s p h i d e  s o l s  
p r e p a r e d  w i t h  p h o s p h i n e  a r e  c o n s i d e r a b l y  m o r e  s t a b l e  t h a n  a r e  t h e  s o l s  
m a d e  w i t h  a  s o l u t i o n  o f  p o s p h o r u s  in  e t h e r ; t h e  f o r m e r  a r c  m o r e  
s l o w l y  a f f e c t e d  b y  a ir ,  a n d  c a n  b e  p r e s e r v e d  u n d e r  n i t r o g e n  u n c h a n g e d  
f o r  m o r e  t h a n  t w o  m o n t h s .  T h e  e x p e r i m e n t s  d e s c r ib e d  b e l o w  g i v e  
f u r t h e r  i n f o r m a t i o n  o n  t h e s e  p o in t s .

(h) A u r ic  p h o s p h id e  s o l  w a s  p r e p a r e d  a n d  a f t e r w a r d s  b o i l e d  in  c o m ­
p le t e  a b s e n c e  o f  a ir .  T h e  s o l  t u r n e d  r e d  w i t h i n  1 5  m in u t e s .  A  s im ila r  
s o l  k e p t  a t  9 0 ° f o r  7  h o u r s  s h o w e d  n o  c h a n g e  b e y o n d  a  s l i g h t  d a r k e n in g  
o f  c o lo u r  t o  y e l lo w is h - b r o w n .

6 R a p er , B io ch em . J . ,  1 9 1 4 , 8 , 6 4 9 .
5 Z s ig m o n d y  a n d  T h ie ss e n , o p . c i t . ,  4 8
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( i)  i  c .c .  o f  a  s a t u r a t e d  s o l u t i o n  o f  p h o s p h o r u s  i n  d r y  e t h e r  rv a s  a d d e d  

t o  2 0  c .c .  o f  a n  e t h e r  s o l u t i o n  c o n t a in in g  i  m g .  o f  A u  a s  H A u C 1 4. A  y e l l o w  
s o l  s h o w in g  a  m a r k e d  T y n d a l l  e f f e c t  w a s  fo r m e d .  H a l f  o f  t h i s  s o l  w a s  
s h a k e n  w i t h  a n  e q u a l  v o l u m e  o f  w a t e r  : t h e  e t h e r  la y e r  w a s  d e c o lo r i s e d  
a n d  t h e  a q u e o u s  la y e r  b e c a m e  r e d .  T h e  o t h e r  h a l f  o f  t h e  y e l l o w  s o l ,  
w h e n  c o n c e n t r a t e d  t o  o n e - t h ir d  o f  i t s  o r ig in a l  v o lu m e ,  d e p o s i t e d  a  f lo c -  
c u l e n t  b r o w n  s u b s t a n c e  h a v i n g  t h e  p r o p e r t ie s  o f  a u r ic  p h o s p h id e .

(J) A n  e t h e r s o l  o f  a u r ic  p h o s p h id e  w a s  p r e p a r e d  a s  in  (i ) . H a l f  o f  
i t  w a s  s h a k e n  w i t h  w a t e r  a n d  g a v e  a  r e d  a q u e o u s  la y e r .  T h e  o t h e r  h a l f  
w a s  s h a k e n  w i t h  a n  a q u e o u s  s o lu t io n  o f  p h o s p h in e  : t h i s  g a v e  a  y e l l o w  
a q u e o u s  la y e r .  T h e  e t h e r  la y e r  w a s  d e c o lo r i s e d  in  b o t h .

T h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s ,  t o g e t h e r  w i t h  t h e  f a c t s  p r e v i o u s l y  
e s t a b l i s h e d ,  e n a b l e  a  c le a r  p i c t u r e  t o  b e  f o r m e d  o f  t h e  s u c c e s s i o n  o f  
e v e n t s  i n  t h e  f o r m a t i o n  o f  n u c le a r  s o l s  w h e t h e r  m a d e  w i t h  p h o s p h i n e  
o r  w i t h  e t h e r e a l  p h o s p h o r u s .  T h u s ,  w h e n  a  d i l u t e  a n d  s l i g h t l y  a l k a l i n e  
s o l u t i o n  o f  a  g o ld  c o m p o u n d  i s  m i x e d  w i t h  e x c e s s  o f  p h o s p h i n e  a  y e l l o w  
s o l  o f  a u r ic  p h o s p h i d e  i s  f o r m e d  ; a  y e l l o w  h y d r o s o l  s im i la r  in  a l l  r e s p e c t s  
t o  t h e  f i r s t  i s  a l s o  f o r m e d  b y  s h a k i n g  w i t h  w a t e r  t h e  y e l l o w  e t h e r s o l  
p r o d u c e d  b y  m i x i n g  e t h e r  s o l u t i o n s  o f  p h o s p h o r u s  a n d  c h lo r o a u r ic  
a c id  ; f i n a l l y ,  w h e n  e i t h e r  o f  t h e s e  y e l l o w  h y d r o s o l s  i s  s u b j e c t e d  t o  t h e  
c o n d i t i o n s  n o r m a l l y  p r e v a i l i n g  d u r in g  t h e  p r e p a r a t io n  o f  a  F a r a d a y  
s o l  i t  i s  c o n v e r t e d  i n t o  a  n u c le a r  g o ld  s o l .  T h e r e  i s ,  t h e r e f o r e ,  a  s t r o n g  
p r o b a b i l i t y  t h a t  a u r ic  p h o s p h i d e  i s  f o r m e d  a s  a n  i n t e r m e d i a t e  p r o d u c t  
in  t h e  F a r a d a y  r e a c t i o n ,  w h i l s t  f a i l u r e  t o  i s o l a t e  i t  f r o m  t h e  r e a c t i o n  
m i x t u r e  i s  a d e q u a t e l y  a c c o u n t e d  f o r  b y  t h e  f a c t  (c f .  E x p e r i m e n t  j )  
t h a t  o x i d a t i o n  o f  a u r ic  p h o s p h id e ,  t h o u g h  i n h i b i t e d  b y  p h o s p h i n e ,  i s  
n o t  i n h i b i t e d  b y  p h o s p h o r u s ,  a n d  m u s t ,  t h e r e f o r e ,  b e  p r o c e e d i n g  a t  a  
v e r y  e a r l y  s t a g e ,  a n  in f e r e n c e  s u p p o r t e d  b y  t h e  r a p id  d a r k e n in g  o f  t h e  
m i x t u r e  u s u a l l y  o b s e r v e d .  T h e  o r d e r  o f  m i x i n g  ( i . e .  p h o s p h o r u s  i s  
a d d e d  t o  t h e  g o ld  c o m p o u n d )  w o u l d  a l s o  f a v o u r  o x i d a t i o n  o f  t h e  p h o s ­
p h i d e  b y  t h e  lo c a l  e x c e s s  o f  g o ld  s a l t  d u r in g  m i x i n g .

F a r a d a y  s o l s  h a v e  b e e n  d i s c u s s e d  a t  s o m e  l e n g t h  b e c a u s e  o f  t h e i r  
h i s t o r i c a l  i n t e r e s t  a n d  p r a c t i c a l  i m p o r t a n c e .  T h e  c h e m i c a l  m e c h a n i s m  
s u g g e s t e d  f o r  t h e i r  f o r m a t i o n  i s  a t  l e a s t  h i g h l y  p r o b a b l e ; b u t  t h e  
p h y s i c a l  m e c h a n i s m  is  o b s c u r e ,  o w i n g  t o  o u r  i g n o r a n c e  o f  w h e t h e r  t h e  
i n i t i a l  r e a c t i o n  t a k e s  p la c e  in  s o l u t i o n  o r  i s  r e s t r i c t e d  t o  t h e  s u r f a c e  o f  
t h e  p h o s p h o r u s  p a r t i c l e s .  T h i s  u n c e r t a i n t y ,  a n d  t h e  d i f f i c u l t y  c r e a t e d  
b y  t h e  p r e s e n c e  o f  c o l lo id a l  p h o s p h o r u s ,  m a k e s  F a r a d a y  s o l s  u n s u i t e d  
t o  f u r t h e r  i n v e s t i g a t i o n .  S o l s  m a d e  w i t h  p h o s p h i n e  a r e  f r e e  f r o m  b o t h  
t h e s e  o b j e c t i o n s ,  b u t  e v e n  t h e y  c a n n o t  b e  u s e d  i n  e x p e r i m e n t s  d e s ig n e d  
t o  a s c e r t a in  w h e t h e r  a  d e f in i t e  p h y s i c a l  c o n n e c t i o n  e x i s t s  b e t w e e n  t h e  
p a r t i c l e s  o f  t h e  s u p p o s e d  i n t e r m e d i a t e  p r o d u c t  a n d  t h e  g o ld  p a r t i c l e s  
f i n a l l y  p r o d u c e d .  T h i s  q u e s t i o n  w o u l d  b e  r e s o l v e d  i f  t h e  n u m b e r  o f  
g o ld  p a r t i c l e s  i n  t h e  f in a l  s o l  c o u ld  b e  s h o w n  t o  b e  t h e  s a m e  a s  t h a t  o f  
t h e  p h o s p h i d e  p a r t i c l e s ,  a n d  t h i s  c o u ld  b e  d o n e  o n l y  i f  t h e  a m ic r o s c o p i c  
p a r t i c l e s  w e r e  g r o w n  t o  a  s i z e  la r g e  e n o u g h  t o  e n a b l e  t h e m  t o  b e  c o u n t e d .  
T h e  p h o s p h i d e  s o l s ,  h o w e v e r ,  a r e  u n s t a b l e  in  t h e  a b s e n c e  o f  f r e e  p h o s p h in e ,  
t h e  p r e s e n c e  o f  e v e n  a  s m a l l  t r a c e  o f  w h i c h  w o u l d  l e a d  t o  t h e  f o r m a t i o n  
o f  f r e s h  n u c le i  a n d  t h u s  n u l l i f y  a n y  a t t e m p t  t o  c o u n t  t h e  p a r t i c l e s .

N u c l e a r  S o l s  m a d e  w i t h  H y d r o g e n  S u l p h i d e .

W h e n  a  d i l u t e  s o l u t i o n  o f  p o t a s s i u m  c h lo r o a u r a t e  i s  m i x e d  w i t h  
o n e  o f  h y d r o g e n  s u l p h i d e  i n  e x c e s s ,  a  s o l  o f  g o ld  . ( m a i n l y  a u r ic )  s u l p h i d e  
i s  f o r m e d ; i t  i s  a t  f i r s t  o f t e n  t u r b id  o w i n g  t o  t h e  p r e s e n c e  o f  s o m e  f r e e
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s u lp h u r ,  b u t  g i v e s  a  c l e a r  y e l l o w  s o l  w h e n  b o i l e d .  T h e  d e g r e e  o f  d i s ­
p e r s io n  o f  t h e s e  s o l s  in c r e a s e s  w i t h  d i l u t i o n ,  a n d  w h e n  s u f f i c i e n t l y  d i l u t e  
t h e y  a r e  n u c le a r ,  i . e .  t h e y  s h o w  o n l y  a  v e r y  w e a k  T y n d a l l  e f f e c t ,  a n d  
g i v e  r i s e  t o  n u c le a r  g o ld  s o l s .  T h e  c o n v e r s i o n  o f  a  s u l p h i d e  s o l  i n t o  a  
g o ld  s o l  c a n  b e  e f f e c t e d ,  a s  w i t h  t h e  p h o s p h i d e  s o l s ,  b y  o x i d a t i o n  ; b u t  
u n l i k e  t h e  l a t t e r ,  s u l p h i d e  s o l s  a r e  s t a b l e  t o w a r d s  a ir  a n d  a r e  u n a f f e c t e d  
b y  b o i l in g ,  e v e n  w h e n  f r e e  f r o m  h y d r o g e n  s u l p h i d e .  T h e y  c a n ,  t h e r e f o r e ,  
b e  u s e d  f o r  f i n d i n g  w h a t  r e l a t i o n  e x i s t s  b e t w e e n  t h e  n u m b e r  o f  s u l p h i d e  
p a r t i c l e s  a n d  t h e  n u m b e r  o f  p a r t i c l e s  in  g o ld  s o l s  f o r m e d  f r o m  t h e m .

A u r ic  s u l p h i d e  s o l s  c a n  b e  c o n v e r t e d  i n t o  g o ld  s o l s  b y  t r e a t m e n t  
w i t h  p o t a s s i u m  c h l o r o a u r a t e ,  a m m o n i u m  p e r s u l p h a t e ,  h y d r o g e n  p e r ­
o x i d e ,  o r  o z o n e  ; in  t h e s e  r e a c t i o n s  t h e  c o n c e n t r a t i o n s  m u s t  b e  k e p t  l o w ,  
s i n c e  a l l  t h e  s u lp h u r  a p p e a r s  a s  s u l p h u r i c  a c id ,  t h e  c o a g u l a t i n g  e f f e c t  
o f  w h i c h  is  a d d e d  t o  t h a t  o f  t h e  e l e c t r o l y t e  a l r e a d y  p r e s e n t  a n d  o f  a n y  
w h ic h  m a y  b e  d e r iv e d  f r o m  t h e  o x i d i s i n g  a g e n t  u s e d .  T h e  f o l l o w i n g  
a r e  e x a m p l e s  o f  t h e  p r e p a r a t i o n  a n d  p r o p e r t i e s  o f  t h e  s o l s .  T h e  i n i t i a l  
s u l p h i d e  s o l  w a s  in  e v e r y  c a s e  f r e e d  f r o m  h y d r o g e n  s u l p h i d e  b y  b o i l i n g  
a n d  b y  s u b s e q u e n t l y  b u b b l i n g  f i l t e r e d  a ir  t h r o u g h  t h e  l i q u i d  f o r  3 0  

m i n u t e s .

R e a c t i o n  w i t h  C h l o r o a u r a t e .— 3  m g .  o f  A u  a s  K A u C 1 4 w e r e  a d d e d  
t o  5 0  c .c .  o f  a  A u ,S „  s o l  c o n t a i n i n g  1 m g .  A u  a n d  3 - 5  x  1 0 - 4 e q u i v a l e n t  
N a 2C 0 3. A f t e r  1 5  m i n u t e s  t h e  s o l u t i o n  b e c a m e  p in k ,  a n d  t h e  c o lo u r  
i n c r e a s e d  i n  d e p t h  f o r  s e v e r a l  d a y s ,  g r a d u a l l y  a c q u ir in g  a  s m o k y  s h a d e .  
A f t e r  8  d a y s  s l i g h t  s u r f a c e  c o a g u la t i o n  w a s  v i s ib l e ,  a n d  a f t e r  1 m o n t h  
t h e  g o ld  w a s  a l m o s t  c o m p l e t e l y  c o a g u la t e d .  M o r e  d i l u t e  s o l s  w e r e  r e d ,  
n o t  s m o k y ,  b u t  e v e n  t h e s e  c o a g u l a t e d  s p o n t a n e o u s l y  i n  a  f e w  w e e k s .  
I f  a lk a l i  w a s  o m i t t e d  t h e  s e q u e n c e  o f  c h a n g e s  w a s  t h e  s a m e ,  b u t  c o a g u la ­
t i o n  s e t  i n  e a r l ie r .  D i l u t e  r e d  s o l s  f o r m e d  b y  t h i s  r e a c t i o n  a r e  a m ic r o n ic ,  
b u t  o w in g  t o  t h e i r  i n s t a b i l i t y  a r e  u s e l e s s  fo r  t h e  p u r p o s e  i n  v ie w .

R e a c t i o n  w i t h  A m m o n i u m  P e r s u l p h a t e .— 2 0  c .c .  o f  a  A u 2S 3 s o l  t o  
w h i c h  w a s  a d d e d  1 m g .  o f  ( N H 4) , S , 0 ,  s h o w e d  n o  c h a n g e  o n  s t a n d i n g  
o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .  T h e  s o l  w a s  t h e n  b o i l e d  ; i t  t u r n e d  p i n k ,  
w i t h  a  b r o w n  t in g e ,  i n  1 0  m in u t e s .  T h e  c o lo u r  w a s  n o t  c h a n g e d  b y  
f u r t h e r  b o i l in g .  T h e  s o l  s h o w e d  o n l y  a  v e r y  f a i n t  T y n d a l l  e f f e c t .

R e a c t i o n  w i t h  H y d r o g e n  P e r o x i d e .—1 c .c .  o f  6  %  H , O a ( M e r c k ’s  
P e r h y d r o l  d i l u t e d )  w a s  a d d e d  t o  2 5  c .c .  o f  A u 2S 3 s o l  c o n t a i n i n g  o -x  m g .  A u .  
N o  i m m e d ia t e  r e a c t i o n  o c c u r r e d  i n  t h e  c o ld ,  b u t  o n  b o i l in g  t h e  l iq u id  
b e c a m e  r e d  i n  1 0  m in u t e s .  W h e n  N a 2C 0 3 w a s  a d d e d  in  a m o u n t  s u f f i c ie n t  
t o  n e u t r a l i s e  t h e  a c id  f o r m e d  o x i d a t i o n  o c c u r r e d  s l i g h t l y  l e s s  r e a d i ly .  
T h e  r e a c t i o n  w a s  n o t  o b v i o u s l y  a f f e c t e d  b y  d e c r e a s in g  t h e  c o n c e n t r a t io n  
o f  g o ld ,  b u t  w a s  g r e a t l y  r e t a r d e d  b y  d e c r e a s in g  t h a t  o f  T I20 2. T h e s e  
s o l s ,  w h e n  d i l u t e ,  a r e  a m ic r o n ic  a n d  s t a b le .

R e a c t i o n  w i t h  O z o n e .— O z o n is e d  o x y g e n  w a s  p a s s e d  a t  r o o m  t e m ­
p e r a t u r e  t h r o u g h  A u 2S 3 s o l  c o n t a i n i n g  o -o x  m g .  A u  p e r  c .c .  T h e  s o l  
s l o w l y  ( 2 0  m in s . )  t u r n e d  p in k ,  a n d  f in a l ly  b e c a m e  b lu is h - p u r p le .  T h e  
T y n d a l l  e f f e c t ,  w h ic h  w a s  v e r y  f a in t ,  in d i c a t e d  t h a t  t h e  b lu e  c o lo u r  w a s  
d u e  n e i t h e r  t o  t h e  p r o d u c t io n  o f  la r g e  p a r t i c l e s  n o r  t o  c o a g u la t i o n .  W h e n  
b o i l e d  f o r  2  m in u t e s  t h e  s o l  b e c a m e  p u r e  r e d .  S im i la r  b e h a v io u r  h a s  
b e e n  n o t i c e d  i n  s o l s  p r e p a r e d  b y  r e d u c t io n  m e t h o d s ,  w h e n  t h e  r e d u c t io n  
h a s  b e e n  in c o m p le t e ,  a n d  i n  s u c h  c a s e s  t h e  b lu e  o r  p u r p le  c o lo u r  i s  u s u a l l y  
a t t r i b u t e d  t o  a  g o ld  o x i d e .  T h i s  e x p l a n a t i o n  i s  s u p p o r t e d  b y  t h e  o b s e r v a ­
t i o n  t h a t  a  r e d  g o ld  s o l  m a d e  b y  t h e  p h o s p h in e  m e t h o d  w a s  t u r n e d  p u r p le  
b y  p a s s i n g  o z o n i s e d  o x y g e n  t h r o u g h  i t ; t h e  r e d  c o lo u r  w a s  r e g a i n e d  o n  
b o i l in g ,  a n d  t h e  T y n d a l l  e f f e c t  r e m a in e d  u n c h a n g e d  t h r o u g h o u t .
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P a r t i c l e  C o n c e n t r a t i o n  i n  S u l p h i d e  S o l s .

T h e  p a r t i c l e s  in  g o ld  s u l p h i d e  s o l s  c a n n o t  b e  d i r e c t l y  c o u n t e d .  T h e ir  
s i z e  d e c r e a s e s  w i t h  in c r e a s in g  d i l u t i o n  o f  t h e  p a r e n t  s o l u t i o n s ,  t h e  l a r g e s t  
“  e q u i v a l e n t  g o ld  p a r t i c l e  ”  [ i . e .  o n e  c o n t a i n i n g  t h e  s a m e  a m o u n t  o f  
g o ld  a s  t h e  s u l p h i d e  p a r t i c l e s )  h a v i n g  a  r a d iu s  o f  2 - 5  m /x . T h e  p a r t i c l e s  
a r e ,  t h e r e f o r e ,  t o o  s m a l l  t o  c o u n t  in  t h e  u l t r a m ic r o s c o p e ,  a n d  m u s t  b e  
g r o w n  b e f o r e  t h e ir  n u m b e r  o r  s i z e  c a n  b e  d e t e r m i n e d .  I t  h a s  b e e n  
s h o w n  a l r e a d y  t h a t  g o ld  s u l p h i d e  r e a c t s  r a t h e r  s l o w l y  w i t h  p o t a s s i u m  
c h l o r o a u r a t e ; i t  s e e m s  p r o b a b le  t h a t  t h e  s l o w n e s s  i s  d u e  e n t i r e l y  t o  t h e  
s o l id  r e a c t i o n ,  a n d  t h a t  t h e  s u r f a c e  o f  t h e  p a r t i c l e  i s  c o n v e r t e d  i n t o  g o ld  
v e r y  q u i c k l y .  T h i s  v i e w  is  b o r n e  o u t  b y  t h e  o b s e r v a t i o n  t h a t  t h e  
s u l p h i d e  p a r t i c l e s  b e h a v e  e x a c t l y  l ik e  g o ld  n u c le i  w h e n  a n  a t t e m p t  
i s  m a d e  t o  g r o w  t h e m  b y  r e d u c in g  a  c h lo r o a u r a t e  s o l u t i o n  in  t h e i r  
p r e s e n c e  w i t h  h y d r o x y l a m i n e .  T a b l e  I  g i v e s  t h e  r e s u l t s  o f  d e t e r m i n i n g  
i n  t h i s  m a n n e r  t h e  n u m b e r  o f  s u l p h i d e  p a r t i c l e s  p e r  c .c .  in  f i v e  d i f f e r e n t  
s o l s  o f  c o n c e n t r a t i o n  v a r y i n g  f r o m  0 - 0 8  t o  0 - 0 0 0 8  m g .  A u  p e r  c .c .  T h e  
m e a s u r e m e n t s  w e r e  m a d e  b y  t h e  m e t h o d  d e s c r ib e d  in  P a r t  I  o f  t h i s  
s e r i e s . 8 T h e  f i r s t  c o l u m n  g i v e s  t h e  r e l a t i v e  d i l u t i o n  o f  t h e  p a r t i c u l a r  
s o l  u s e d ,  a n d  t h e  s e c o n d  t h e  c a l c u l a t e d  n u m b e r  o f  n u c le i  in  t h e  u n d i l u t e d  
s o l .  T h e s e  n u m b e r s  s h o u l d  n o t  v a r y  w i t h  d i l u t i o n  i f  t h e  s u l p h i d e  
p a r t i c l e s  d o  in  f a c t  a c t  a s  t h e  s o l e  n u c le i  o f  c o n d e n s a t i o n  ; i f ,  o n  t h e  
o t h e r  h a n d ,  t h e  n u m b e r  o f  g o ld  p a r t i c l e s  p r o d u c e d  d e p e n d s  o n  s o m e  
o t h e r  f a c t o r ,  t h e  o b s e r v e d  n u m b e r s  w o u l d  b e  c o n s t a n t ,  a n d  t h e  c a l ­
c u l a t e d  n u m b e r s  w o u l d  t h e r e f o r e  b e  d i r e c t l y  p r o p o r t io n a l  t o  t h e  d i l u t i o n s .

T A B L E  I .

(c =  A u  p e r  c .c .  o f  u n d ilu te d  A u 2S 3 s o l ; v  =  r e la t iv e  d i lu t io n  ; n  =  n u m b e r  
o f  p a r t ic le s  p er  c .c .  o f  u n d ilu te d  so l.)

c  — o-oS  m g ./c .c . c  — 0 -0 2  m g ./c .c . c — o-ox  m g ./c .c .

V n V n V n
1 -0 6 -o x  i o 13 1 -0 3 '3  X IO 13 1-0 2 -6  X IO13
i - 5 5 -6  X  i o 13 1 -0 2 5 3 ‘2 X IO 13 1 '33 2 - 6  X  IO 13
2 -0 6 -7  x  i o 13 x-47 3 ’4  X IO 13 1 -6 7 2 -5  X IO13

2-5 6 -8  x  i o 13 i-5 3 -0  x IO 13 2 -0 2 -4  X IO13
2 -0 2 -8  X IO 13
2 -2 2 -9  X IO 13

c =  0 - 0 0 4  m g . /c .c .

1 -0  
i -25
1-75
2-5

n
1-3  x  i o 13 
1 -4  x  i o 13 
x - i  x  i o 13 
i- x  x  i o 13

=  0 - 0 0 0 8  m g . /c .c .

v
1 -0
1-4
2 0

3-o

n
5 -0  X i o ;
4 -3  X 10  
4 -5  X I O 13 

4 -5  X IO13

T h e  t a b u l a t e d  f ig u r e s  s h o w  t h a t  t h e  n u m b e r  o f  g o ld  p a r t i c l e s  f o r m e d ,  
i n  e a c h  o f  t h e  f i v e  s o l s ,  i s  p r o p o r t io n a l  t o  t h e  a m o u n t  o f  s u l p h i d e  s o l  u s e d  ; 
i t  m a y  t h e r e f o r e  b e  a s s u m e d  t h a t  t h i s  n u m b e r  is  a l s o  t h a t  o f  t h e  s u l p h i d e

8 U sh er , T r a n s . F a r a d a y  S o c ., 1 9 3 8 , 3 4 , 1 2 3 0 .
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p a r t i c l e s  p r e s e n t .  T h e  a v e r a g e  d e v i a t i o n  f r o m  t h e  m e a n ,  a v e r a g e d  fo r  
t h e  f i v e  s o l s ,  i s  6 - 2  % ,  w h i c h  is  w e l l  w i t h i n  t h e  p e r m is s ib l e  e x p e r i m e n t a l  
e r r o r .

P a r t i c l e  C o n c e n t r a t i o n  i n  G o l d  S o l s  d e r i v e d  f r o m  S u l p h i d e  S o l s .

T h e o r e t i c a l l y  a n y  o n e  o f  t h e  f o u r  o x i d i s i n g  a g e n t s  p r e v i o u s l y  n a m e d  
c o u ld  b e  u s e d  t o  c o n v e r t  t h e  s u l p h i d e  s o l s  i n t o  g o ld  s o l s  w i t h  a  v i e w  t o  
c o m p a r in g  t h e i r  p a r t i c l e  c o n c e n t r a t i o n s .  I n  p r a c t i c e  o n l y  h y d r o g e n  
p e r o x i d e  h a s  b e e n  f o u n d  s a t i s f a c t o r y ,  s i n c e  s o l s  m a d e  w i t h  t h e  o t h e r s  
s h o w  t o o  g r e a t  a  t e n d e n c y  t o  c o a g u l a t e  s p o n t a n e o u s l y .  T h e  s u l p h i d e  
s o l  c o n t a i n i n g  0 - 0 2  m g .  A u  p e r  c .c .  w a s  c o n v e r t e d  i n t o  a  g o l d  s o l  b y  
b o i l i n g  s o m e  o f  t h e  
d i l u t e d  s o l  w i t h  
v e r y  d i l u t e  h y d r o ­
g e n  p e r o x id e .  T h e  
o r ig in a l  s o l  h a d
p a r t i c l e s  o f  e q u i v a ­
l e n t  r a d iu s  2 - 0  m /j..
W h e n  t h e  c o n v e r ­
s io n  i n t o  g o ld  w a s  
c o m p l e t e  t h e  r e s u l t ­
i n g  s o l  w a s  s u i t a b l y  
d i l u t e d , t h e  p a r t i c l e s  w e r e  g r o w n ,  a n d  t h e  s i z e  o f  t h e  n u c le i  d e t e r m i n e d  in  
t h e  u s u a l  w a y .  T h e  r e s u l t s  o f  t w o  s e r ie s  o f  s u c h  m e a s u r e m e n t s  a r e  in  
T a b l e  I I .

I t  i s  s e e n  f r o m  t h e s e  m e a s u r e m e n t s  t h a t  w h e n  a  g o ld  s u l p h i d e  s o l  
i s  o x i d i s e d  b y  h y d r o g e n  p e r o x i d e  t o  f o r m  a  g o ld  s o l ,  t h e  a m o u n t  o f  g o ld  
in  e a c h  p a r t i c l e ,  a n d  c o n s e q u e n t l y  t h e  n u m b e r  o f  p a r t i c l e s ,  r e m a in s  
u n c h a n g e d .  I t  i s  d i f f i c u l t  t o  im a g i n e  t h a t  t h i s  c o u ld  h a p p e n  u n le s s  
e a c h  s u l p h i d e  p a r t i c l e  i s  c o n v e r t e d  i n t o  a  g o ld  p a r t i c l e  b y  t h e  r e m o v a l  
o f  s u lp h u r  ; a n d  a l t h o u g h  n o  s u c h  p r o o f  i s  p o s s i b l e  w h e n  t h e  o t h e r  
o x i d i s i n g  a g e n t s  a r e  u s e d ,  t h e r e  i s  n o  r e a s o n  t o  a s s u m e  a  d i f f e r e n t  
m e c h a n i s m  o f  c o n v e r s i o n  in  t h e i r  c a s e .

C o n c l u s i o n .

I n  a l l  t h e  m e t h o d s  o f  m a k i n g  n u c le a r  s o l s  e x a m i n e d ,  t h e  c h e m ic a l  
r e a c t i o n  l e a d i n g  t o  t h e  f o r m a t i o n  o f  g o ld  h a s  b e e n  f o u n d  t o  o c c u r  in  
a t  l e a s t  t w o  s t a g e s  ; t h e  f i r s t  i s  t h e  f o r m a t i o n  o f  n u c le i  c o n t a i n i n g  
o t h e r  e l e m e n t s  b e s id e s  g o ld  ; t h e  s e c o n d  s t a g e  c o n s i s t s  in  t h e  r e m o v a l  
o f  t h e s e  e l e m e n t s  f r o m  t h e  p a r t i c l e s ,  l e a v i n g  g o ld .  N o t h i n g  d e f in i t e  
is  k n o w n  a b o u t  t h e  r e a c t i o n s  o f  g o ld  s a l t s  w i t h  r e d u c in g  a g e n t s  s u c h  a s  
h y d r a z i n e  a n d  h y d r o x y l a m i n e ,  w h i c h  d o  n o t  f o r m  n u c le a r  s o l s ; t h e r e  
i s  n o  e v i d e n c e  a t  p r e s e n t  t h a t  i n s o l u b l e  p a r t i c l e s ,  o t h e r  t h a n  g o ld ,  a r e  
f o r m e d  in  t h e m  a t  a n y  s t a g e .  W i t h  s u c h  n o n - n u c l e a r  r e d u c in g  a g e n t s  
t h e  f o r m a t i o n  o f  c o l l o i d a l  g o ld  i s  a p p a r e n t l y  m o r e  r a p id  t h a n  i t  i s  w i t h  
n u c le a r  r e d u c in g  a g e n t s  [ e .g .  p h o s p h o r u s ,  p h o s p h in e ,  h y d r o g e n  s u lp h id e ) ,  
b u t  i t  m a y  b e  s u r m is e d  t h a t  t h e  r e a c t i o n s  w h i c h  p r o d u c e  t h e  f i r s t  i n ­
s o l u b l e  p a r t i c l e s  ( g o ld )  in  t h e  f o r m e r  c a s e  a r e  s lo w e r  t h a n  t h o s e  w h i c h  
p r o d u c e  t h e  f i r s t  i n s o l u b l e  p a r t i c l e s  ( a u r ic  p h o s p h id e ,  a u r ic  s u lp h id e )  
in  t h e  l a t t e r .  I n  t h e  o n e  r e a c t i o n  t h a t  p e r m i t s  e x a c t  i n v e s t i g a t i o n  t h e  
n u m b e r  o f  t h e  r e s u l t i n g  g o ld  p a r t i c l e s  h a s  b e e n  s h o w n  t o  b e  d e t e r m in e d  
b y  t h a t  o f  t h e  a n t e c e d e n t  n u c l e i ,  a n d  i t  i s  r e a s o n a b le  t o  s u p p o s e  t h a t  
t h i s  w i l l  b e  t r u e  o f  a l l  r e a c t i o n s  o f  a  s im i la r  k in d  in  w h i c h  t h e  f in a l  g o ld -

T A B L E  I I .

Relative
Dilution.

Particle
Radius.

Relative
Dilution.

Particle
Radius.

1*0 2 -0  m/z 1 -0 2*0 IQ .fi

1*43 2 -0 1-5 2*1
2 -1 4 2*2 2*0 2 -1



3 9 2  I N T E R F A C I A L  C U R V A T U R E  O N  S O L U B I L I T Y

p r o d u c in g  r e a c t i o n  i s  t o p o c h e m i c a l .  T h i s  w o u l d  i m p l y  t h a t  t h e  n u m b e r  
a n d  s i z e  o f  c o l l o i d a l  g o l d  p a r t i c l e s  a r e  i n d e p e n d e n t  o f  t h e  v e l o c i t y  o f  
t h e  f in a l  r e a c t i o n  b y  w h i c h  t h e  m e t a l  i s  p r o d u c e d ,  b u t  a r e  d e t e r m i n e d  
r a t h e r  b y  t h e  v e l o c i t y  o f  t h a t  r e a c t i o n  w h i c h  f i r s t  p r o d u c e s  a n  in s o l u b l e  
s u b s t a n c e .  T h e  r e a c t i o n  b e t w e e n  a  g o l d  s a l t  a n d  h y d r o g e n  s u l p h i d e  is  
i o n i c ,  a n d  i n s t a n t a n e o u s  i n  t h e  s e n s e  t h a t  e v e r y  e n c o u n t e r  b e t w e e n  
t h e  r e a c t i n g  m o l e c u l e s  i s  e f f e c t i v e ; i f  t h i s  i s  t r u e  a l s o  o f  t h e  r e a c t i o n s  
w i t h  p h o s p h o r u s  a n d  p h o s p h i n e ,  t h e  d i f f e r e n c e  i n  s i z e  b e t w e e n  t h e  
p a r t i c l e s  p r o d u c e d  b y  t h e  n u c le a r  a n d  n o n - n u c l e a r  t y p e s  o f  r e d u c in g  
a g e n t  i s  s e e n  t o  b e  in  h a r m o n y  w i t h  t h e  g e n e r a l l y  r e c o g n i s e d  r e l a t i o n  
b e t w e e n  c r y s t a l  s i z e  a n d  d e g r e e  o f  s u p e r s a t u r a t i o n .

S u m m a r y .

1 . T h e  r e d u c t io n  o f  g o ld  s a l t s  b y  p h o s p h in e  a n d  b y  h y d r o g e n  s u lp h id e  
u n d e r  c e r t a i n  c o n d i t io n s  l e a d s  t o  t h e  f o r m a t io n  o f  n u c le a r  g o ld  s o l s .  
U n d e r  o t h e r  c o n d i t i o n s  t h e s e  r e a c t i o n s  m a y  g i v e  r i s e  t o  s o l s  o f  a u r ic  
p h o s p h id e  a n d  a u r ic  s u lp h id e ,  t h e  p r o p e r t ie s  o f  w h i c h  a r e  d e s c r ib e d .

2 . T h e  r e a c t i o n s  o f  g o ld  s a l t s  w i t h  p h o s p h o r u s  i n  e t h e r  ( F a r a d a y ' s  
m e t h o d ) ,  p h o s p h in e ,  a n d  h y d r o g e n  s u lp h id e  o c c u r  i n  a t  l e a s t  t w o  s t a g e s ,  
o n e  o f  w h ic h  c o n s i s t s  i n  t h e  f o r m a t io n  o f  a n  in s o lu b le  g o ld  c o m p o u n d ,  
a n d  t h e  l a s t  o f  w h ic h  c o n s i s t s  i n  a  t o p o c h e m i c a l  c o n v e r s io n  o f  t h i s  i n t o  
g o ld .

3 . I t  i s  s u g g e s t e d  t h a t  t h e  d i f f e r e n c e  i n  t h e  s i z e  o f  g o ld  p a r t i c l e s  
p r o d u c e d  b y  n u c le a r  a n d  n o n - n u c le a r  t y p e s  o f  r e d u c in g  a g e n t  i s  d e t e r ­
m in e d  b y  t h e  s p e e d  o f  t h e  r e a c t i o n  w h ic h  f ir s t  p r o d u c e s  a n  in s o lu b le  
s u b s t a n c e ,  r a t h e r  t h a n  b y  t h e  o v e r a l l  s p e e d  o f  t h e  c o m p l e t e  p r o c e s s .

T h e  U n i v e r s i t y ,
L e e d s .

T H E  I N F L U E N C E  O F  I N T E R F A C I A L  C U R V A T U R E  
O N  S O L U B I L I T Y .

B y  R .  S t e v e n s o n  B r a d l e y .

(.R e c e iv e d  2 0 th  O c to b e r ,  1 9 3 9 .)

I f  c u r v a t u r e  o c c u r s  a t  t h e  in t e r f a c e  b e t w e e n  
t w o  l i q u i d s ,  t h e n ,  a s  i s  w e l l  k n o w n ,  t h e  s o l u b i l i t y  
i s  a l t e r e d .  I t  i s  o f  i n t e r e s t  t o  c o n s i d e r  t h e  b e ­
h a v i o u r  in  t h e  l i g h t  o f  a  c h a n g e  in  e n e r g y  d u e  t o  
m o l e c u l a r  i n t e r a c t i o n  w i t h o u t  r e f e r r in g  e x p l i c i t l y  t o  
t h e  s u r f a c e  p r e s s u r e  d u e  t o  c u r v a t u r e .  T h e  c h a n g e  
in  e n e r g y  a r i s e s  o w i n g  t o  t h e  d i f f e r e n c e  in  m o l e c u l a r  
e n v i r o n m e n t  b e t w e e n  a  m o l e c u l e  a t  a  p l a n e  a n d  
c u r v e d  s u r f a c e ,  a n d  t h e  m e t h o d  h a s  t h e  a d v a n t a g e  
t h a t  t h e  e n q u i r y  c a n  b e  p u r s u e d  d o w n  t o  v e r y  
s m a l l  d r o p l e t s .  W i t h  s u c h  d r o p le t s ,  e .g .  t h o s e  
w h i c h  f o r m  o n  n u c l e i ,  t h e r e  i s  c o n s id e r a b le  d o u b t  
a s  t o  t h e  a p p l i c a b i l i t y  o f  K e l v i n ’s  e q u a t i o n .  T h e  
r e s u l t s  a p p l y  n o t  o n l y  t o  t h e  s o l u b i l i t y  o f  l i q u i d s  in  
l i q u i d s ,  b u t  a l s o  t o  t h e  c o n d e n s a t i o n  o f  v a p o u r s  o n  
n u c l e a t i n g  p a r t i c l e s  o r  in  c a p i l l a r y  s y s t e m s .

S u p p o s e  t h a t  w e  h a v e  a  s p h e r e  o f  l i q u i d  A  
o f  r a d iu s  r  c o n t a i n i n g  q A  m o l e c u l e s  p e r  c .c . ,  i m ­
m e r s e d  in  a  l i q u i d  B  c o n t a i n i n g  q B m o l e c u l e s F ig . 1.



p e r  c .c .  L e t  t h e  l a w  o f  f o r c e  b e t w e e n  t w o  m o l e c u l e s  o f  A  b e  o f  t h e  f o r m  

—  —  ^ , a n d  b e t w e e n  a  m o l e c u l e  o f  A  a n d  o n e  o f  B  b e  —  —  ■ C o n s id e rx n x m ’ x v x u

a  m o l e c u l e  o f  A  a t  t h e  s u r f a c e  o f  t h e  s p h e r e  a t  P ,  F i g .  1 . T h e n  t h e  
d i f f e r e n c e  in  e n e r g y  o f  t h i s  m o l e c u l e  w h e n  t h e  in t e r f a c e  i s  p l a n e  a n d  w h e n  
i t  i s  c u r v e d  is  g i v e n  b y  E A  — E B , w h e r e  E A  i s  t h e  e n e r g y  o f  a  m o l e c u l e  
a t  P  d u e  t o  t h e  s h a d e d  p o r t i o n  f i l l e d  w i t h  A ,  a n d  E B t h a t  d u e  t o  t h e  
s h a d e d  p o r t i o n  f i l l e d  w i t h  B .  T h e  s h a d e d  r e g i o n  is  s u p p o s e d  t o  e x t e n d  
r o u n d  t h e  s p h e r e  t o  0 0  e x c e p t  f o r  t h e  d o t t e d  b o u n d a r y .  T h i s  e n e r g y  
c a n  b e  a c c u r a t e l y  e x p r e s s e d .

T h e  p o t e n t i a l  o f  a  m o l e c u l e  d i s t a n t  c  f r o m  t h e  c e n t r e  o f  a  s p h e r e  o f  
r a d iu s  r  i s ,  in  a b s o l u t e  v a l u e , 1

0 {v l ) 8 { n ) —  c m̂  _  _|_ r ) m ~ 5 (h i  — 4 ) ( c  +  r ) m ~ 4

“  (h i -  5) { c  -  r ) ™ -5 +  ( m  —  4) ( c  -  r ) ”- 4]  “  ^

w h e r e  8(n )  i s  o b t a i n e d  b y  r e p l a c i n g  m  b y  n  i n  6(m ) .
I n  o u r  p r o b le m  c  m a y  b e  p u t  e q u a l  t o  r  +  d ,  w h e r e  d  i s  t h e  m o l e ­

c u la r  d i a m e t e r ,  g i v i n g  t h e  e n e r g y ,  d u e  t o  t h e  s p h e r e  A ,

p ( m )  -  p ( n )  =  (7 1 - d ) { m  ^  ¡') [ m  _  3 ) [ ( w  _  5 ) { d  +  2 r )

{ r +  d )  1 . [r +  d)
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v i—5

+ r J r <2>(h i —  4  ) [ d  +  2 r ) m~4 (h i —  5  ) d m ~5 ( m  —  4 ) d m - 4 .

w h e r e  /3 (n ) i s  o b t a i n e d  b y  r e p l a c i n g  h i  b y  n in  j8 (h i).
N o w  t h e  e n e r g y  o f  a  m o l e c u l e  a t  t h e  s u r f a c e  o f  a n  in f i n i t e  p l a n e  w i t h  

l i q u i d  e x t e n d i n g  t o  i n f i n i t y  u n d e r n e a t h  i s

>'w  -  >,<’ ,)  “  -  r t o .

w h e r e  y{n) i s  o b t a i n e d  b y  r e p l a c i n g  h i  b y  n in  y{ni). H e n c e

E j u - M  - / ( » )  -  { r  +

----------------------- ?------------------- 1___________ ^  +  d)______________________ / , )
(h i -  5) ( d  +  2 r ) « - 5 ^  ( m  -  4) { d  +  2 r ) ”* -4J  JK >'

w h e r e / ( w )  i s  o b t a i n e d  b y  r e p l a c i n g  m b y  n in  f{m).
S i m i l a r l y

£ B / ? b  = / ( « ) - / ( » )  a n d  E J q A - E B l q B = f ( m )  - f ( n )  - / ( « )  + / ( » ) .  (4 ) 

W h e n  r  d ,

-  - E ' b / ? b  =  -  </>{n) —  <f>(u) +

w h e r e  < i(n i) —  — - -------------------------------- — _____________________
r  (h i  —  1  ) ( m  —  3 )  (h i —  4 )  (h i —  5 )d m~5‘

B u t  t h e  in t e r f a c i a l  e n e r g y  o f  A  i s  g i v e n  b y  2 

° a  = jV/ a 2 . ( h i  —  i  ) ( h i  —  3 )  ( h i  —  4 )  ( h i  —  5 ) d m ~ 5

( n  -  i ) ( n  —  3 ) ( m —  4 ) ( m -  5 ) ^ - J  (S )

1 B r a d le y , PAi7. M a g .,  1 9 3 2 , 1 3 , 8 5 3  : c f . e q u a t io n  a b o v e  f ig . 2 . 
- I c id . ,  1 9 3 1 , I I ,  8 4 6 .
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w h e r e  AT is  A v o g a d r o ' s  n u m b e r ,  p A is  t h e  d e n s i t y  o f  A  a n d  M A  i t s  m o l e ­
c u la r  w e i g h t ,  i . e .

H e n c e  E A  —  E B  =  - ^ ( a A M A l p A  —  w M J p x ),

w h e r e  w  i s  t h e  w o r k  o f  a d h e s i o n ,  i.e. w =  crA +  t7n  —  cta b , a n d  t h e  e n e r g y  
d i f f e r e n c e  p e r  g .  m o l .

I f  t h e  o s m o t i c  w o r k  o f  t r a n s f e r e n c e  o f  a  d i f f e r e n t ia l  e l e m e n t  f r o m  t h e  
d r o p l e t  t o  a  p l a n e  s u r f a c e  b e  e q u a t e d  t o  t h e  s u r f a c e  w o r k  w e  o b t a i n  
in  t h e  u s u a l  w a y  a n  in c r e a s e  in  s o l u b i l i t y  ( S )  g i v e n  b y  5  =  S 0e El n T , 
w h e r e  5 0 i s  t h e  s o l u b i l i t y  o v e r  a  p l a n e  a n d  S' t h a t  o v e r  a  s p h e r e  o f  r a d iu s  r .

w h i c h  is  i d e n t i c a l  w i t h  K e l v i n ' s  r e s u l t  e x c e p t  f o r  t h e  s e c o n d  t e r m ,  
w h i c h  is  u s u a l l y  s m a l l ,  e .g .  f o r  a  l i q u i d  v o l a t i l i s i n g  i n t o  a  v a c u u m .

T h i s  d e r i v a t i o n  h a s  t h e  a d v a n t a g e  t h a t  i t  is  p o s s i b l e  t o  e s t i m a t e  
e x a c t l y  ( i f  t h e  p r e m is e s  a r e  c o r r e c t )  t h e  d i v e r g e n c e  f r o m  t h e  f o r m u la  
w h e n  r  i s  s m a l l .  F o r  s o l id  c r y s t a l l i n e  p a r t i c l e s ,  h o w e v e r ,  f o r  w h i c h  i t  is  
o f t e n  a p p l i e d  t h e r e  i s  n o  j u s t i f i c a t i o n  f o r  t h e  a p p l i c a t i o n ,  o w i n g  t o  t h e  
e x i s t e n c e  o f  e d g e s  a n d  c o r n e r s ,  in  f a c t  s t r i c t l y  s p e a k i n g  t h e  e n e r g y  o f  
a c t i v a t i o n  v a r i e s  c o n t i n u o u s l y  o v e r  a  c r y s t a l l i n e  f a c e  o f  a  s m a l l  s o l id  
p a r t i c l e .

I n  o r d e r  t o  e s t i m a t e  t h e  e x t e n t  o f  d i v e r g e n c e  f o r  v e r y  s m a l l  d r o p l e t s  
w e  m a y  n e g l e c t  t h e  r e p u l s i v e  t e r m s  a n d  p u t  m  =  u  =  7 , t h e  v a l u e  g i v e n  
b y  w a v e  m e c h a n i c s .  T h e n  w h e n  r  —  1 0 d  f o r m u la e  (6 ) g i v e s  a  v a l u e  
o n l y  7 - 6  %  i n  e x c e s s  o f  t h e  t r u e  r e s u l t  o b t a i n e d  f r o m  e q u a t i o n  ( 3 ) ,  a n d  
w h e n  r  =  5 d  t h e  e x c e s s  i s  o n l y  1 2 - 9  % .  T h e  s a m e  r e m a r k s  a p p l y  t o  t h e  
v a p o u r  p r e s s u r e  o f  a  d r o p le t .

D e p a r t m e n t  o f  I n o r g a n i c  C h e m is t r y ,
U n i v e r s i t y  o f  L e e d s .

T H E  M O L E C U L A R  S T A T E  O F  IN O R G A N IC  
L IQ U ID S .

A l t h o u g h  t h e  o s m o t i c  p r o p e r t i e s  o f  in o r g a n i c  s u b s t a n c e s  in  a q u e o u s  
s o l u t i o n  h a v e  b e e n  t h e  s u b j e c t  o f  e x t e n s i v e  i n v e s t i g a t i o n ,  f e w  m e a s u r e ­
m e n t s  h a v e  b e e n  m a d e  u p o n  n o n - a q u e o u s  s o l u t i o n s  o f  n o n - p o l a r  a n d  
d ip o la r  i n o r g a n i c  c o m p o u n d s .  I n  c o n n e c t i o n  w i t h  o t h e r  i n v e s t i g a t i o n s  
in  t h i s  l a b o r a t o r y  w e  w e r e  l e d  t o  e x a m i n e  t h e  p r o p e r t i e s  o f  a r s e n ic  
t r i c h lo r id e ,  p h o s p h o r u s  t r i c h lo r id e ,  s u lp h u r  m o n o c h lo r i d e ,  p h o s p h o r u s  
o x y c h l o r i d e ,  s u l p h u r y l  c h lo r id e  a n d  t h i o n y l  c h lo r id e  f o r  t h e  p u r p o s e  o f  
a s c e r t a i n i n g  t h e  m o l e c u l a r  c o n d i t i o n  o f  t h e s e  s u b s t a n c e s  in  n o n - p o l a r

(6 )

H e n c e (7 )

B y  A .  R .  M o r g a n  a n d  S .  T .  B o w d e n .

R e c e iv e d  2 5 th  O c to b e r ,  1 9 3 9 .
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m e d i a .  I n a s m u c h  a s  t h e  e b u l l i o s c o p i c  m e a s u r e m e n t s  o f  p r e v io u s  
w o r k e r s  1 l e d  t o  e r r o n e o u s  r e s u l t s  o w i n g  t o  t h e  v o l a t i l i t y  o f  t h e  s o l u t e ,  
t h e  c r y o s c o p i c  m e t h o d  w a s  e m p l o y e d  in  t h e  p r e s e n t  d e t e r m i n a t i o n s .

E x p e r i m e n t a l .

S in c e  t h e  l iq u id s  s u i l e r  r e a d y  h y d r o l y s i s  o n  e x p o s u r e  t o  t h e  a t m o s p h e r e  
t h e y  w e r e  a l lo w e d  t o  s t a n d  f o r  a  s h o r t  t i m e  o v e r  f r e s h ly  a c t i v a t e d  s i l i c a  
g e l  ( in  o r d e r  t o  a d s o r b  t r a c e s  o f  f r e e  h y d r o g e n  c h lo r id e )  p r io r  t o  d i s t i l l a t i o n  
i n  a n  a l l - g la s s  a p p a r a t u s ,  w h i c h  in c o r p o r a t e d  a  l o n g  D u f t o n  c o lu m n  a n d

T A B L E  I .

Substance. Weight of 
Solute (g).

Depres­
sion.

Molecular
Weight.

A r se n ic  tr ic h lo r id e  M  =  1 8 1 -3  . 0 -5 8 3 0 -9 6 1 8 0
1 -2 1 4 1-97 1 8 2

0 -445 0 -7 2 1 8 2
0 - 9 8 6 1 -5 8 1 8 4

M ea n  18 2
P h o sp h o r u s  tr ic h lo r id e  M  — 1 3 7 -4 0 - 3 0 8 o-6 o 1 5 2

0 - 6 6 4 i - 3 i 1 5 0
1 -1 7 5 2 -3 1 1 5 0
1 -0 0 6 2 -0 1 1 4 8
1 -3 8 9 2-73 1 5 0

M ea n  1 5 0
S u lp h u r  m o n o c h lo r id e  M  =  1 3 5 -0 0 -7 3 0 i -5 5 139

0 - 9 8 3 2 -0 7 1 4 0
0 - 3 6 9 o -8 o 1 3 6
0 -8 8 5 1 -9 0 137
i '4 3 4 3 -0 6 1 3 8

M ea n  1 3 8
P h o s p h o r u s  o x y c h lo r id e  M  — 1 5 3 -4  • 0 -2 2 3 0 -3 9 1 6 9

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

M ea n  io o
S u lp h u r y l c h lo r id e  M  — 1 3 5 -1  . 1 -0 7 9 2 -2 6 141

1 -3 6 7 2 -8 2 143
0 -4 4 2 o-95 137
0 - 7 0 2 1 -4 9 139

M ea n  1 4 0
T h io n y l  c h lo r id e  M  — 1 1 9 -1 0 -2 4 6 0 -5 6 1 3 0

o-6 io 1 -4 1 1 2 7
x-o6o 2-45 1 2 8
0 -7 6 5 x-88 1 2 0
1-310 3 -1 6 1 2 2

M ea n  1 2 5

c o n d e n s in g  u n i t  p r o v id e d  w i t h  g u a r d - t u b e s  o f  a n h y d r o u s  c a l c iu m  c h lo r id e  
a n d  s i l i c a  g e l .  E a c h  l i q u i d  w a s  s u b j e c t e d  t o  a t  l e a s t  t h r e e  f r a c t io n a t io n s  
u n d e r  o r d in a r y  p r e s s u r e ,  b u t  s u lp h u r  m o n o c h lo r i d e  w a s  f r a c t io n a t e d  u n d e r  
r e d u c e d  p r e s s u r e  in  o r d e r  t o  a v o i d  t h e r m a l  d e c o m p o s i t io n .  T h e  b o i l in g -  
p o i n t s  a n d  d e n s i t i e s  o f  t h e  p u r e  l iq u id s  w e r e  a s  f o l l o w s  : a r s e n ic  t r ic h lo r id e ,  
b .p .  i 2 9 - o ° / 7 7 i  m m .,  d?$° 2 - 1 4 9 7  ; p h o s p h o r u s  t r ic h lo r id e ,  b .p .  7 5 '7 ° / 7 5 8  

m m .,  1 - 5 6 5 9  ; s u lp h u r  m o n o c h lo r id e ,  b .p .  4 2 -o ° / 2 3  m m .,  1 - 6 7 1 4  ; 

p h o s p h o r u s  o x y c h lo r id e ,  b .p .  i0 5 -g °/ j6 2  m m .,  d \ f  1 -6 6 7 6 ; t h i o n y l

1 O d d o  a n d  S erra , Gazz. C h im . Hal., 1 8 9 9 , 3 1. 222-
1 4 *
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c h lo r id e ,  b .p .  7 6 -5 °¡766 m m .,  1 - 6 2 9 0  ; s u lp h u r y l  c h lo r id e ,  b .p .  69-2° I J 54.

m m .,  d% t° 1 -6 5 7 0 . B e n z e n e  (p u r if ie d  f o r  m o le c u la r  w e i g h t  d e t e r m in a t io n s )  
w a s  d i s t i l l e d  o v e r  p h o s p h o r u s  p e n t o x i d e  ( f r e e  f r o m  t r io x id e )  b e f o r e  u s e  
a s  s o lv e n t .

T h e  c r y o s c o p ic  a p p a r a t u s  c o n s i s t e d  o f  a  B e c k m a n n  t u b e  p r o v id e d  
w i t h  a  t h r e e - h o le d  r u b b e r  s t o p p e r  c a r r y in g  a  c a l ib r a t e d  t h e r m o m e t e r ,  
a  d e l i v e r y  t u b e  f o r  t h e  a d m is s io n  o f  n i t r o g e n ,  a n d  a  g la s s  s t ir r e r .  T h e  
s t ir r e r  w a s  a r r a n g e d  t o  o p e r a t e  t h r o u g h  a n  a i r - t i g h t  d e v ic e ,  w h i l e  a  s l o w  
s t r e a m  o f  r ig o r o u s l y  d r ie d  n i t r o g e n  w a s  p a s s e d  t h r o u g h  t h e  a p p a r a t u s .  
T h e  g a s  w a s  l e d  o u t  t h r o u g h  t h e  s i d e - t u b e  o f  t h e  B e c k m a n n  v e s s e l ,  w h ic h  
w a s  a l s o  f i t t e d  w i t h  a  g u a r d - t u b e  o f  c a lc iu m  c h lo r id e  t o  p r e v e n t  b a c k w a r d  
d i f f u s io n  o f  m o i s t u r e .  T h e  m e a s u r e m e n t s  w e r e  c a r r ie d  o u t  i n  a c c o r d a n c e  
w i t h  t h e  o r t h o d o x  p r o c e d u r e  w i t h  d u e  r e g a r d  t o  t h e  p r e c a u t io n s  a d o p t e d  
i n  t h e  c a s e  o f  h i g h l y  r e a c t i v e  s o l u t i o n s . 2 T h e  f in a l  c o n c e n t r a t io n s  e m ­
p l o y e d ,  h o w e v e r ,  w e r e  r a t h e r  h ig h e r  t h a n  i s  c u s t o m a r y  i n  c r y o s c o p ic  w o r k  
i n  o r d e r  t o  d e t e c t ,  i f  p o s s i b le ,  t h e  in c id e n c e  o f  a s s o c ia t io n .  T h e  c r y o s c o p ic  
c o n s t a n t  o f  b e n z e n e  w a s  d e t e r m in e d  f r o m  t h e  d e p r e s s io n s  p r o d u c e d  b y  
p u r e  n a p h t h a l e n e  u n d e r  t h e  s a m e  e x p e r i m e n t a l  c o n d i t io n s .  T h e  m e a n  
v a lu e ,  K  =  5 2 -3 , w a s  e m p l o y e d  i n  c a l c u la t in g  t h e  r e s u l t s  s h o w n  i n  T a b le  I .

D i s c u s s i o n .

T h e  m o le c u la r  s t a t e  o f  t h e  p u r e  l i q u i d s  h a s  b e e n  s t u d i e d  b y  V a u b e l ,3 

b u t  a s  m a y  b e  s e e n  f r o m  T a b l e  I I ,  t h e  v a l u e s  o f  t h e  a s s o c i a t i o n  f a c t o r

T A B L E  I I .— A s s o c ia t io n  F a c t o r s .

Vaubel. Ramsay and 
Shields. Walden. Longinescu. Present;

Work.

A sC ls . 1 -5 0 __ 0 -8 3 0 -8 3 1*00
P C I, . 1 -4 8 1*02 o -97 x -1 7 1 -0 9
S 2C12 . i - 3 7 o-95 1 -2 7 1-44 1*02
P O C 1, . — 1*00 0 -99 0 - 9 9 i*oS
S O C l2 . — i* o 8 o -8 o 1*09 1 -0 5
S 0 2C12 . o -97 1*09 o*8 o X'°3

o b t a i n e d  b y  t h i s  i n v e s t i g a t o r  a r e  h i g h e r  t h a n  w o u l d  b e  a n t i c i p a t e d  f r o m  
t h e  g e n e r a l  p r o p e r t i e s  o f  t h e  l i q u i d s .  T h e  a s s o c i a t i o n  f a c t o r s  c a l c u l a t e d  
f r o m  t h e  s u r f a c e  e n e r g y  e q u a t i o n s  o f  R a m s a y  a n d  S h i e l d s  4 a n d  W a l d e n  5 

a r e  i n  g o o d  a g r e e m e n t  in  t h e  c a s e  o f  a l l  t h e  l i q u i d s  w i t h  t h e  e x c e p t i o n  o f  
s u l p h u r  m o n o c h l o r i d e .  T h e  v a l u e s  c o m p u t e d  f r o m  t h e  e m p i r i c a l  e q u a ­
t i o n  o f  L o n g i n e s c u  6 c o r r e s p o n d  f a i r l y  w e l l  w i t h  t h o s e  o b t a i n e d  b y  t h e  
o t h e r  m e t h o d s .

T h e  c r y o s c o p i c  m e a s u r e m e n t s  s h o w  t h a t  t h e  o b s e r v e d  m o le c u l a r  
w e i g h t  d o e s  n o t  c h a n g e  a p p r e c i a b l y  w i t h  t h e  c o n c e n t r a t i o n  o f  t h e  s o l u ­
t i o n .  A l t h o u g h  t h e  c a l c u l a t i o n  o f  t h e  a s s o c i a t i o n  f a c t o r s  o n  t h i s  b a s i s  
d e p e n d s  o n  t h e  p r e m is e  t h a t  n o  i n t e r a c t i o n  o c c u r s  b e t w e e n  s o l v e n t  
a n d  s o l u t e ,  t h e r e  i s  l i t t l e  d o u b t  t h a t  t h e s e  v a l u e s  a r e  m o r e  r e l ia b le  t h a n  
t h o s e  c a l c u l a t e d  f r o m  t h e  s u r f a c e  e n e r g y  r e l a t i o n s .  I n  f a c t ,  w e  f in d  
n o  d i s c r e p a n c y  in  t h e  c a s e  o f  s u l p h u r  m o n o c h l o r i d e ,  w h i c h  b e h a v e s  
a s  a  p e r f e c t l y  n o r m a l  l i q u i d .  T h e  d e p r e s s io n s  p r o d u c e d  b y  p h o s p h o r u s

2 B o w d e n , J .  C h em . S o c ., 1 9 3 9 , 3 7 .
2 V a u b e l,  J .  p r a k .  C h em ., 1 9 0 4 , 6 9 , 1 3 S.
4 R a m s a y  a n d  S h ie ld s , J .  C h em . S o c .,  1 8 9 3 , 6 3 , 1 0 8 7 .
5 W a ld e n , Z .  p h y s ik .  C h em ., 1 9 0 9 , 6 5 , 1 2 9 .
6 L o n g in e s c u , J .  C h im . p h y s iq u e ,  1 9 0 3 , I ,  2 8 9 .
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t r i c h lo r id e  a n d  p h o s p h o r u s  o x y c h l o r i d e  a r e  s l i g h t l y  l o w e r  t h a n  t h e  id e a l ,  
a n d  t h e s e  d e v i a t i o n s  m a y  b e  d u e  t o  i n t e r n a l  p r e s s u r e  d i f f e r e n c e s  b e t w e e n  
s o l v e n t  a n d  s o l u t e  o r  t o  s l i g h t  a s s o c i a t i o n  o f  t h e  s o l u t e .

I t  h a s  b e e n  f o u n d  b y  S u g d e n  a n d  h is  c o - w o r k e r s  7 t h a t  t h e  p a r a c h o r  
o f  s e v e r a l  o f  t h e  a b o v e  s u b s t a n c e s  i s  i n d e p e n d e n t  o f  t h e  t e m p e r a t u r e  
o f  m e a s u r e m e n t  a n d  t h a t  t h e s e  l iq u id s ,  t h e r e f o r e ,  a r e  e s s e n t i a l l y  n o r m a l .  
M o r e o v e r ,  m e a s u r e m e n t s  in  t h i s  l a b o r a t o r y  r e v e a l  t h a t  t h e  v a r i a t i o n  o f  
v i s c o s i t y  w i t h  t e m p e r a t u r e  c o n f o r m s  t o  t h e  A n d r a d e  e x p o n e n t i a l  f o r m u la  8 

i n  t h e  c a s e  o f  a r s e n ic  t r i c h lo r id e ,  s u lp h u r  m o n o c h l o r i d e  a n d  p h o s p h o r u s  
o x y c h l o r i d e .  A l t h o u g h  s u c h  c o n f o r m i t y  d o e s  n o t  in  i t s e l f  p r o v e  t h a t  
a s s o c i a t i o n  i s  a b s e n t ,  i t  d o e s  i m p l y  t h a t  t h e r e  i s  n o  c h a n g e  o f  a s s o c i a t i o n  
w i t h  t e m p e r a t u r e .  I n  t h e  c a s e  o f  p h o s p h o r u s  t r i c h lo r id e ,  s u lp h u r y l  
c h lo r id e  a n d  t h i o n y l  c h lo r id e ,  h o w e v e r ,  t h e r e  i s  a p p r e c ia b le  d e p a r t u r e  
f r o m  t h e  e x p o n e n t i a l  r e l a t i o n ,  a n d  t h i s  i s  d o u b t l e s s  t o  b e  r e f e r r e d  t o  
t h e  d i f f e r e n c e  in  t h e  a s s o c i a t i v e  t e n d e n c y  o f  t h e  m o l e c u l e s  a t  d i f f e r e n t  
t e m p e r a t u r e s .

Summary.

M o le c u la r  w e i g h t  d e t e r m in a t io n s  o n  n o n - p o la r  a n d  d ip o la r  in o r g a n ic  
c h lo r id e s  i n  b e n z e n e  s o l u t i o n  i n d i c a t e  t h a t  t h e  l iq u id s  b e h a v e  a s  n o r m a l  
s o l u t e s  w i t h  t h e  e x c e p t i o n  o f  p h o s p h o r u s  t r i c h lo r id e  a n d  p h o s p h o r u s  
o x y c h l o r i d e  w h i c h  s h o w  s l i g h t  d e v i a t i o n s  f r o m  i d e a l i t y .  T h e  r e s u l t s  a r e  
b r ie f ly  d i s c u s s e d  i n  t h e  l i g h t  o f  t h e  v a r io u s  fo r m u la e  f o r  c a l c u la t in g  a s s o c i ­
a t i o n  f a c t o r s ,  a n d  a l s o  f r o m  t h e  s t a n d p o i n t  o f  t h e  e x p o n e n t i a l  f o r m u la  
f o r  t h e  v a r i a t i o n  o f  v i s c o s i t y  w i t h  t e m p e r a t u r e .

7 S u g d e n , R e e d  a n d  W ilk in s , J .  C h em . S o c ., 1 9 2 5 , 1 2 7 , 1 5 2 5 .
8 A n d r a d e , P h i l .  M a g .,  1 9 3 4 , *7> 497« 6 9 8 .

T H E  T H E R M O D Y N A M IC S  O F  I N T E R F A C E S  IN  
S Y S T E M S  O F  S E V E R A L  C O M P O N E N T S .

B y  E .  A .  G u g g e n h e i m , M .A . ,  S c . D .

R e c e iv e d  g th  N o v e m b e r , 1 9 3 9 .

Part I. Plane Interfaces. 

1. Introduction.

T h e  t h e r m o d y n a m i c s  o f  a n  in t e r f a c e  s e p a r a t i n g  a  s i m p l e  l iq u id  f r o m  
i t s  v a p o u r  o f f e r  l i t t l e  d i f f i c u l t y  a n d  a r e  w e l l  k n o w n .  T h e  p h y s i c a l  
c h e m i s t ’s  in t e r e s t ,  h o w e v e r ,  i s  d i r e c t e d  l a r g e l y  t o  v a r i a t i o n s  o f  c o m p o s i ­
t i o n .  T h e  t h e r m o d y n a m i c a l  fo r m u la e  f o r  a n  i n t e r f a c e  s e p a r a t i n g  a  
s o l u t i o n  f r o m  i t s  v a p o u r  o r  f o r  a n  in t e r f a c e  s e p a r a t i n g  t w o  l iq u id  p h a s e s  
o f  a t  l e a s t  t w o  c o m p o n e n t s  a r e  c o n s i d e r a b l y  m o r e  c o m p l i c a t e d .  T h e  
c la s s i c a l  t r e a t m e n t  i s ,  o f  c o u r s e ,  t h a t  o f  G ib b s , 1 a n d  i t  h a s  t h e  m a t h e ­
m a t i c a l  e l e g a n c e  c h a r a c t e r i s t i c  o f  a l l  G ib b s ’ w o r k ,  b u t  i t  m u s t  b e  a d m i t t e d  
t h a t  t h i s  t r e a t m e n t  i s  n o t  r e a d i l y  a s s i m i l a t e d .  T h e  c h a r a c t e r i s t i c  f e a t u r e  
o f  G ib b s ’ t r e a t m e n t  i s  t h e  i n t r o d u c t i o n  o f  a  m a t h e m a t i c a l  s u r f a c e .  E a c h  
e x t e n s i v e  p r o p e r t y  o f  t h e  s y s t e m ,  s u c h  a s  i t s  f r e e  e n e r g y ,  i t s  e n t r o p y ,  i t s  
c o n t e n t  o f  e a c h  c o m p o n e n t ,  i s  t h e n  i m a g i n e d  t o  b e  c o m p o s e d  o f  t h r e e

1 G ib b s, C ollected  W o rk s ,  v o l .  1 , p p . 2 1 9  seq . (L o n g m a n s , 1 9 2 8 ).
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p a r t s : t h e  f i r s t  i s  t h e  c o n t r i b u t i o n  o f  t h e  o n e  b u l k  p h a s e  o n  t h e  s u p p o s i ­
t i o n  t h a t  i t s  p r o p e r t i e s  r e m a in e d  h o m o g e n e o u s  a s  f a r  a s  t h e  m a t h e ­
m a t i c a l  s u r f a c e  ; t h e  s e c o n d  i s  t h e  s i m i l a r  c o n t r i b u t i o n  o f  t h e  o t h e r  b u l k  
p h a s e ; t h e  r e s id u a l  p a r t  o f  t h e  e x t e n s i v e  p r o p e r t y  i s  a s s i g n e d  t o  t h e  
m a t h e m a t i c a l  s u r f a c e .  T h u s  t o  t h e  m a t h e m a t i c a l  s u r f a c e  a r e  a s s i g n e d  
a  f r e e  e n e r g y ,  a n  e n t r o p y ,  a  q u a n t i t y  o f  e a c h  c o m p o n e n t ,  b u t  o f  c o u r s e  
n o  v o l u m e .  A l t h o u g h  t h i s  m e t h o d  o f  t r e a t m e n t  i s  m a t h e m a t i c a l l y  
a c c u r a t e  i t  h a s  t w o  f e a t u r e s ,  c l o s e l y  r e l a t e d  t o  e a c h  o t h e r ,  w h i c h  m a k e  i t  
p a r t i c u l a r l y  d i f f i c u l t  t o  v i s u a l i s e .  T h e  f i r s t  i s  t h a t  t h e  a c t u a l  v a l u e s  o f  
t h e  s e v e r a l  e x t e n s i v e  p r o p e r t i e s  a s s i g n e d  t o  t h e  m a t h e m a t i c a l  s u r f a c e  
d e p e n d  t o  a  m a r k e d  d e g r e e  o n  t h e  e x a c t  p o s i t i o n  o f  t h e  m a t h e m a t i c a l  
s u r f a c e  in  t h e  p h y s i c a l  i n t e r f a c i a l  l a y e r .  I n  f a c t  t h e  m a t h e m a t i c a l  
s u r f a c e  c a n  b e  s o  p l a c e d  a s  t o  m a k e  a  s e l e c t e d  o n e  o f  t h e s e  e x t e n s i v e  
p r o p e r t i e s  h a v e  a n  a r b i t r a r i l y  c h o s e n  v a l u e ,  s u c h  a s  z e r o .2 T h e  s e c o n d  
u n n a t u r a l  f e a t u r e  i s  t h a t  t h e  m a t h e m a t i c a l  s u r f a c e  h a v i n g  b y  d e f in i t i o n  
n o  v o l u m e ,  d o e s  n o t  c o r r e s p o n d  t o  o u r  p h y s i c a l  p i c t u r e  o f  a n  i n t e r f a c i a l  
la y e r .  E x p e r i e n c e  i n d i c a t e s  t h a t  i t  i s  m u c h  l e s s  d i f f i c u l t  t o  u s e  G i b b s ’ 
fo r m u la e  t h a n  t o  u n d e r s t a n d  t h e m .

I n  c o n t r a s t  t o  G i b b s ’ a b s t r a c t  t r e a t m e n t  o f  s u r f a c e s ,  s e v e r a l  D u t c h  
p h y s i c i s t s ,  n o t a b l y  V a n  d e r  W a a l s  a n d  B a k k e r ,3 h a v e  m a d e  i m p o r t a n t  
c o n t r i b u t i o n s  t o  t h e  t h e o r y  o f  s u r f a c e s  b y  t r e a t i n g  t h e  s u r f a c e  a s  a  l a y e r  
o f  s m a l l  b u t  f i n i t e  u n i f o r m  t h i c k n e s s .  T h e ir  t r e a t m e n t  a p p l i e s  t o  a  
s y s t e m  o f  a  s i n g l e  c o m p o n e n t ,  t h a t  i s  t o  t h e  s u r f a c e  s e p a r a t i n g  a  s im p le  
l i q u i d  f r o m  i t s  v a p o u r .  V e r s c h a f f e l t 4 h a s  s u p p l i e d  a  t r e a t m e n t  o f  
s u r f a c e s  b e t w e e n  p h a s e s  o f  s e v e r a l  c o m p o n e n t s ,  w h i c h  e x p l i c i t l y  r e c o g ­
n i s e s  t h e  f i n i t e  t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r .  T h i s  t r e a t m e n t  s h a r e s  
t h e  e l e g a n c e  o f  G ib b s ’ a n a l y s i s ,  w h i l e  a v o i d i n g  t h e  a b s t r a c t i o n  o f  h i s  
m a t h e m a t i c a l  s u r f a c e .  T h e  p r e s e n t  t r e a t m e n t  a g r e e s  i n  p r i n c i p l e  w i t h  
t h a t  o f  V e r s c h a f f e l t ,  b u t  d i f f e r s  f r o m  i t  p a r t i c u l a r l y  in  m y  c h o i c e  o f  a  
s e t  o f  i n d e p e n d e n t  v a r i a b l e s ,  w h i c h  I  b e l i e v e  t o  b e  c o n v e n i e n t  i n  p r a c t i c e .  
I n  P a r t  I , f o l l o w i n g  V e r s c h a f f e l t ,  I  s h a l l  s u p p o s e  t h e  i n t e r f a c e  t o  b e  
p l a n e .  I n  P a r t  I I  I s h a l l  d i s c u s s  b r i e f l y  t h e  a p p l i c a b i l i t y  o f  t h e  fo r m u la e  
t o  c u r v e d  i n t e r f a c e s .

2 .  D e f i n i t i o n s .

F i g .  I r e p r e s e n t s  t w o  h o m o g e n e o u s  b u l k  p h a s e s ,  a  a n d  /3, b e t w e e n  
w h i c h  l i e s  t h e  s u r f a c e  l a y e r  a .  T h e  b o u n d a r y  b e t w e e n  a  a n d  a  i s  t h e

p l a n e  A A ' ,  t h a t  b e t w e e n  a  a n d  /3 t h e  
P  p a r a l l e l  p la n e  B B ' .  A l l  p r o p e r t i e s  o f  cr

» g ----------------------------------g '  a r e  u n i f o r m  in  d i r e c t i o n s  p a r a l l e l  t o  A A ' ,
b u t  n o t  in  t h e  d i r e c t i o n  n o r m a l  t o  A A ' .  
A t  a n d  n e a r  A A '  t h e  p r o p e r t i e s  a r e  
i d e n t i c a l  w i t h  t h o s e  o f  t h e  p h a s e  a ; a t  
a n d  n e a r  B B '  t h e y  a r e  i d e n t i c a l  w i t h  

a  t h o s e  o f  t h e  p h a s e  /?. S u b j e c t  t o  t h e s e
F ig . i . c o n d i t i o n s  t h e r e  i s  f r e e d o m  o f  c h o i c e  in

p l a c i n g  t h e  p l a n e s  A A '  a n d  B B ' .  I t  w i l l  
b e  p o s s i b l e  a n d  t h e r e f o r e  n a t u r a l ,  t h o u g h  n o t  e s s e n t i a l , ’ s o  t o  p l a c e  t h e
p l a n e s  A A '  a n d  B B '  t h a t  t h e  u n i f o r m  d i s t a n c e  b e t w e e n  t h e m  i s  s u b -
m ic r o s c o p i c  a n d  u s u a l l y  l e s s  t h a n  l o ~ 6 c m .

2 S ee  G u g g e n h e im  a n d  A d a m , P ro c . R o y . S oc . A ,  1 9 3 3 , 1 3 9 , 2 1 S.
3 S ee  H a n d b . E x p e r im e n ta lp l iy s ik ,  1 9 2 8 , 6 .
1 V e r s c h a ffe lt , A  ca d . r o y . B e lg iq u e ,  B u ll ,  c la s s e  s c ie n c e s ,  1 9 3 6 , 2 2 , N o .  4 , p p . 3 7 3 ,

3 9 0 , 4 0 2 .
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S i n c e  t h e  s u r f a c e  l a y e r  a  i s  a  m a t e r i a l  s y s t e m  w i t h  a  w e l l - d e f i n e d  
v o l u m e  a n d  m a t e r i a l  c o n t e n t ,  i t s  t h e r m o d y n a m i c  p r o p e r t i e s  r e q u ir e  n o  
s p e c i a l  d e f i n i t i o n .  W e  m a y  s p e a k  o f  i t s  t e m p e r a t u r e ,  f r e e  e n e r g y ,  
c o m p o s i t i o n  a n d  s o  o n  j u s t  a s  f o r  a  h o m o g e n e o u s  b u l k  p h a s e .  T h e  o n l y  
f u n c t i o n s  t h a t  c a l l  f o r  s p e c i a l  c o m m e n t  a r e  t h e  p r e s s u r e  a n d  t h e  s u r f a c e  
t e n s i o n .  I n  a n y  h o m o g e n e o u s  b u l k  p h a s e  t h e  f o r c e  a c r o s s  a n y  u n i t  
a r e a  is  e q u a l  in  a l l  d i r e c t i o n s  a n d  i s  c a l l e d  t h e  p r e s s u r e .  B u t  in  <7 t h e  
f o r c e  a c r o s s  u n i t  a r e a  i s  n o t  t h e  s a m e  in  a l l  d i r e c t i o n s .  I f ,  h o w e v e r ,  w e  
c h o o s e  a n y  p l a n e  o f  u n i t  a r e a  p a r a l le l  t o  A A '  a n d  B B ' ,  t h e n  t h e  f o r c e  
a c r o s s  i t  h a s  t h e  s a m e  v a l u e  f o r  a l l  p o s i t i o n s  o f  t h e  p la n e  w h e t h e r  i t  l i e  
i n  a ,  j3 o r  a  ; t h i s  v a l u e  o f  t h e  f o r c e  a c r o s s  u n i t  a r e a  is  c a l l e d  t h e  p r e s s u r e  
P .  S u p p o s e ,  o n  t h e  o t h e r  h a n d ,  w e  c h o o s e  a  p la n e  p e r p e n d ic u l a r  to  
A A '  a n d  e x t e n d i n g  a b o v e  A A '  a n d  b e l o w  B B ' ; l e t  t h i s  p la n e  h a v e  t h e  
f o r m  o f  a  r e c t a n g l e  o f  h e i g h t  h  ( p a r a l l e l  t o  A B )  a n d  o f  t h i c k n e s s  I ( p e r ­
p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  p a p e r ) .  T h e n  t h e  f o r c e  a c r o s s  t h i s  p la n e  
w i l l  b e  e q u a l  t o  P h i  —  y l ,  w h e r e  P  i s  t h e  a b o v e - d e f i n e d  p r e s s u r e  a n d  y  is  
t h e  i n t e r f a c i a l  t e n s i o n .  I f  t h e  h e i g h t  o f  t h i s  p l a n e  i s  c h o s e n  t o  e x t e n d  
e x a c t l y  f r o m  A A '  t o  B B ' ,  t h e n  t h e  f o r c e  a c r o s s  i t  w i l l  b e  e q u a l  t o  P t I —  y l ,  
i f  t h e  h e i g h t  A B  is  d e n o t e d  b y  r .  L e t  t h e  s u r f a c e  l a y e r  h a v e  a n  a r e a  A ,  
a  p e r i m e t e r  s  a n d  a  v o l u m e  V a  s o  t h a t

V a  =  r  A .......................................................................(2 , 1 )

S u p p o s e  t h e  a r e a  t o  b e  i n c r e a s e d  t o  A  -j -  d A ,  t h e  p e r im e t e r  t o  s  -j - d s ,  
t h e  t h i c k n e s s  t o  r  -f -  d r  a n d  t h e  v o l u m e  t o  V a +  d V a , t h e  m a t e r i a l  
c o n te n t  r e m a i n i n g  u n a l t e r e d .  T h e n  t h e  w o r k  d o n e  o n  a  c o n s i s t s  o f  
— p A d r ,  b y  t h e  f o r c e s  a c r o s s  A A '  a n d  B B '  a n d  —  (P r s  —  y s ) d A / s  
b y  t h e  f o r c e s  p a r a l l e l  t o  t h e  p l a n e s  A A '  a n d  B B ' .  T h e  t o t a l  w o r k  d o n e  
o n  cr i s  t h e r e f o r e

—  P A  d r  —  ( P t s  —  y s ) d A / s
=  —  P ( A d r  r d A )  -(- y d A
=  - P d V a +  y d A ......................................................................... ( 2 ,2 )

T h i s  e x p r e s s i o n  t a k e s  t h e  p l a c e  o f  —  P d V a  f o r  a  h o m o g e n e o u s  b u l k  

p h a s e  a .

3 .  F r e e  E n e r g y  o f  S u r f a c e  L a y e r .

F o r  t h e  m o s t  g e n e r a l  v a r i a t i o n  o f  t h e  f r e e  e n e r g y  F a  o f  a  h o m o g e n e o u s  
b u l k  p h a s e  w e  h a v e  t h e  w e l l - k n o w n  f o r m u la

d  F a — —  S “ d r  —  P d V a  - j -  P rf iTd n Ta , . . ( 3 ,  1 )

w h e r e  S' d e n o t e s  e n t r o p y ,  T  t e m p e r a t u r e ,  P  p r e s s u r e ,  V  v o l u m e ,  ¡xr 
c h e m i c a l  p o t e n t i a l  o f  t h e  c o m p o n e n t  r ,  a n d  n r  n u m b e r  o f  m o l e s  o f  c o m ­
p o n e n t  r .  T h e  f i r s t  t e r m  o n  t h e  r i g h t  g i v e s  t h e  d e p e n d e n c e  o f  F  011 

t e m p e r a t u r e ,  t h e  s e c o n d  i t s  d e p e n d e n c e  o n  v o l u m e  a n d  t h e  r e m a i n i n g  
t e r m s  i t s  d e p e n d e n c e  o n  c o m p o s i t i o n .  F o r  a  s u r f a c e  p h a s e  cr t h e  d e ­
p e n d e n c e  o f  t h e  f r e e  e n e r g y  F a o n  t h e  t e m p e r a t u r e  a n d  t h e  c o m p o s i t i o n  
w i l l  b e  e x a c t l y  p a r a l l e l  t o  t h a t  f o r  a  b u l k  p h a s e  ; t h i s  m a y  b e  t a k e n  a s  
p r a c t i c a l l y  t h e  d e f i n i t i o n  o f  e n t r o p y  a n d  c h e m ic a l  p o t e n t i a l s .  B u t  f o r  
t h e  d e p e n d e n c e  o f  F a  o n  s i z e  a n d  s h a p e  w e  m u s t  r e p la c e  —  P d V  b y  t h e  
e x p r e s s i o n  (2 , 2 ) .  W e  t h u s  o b t a i n  t h e  f o r m u la

d F a  =  -  S M T  -  P d V a  +  y d A  +  E rli Td n ra . . . ( 3 ,  2 )

T h e r e  i s  n o  n e e d  t o  a d d  s u p e r s c r i p t s  t o  T , P ,  /r r , b e c a u s e  t h e s e  m u s t  
h a v e  v a l u e s  u n i f o r m  t h r o u g h o u t  a ,  a n d  cr i n  o r d e r  t h a t  t h e r e  m a y  b e  
t h e r m a l ,  m e c h a n i c a l  a n d  p h y s i c o - c h e m i c a l  e q u i l ib r iu m .
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4 .  A n a l o g u e  o f  G i b b s - D u h e m  R e l a t i o n s .

I n  f o r m u l a  (3 , 2 ) l e t  u s  n o w  s e t

c lT  =  0 , d V a =  -  V ° d \ ,  d A  =  —  A d X ,  d,nr°  =  -  n rad A, ( 4 , 1 )

a n d  o b t a i n
d F °  =  -  d A ( -  P V °  +  y A  +  S r W r * ) -  ■ ■ ( 4 , 2 )

T h i s  s u b s t i t u t i o n  c o r r e s p o n d s  p h y s i c a l l y  t o  d e c r e a s i n g  t h e  e x t e n t  o f  t h e  
s u r f a c e  l a y e r  a  b y  s i m p l y  c u t t i n g  o f f  a  p o r t i o n  a t  i t s  e d g e ,  s o  t h a t  w h a t  
r e m a in s  i s  e x a c t l y  l i k e  t h e  o r ig in a l  s y s t e m  e x c e p t  t h a t  i t  i s  r e d u c e d  in
e x t e n t  i n  t h e  r a t io  (1  —  dA ) : I .  I t  i s  t h e r e f o r e  o b v i o u s  t h a t  F a w i l l  a l s o
b e  r e d u c e d  i n  t h e  s a m e  r a t io .  I t  i s  e q u a l l y  o b v i o u s  t h a t  P ,  y ,  ¡xr  r e m a in  
u n a l t e r e d .  ( I n  m a t h e m a t i c a l  t e r m i n o l o g y : a t  c o n s t a n t  t e m p e r a t u r e  
a n d  t h i c k n e s s  F a i s  h o m o g e n e o u s  o f  f i r s t  d e g r e e  in  V a , A  a n d  n ra  a n d  o f  
z e r o  d e g r e e  in  P ,  y ,  ¡xr .) T h u s  t h e  c o n d i t i o n s  (4 , 1 ) i m p l y  t h e  s i m u l ­
t a n e o u s  c o n d i t i o n s

d F a —  —  F ° d A , d P  =  0 , d y  =  0 , d \xr  =  0 . . ( 4 , 3 )

S u b s t i t u t i n g  t h e  v a l u e  o f  d F °  i n t o  (4 , 2 ) w e  o b t a i n

-  F adA  =  -  ( -  P V a  +  y A  +  E ^ n ^ d X ,  . (4 , 4 )

a n d  e q u a t i n g  c o e f f i c i e n t s  o f  dA

p °  =  _  P V °  +  y A  +  E rp rn r°  . . . (4 , 5 )

o r  F °  -j -  P V a  —  y A  —  E rfj.rn ra . . . .  (4, 6 )

( A l t e r n a t i v e l y  f o r m u la  (4 , 6 ) c a n  b e  d e r iv e d  m a t h e m a t i c a l l y  f r o m  ( 3 , 1 ) 
b y  u s i n g  E u le r ' s  t h e o r e m .)  F o r m u l a  (4 , 6 ) i s  t h e  a n a l o g u e  o f

F “  +  P V a  =  Z rt i rn *  . . . . ( 4 , 7 )

f o r  a  h o m o g e n e o u s  b u l k  p h a s e .

I f  w e  d e f in e  t h e  G ib b s  f u n c t i o n s  G a  a n d  G a  b y

G *  =  F a  +  P V a , . . . . (4 , 8 )

G a —  F a P V C —  y A ,  . . . ( 4 , 9 )

t h e n  w e  d e d u c e  f r o m  ( 3 , 1) a n d  (4 , 6 )

d G °  =  -  S ° d F  +  V c d P  -  A d y  +  E rfJ.rd n r° ,  . (4 , 1 0 )

G a  =  E rix rn ra ........................................................ (4 , 1 1 )

T h e s e  t w o  fo r m u la e  a r e  t h e  a n a l o g u e s  o f  t h e  fo r m u la e

d G a  =  —  S a d T  +  V ad P  -f- E rixr d n ra , . . ( 4 , 1 2 )

G *  =  Z rn rn * .........................................................(4 , 1 3 )

f o r  a  h o m o g e n e o u s  b u l k  p h a s e .  T h u s  t h e  p a r t i a l  m o la r  d e r i v a t i v e s  o f  
G a  a r e  t h e  jur° ’s  a n d  t h e  p a r t i a l  m o la r  d e r i v a t i v e s  o f  G a  a r e  t h e  ¡ i / ' s .

I f  w e  d i f f e r e n t i a t e  (4 , 6 ) w e  o b t a i n

d F °  - f  P d V a  +  V ad P  -  y d  A  -  A d y  =  Z rtx rd n r°  +  E rn ra  dMr. (4 , 1 4 ) 

I f  w e  s u b t r a c t  (4 , 1 4 ) f r o m  (3 , 1 ) w e  o b t a i n

S ad T  —  V ad  P  +  A d y  +  E r n radfj.r —  o ,  . . ( 4 , 1 5 )
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w h i c h  is  t h e  a n a l o g u e  o f  t h e  G i b b s - D u h e m  f o r m u la

S ad T  —  V a d P  -f- S rn ra d f i r  =  0 . . . (4 , 1 6 )

I f  w e  d i v i d e  (4 , 1 6 ) t h r o u g h o u t  b y  A  w e  o b t a i n  t h e  m o r e  c o n v e n i e n t  f o r m

S ° d T  —  r d P  +  d y  +  Z r F r d p r  =  0 ,  . . (4 , 1 7 )

w h e r e  s a  i s  t h e  e n t r o p y  p e r  u n i t  a r e a  a n d  F r  i s  t h e  n u m b e r  o f  m o le s ,  
o f  t h e  c o m p o n e n t  r  in  u n i t  a r e a  o f  s u r f a c e  l a y e r ,  d e f in e d  r e s p e c t i v e l y  
b y

5°  =  S ° / A ,  r r  =  n ° l A .  . . . (4 , 18)

I t  w i l l  b e  r e m e m b e r e d  t h a t  r  i s  t h e  t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r ,  t h a t  
i s  t o  s a y  t h e  l e n g t h  A B  in  F i g .  I .

5 .  I n d e p e n d e n t  V a r i a b l e s .

W e  c a n  r e w r i t e  (4 , 1 7 ) in  t h e  f o r m

—  d y  =  s ° d T  —  r d P  +  Z r T ^ n , . .  . . ( 5 , 1 )

T h i s  t e l l s  u s  h o w  t h e  in t e r f a c i a l  t e n s i o n  v a r i e s  w h e n  t h e  t e m p e r a t u r e ,  
p r e s s u r e  a n d  c h e m ic a l  p o t e n t i a l s  v a r y ,  b u t  t h e s e  v a r i a b l e s  a r e  n o t  a l l  
i n d e p e n d e n t l y  v a r i a b l e .  I t  w i l l  b e  m o r e  u s e f u l  i f  w e  c a n  o b t a i n  a  
f o r m u l a  f o r  d y  e x p r e s s e d  in  t e r m s  o f  i n d e p e n d e n t  v a r i a b l e s .

T h e  s t a t e  o f  a  s i n g l e  h o m o g e n e o u s  b u l k  p h a s e  ( a p a r t  f r o m  i t s  q u a n t i t y )  
m a y  b e  c o m p l e t e l y  d e f in e d  b y  i t s  t e m p e r a t u r e  T ,  i t s  p r e s s u r e  P ,  a n d  i t s  
c o m p o s i t i o n .  I f  t h e r e  a r e  r  c o m p o n e n t s ,  t h e  c o m p o s i t i o n  i s  c o n v e n i e n t l y  
d e f in e d  b y  t h e  r  m o le  f r a c t i o n s  x r  o f  w h i c h  o n l y  r  —  1 a r e  i n d e p e n d e n t  
b e c a u s e  o f  t h e  i d e n t i t y

Z tx r  =  1 . . . . . ( 5 , 2 )

A l t e r n a t i v e l y  t h e  s t a t e  o f  t h e  s i n g l e  p h a s e  m i g h t  b e  d e f in e d  b y  t h e  r  +  2  

q u a n t i t i e s  T ,  P ,  ¡xr o f  w h i c h  o n l y  r  +  1 a r e  i n d e p e n d e n t  b e c a u s e  o f  t h e  
G i b b s - D u h e m  r e l a t i o n  (4 , 1 6 ) .

I f  w e  h a v e  t w o  h o m o g e n e o u s  p h a s e s  <x a n d  yS o f  r  c o m p o n e n t s ,  t h e n  
t h e  s t a t e  o f  e a c h  s e p a r a t e l y  m a y  b e  d e f in e d  b y  t h e  v a r i a b l e s  T ,  P ,  x 2, x 3 , 
. . . x T. I f  t h e  t w o  p h a s e s  a r e  in  e q u i l i b r i u m  t h e r e  w i l l  b e  o n e  c o n d i t i o n  
o f  t h e r m a l  e q u i l ib r iu m  ( e q u a l i t y  o f  T *  a n d  T P ),  o n e  c o n d i t i o n  o f  m e ­
c h a n i c a l  e q u i l ib r iu m  ( e q u a l i t y  o f  P *  a n d  P P ) ,  a n d  r  c o n d i t i o n s  o f  c h e m ic a l  
e q u i l ib r iu m  ( e q u a l i t y  o f  /¿ra  a n d  ¡ x / ) ,  o n e  f o r  e a c h  c o m p o n e n t .  T h u s  
t h e  n u m b e r  o f  i n d e p e n d e n t  v a r i a b l e s  i s  r e d u c e d  f r o m  2 ( r  -f- l )  t o  
2 (r  +  1 ) —  (r  - f-  2 ) o r  r .  W e  m a y ,  f o r  e x a m p l e ,  t a k e  t h e s e  t o  b e  T ,  
x A ,  x 3a , . . . x ra , in  w h i c h  c a s e  P  i s  n o t  a n  i n d e p e n d e n t  v a r ia b le .

L e t  u s  n o w  r e t u r n  t o  o u r  o r ig in a l  s y s t e m  c o n s i s t i n g  o f  t h e  t w o  b u l k  
p h a s e s  a  a n d  yS a n d  t h e  s u r f a c e  l a y e r  a .  A t  e q u i l ib r iu m  a l l  t h e  p r o p e r t i e s  
o f  t h e  s u r f a c e  l a y e r  a  o t h e r  t h a n  i t s  e x t e n t  a r e  d e t e r m in e d  b y  t h e  s t a t e s  
o f  t h e  p h a s e s  a  a n d  /?. T h u s  t h e  n u m b e r  o f  i n d e p e n d e n t  v a r i a b l e s  f o r  
t h e  w h o l e  s y s t e m  is  r ,  a n d  t h e s e  c a n  b e  t a k e n  a s  T ,  * 3“ , . . . x ra . 
T h u s  o n l y  r  o u t  o f  t h e  r  -f  2  d i f f e r e n t ia l s  o n  t h e  r i g h t  o f  ( 5 , 1 } a r e  i n ­
d e p e n d e n t .  I t  m u s t  t h e r e f o r e  b e  p o s s i b l e  t o  e l i m i n a t e  d H  a n d  o n e  
o t h e r .

W e  m u s t  r e m e m b e r  t h a t  t h e  p r e s e n t  t r e a t m e n t  i s  c o n f in e d  t o  p la n e  
s u r f a c e  la y e r s .  I f  w e  a l l o w e d  c u r v e d  s u r f a c e s ,  t h e r e  w o u l d  n o  l o n g e r  
b e  e q u a l i t y  o f  F a  a n d  F P , a n d  s o  w e  s h o u l d  h a v e  a n  e x t r a  d e g r e e  o f  
f r e e d o m .
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6 .  S p e c i a l  N o t a t i o n .

A t  t h i s  s t a g e  i t  i s  c o n v e n i e n t  f o r  t h e  s a k e  o f  b r e v i t y  t o  i n t r o d u c e  a  
s p e c i a l  n o t a t i o n .  S u p p o s e  cj>a t o  b e  a n y  i n t e n s i v e  p r o p e r t y  o f  t h e  p h a s e  
a. T h e n  w e  m a y  r e g a r d  cf>a a s  a  f u n c t i o n  o f  T, P , x2a, x3a, . . . xra. W e  
s h a l l  n o w  i n t r o d u c e  t h e  o p e r a t o r  D  d e f in e d  a s  f o l l o w s  :

+  + ' ■ • +  i ? d v ’ ' { 6 , 1}

s o  t h a t  d p  =  | ^ d T  +  | ^ d P  +  D < ^ . . . (6 , 2 )

I n  w o r d s  B p  i s  t h e  p a r t  o f  t h e  v a r i a t i o n  o f  p  d u e  t o  v a r i a t i o n  o f  c o m ­
p o s i t i o n  w h e n  T, P  a r e  k e p t  c o n s t a n t .

W h e n  w e  u s e  t h i s  n o t a t i o n  w e  h a v e

d f tr® =  —  s / d T  +  v ra d P  +  D /j.ra , . . (6 , 3 )

w h e r e  sra, vra a r e  t h e  p a r t i a l  m o la r  e n t r o p y  a n d  t h e  p a r t i a l  m o la r  v o l u m e  
o f  r in  t h e  p h a s e  a. S i m i l a r l y  in  t h e  p h a s e  ¿3 w e  h a v e

d ¡1 /  =  -  s / d T  +  v / d P  +  B n / .  . . (6 , 4 )

U s i n g  t h i s  s a m e  n o t a t i o n ,  w e  c a n  w r i t e  t h e  G i b b s - D u h e m  r e l a t i o n s  in  
t h e  f o r m s

S j c / B n *  =  0 , . . . . (6 , 5 )

Z ^ c / B n /  =  0 ........................................................(6 , 6 )

7 .  T r a n s f o r m a t i o n  o f  F o r m u l a e .

T h e  v a r i a t i o n  o f  t h e  c h e m i c a l  p o t e n t i a l  o f  e a c h  c o m p o n e n t  r in  t h e  
p h a s e s  a  a n d  f i  a r e  d e t e r m i n e d  b y  (6 , 3 ) a n d  (6 , 4 ) r e s p e c t i v e l y .  T h e  
c o n d i t i o n s  f o r  p h y s i c o - c h e m i c a l  e q u i l i b r i u m  b e t w e e n  t h e  t w o  p h a s e s  a r e  

o f  t h e  f o r m
n f  —  n / ........................................................................(7 , 1 )

H e n c e  f o r  v a r i a t i o n s  a t  w h i c h  e q u i l ib r iu m  i s  m a i n t a i n e d ,  w e  h a v e

d p *  =  ......................................................... (7 ,  2 )

I f  w e  m u l t i p l y  ( 7 , 2 ) b y  x / ,  s u b s t i t u t e  f r o m  (6 , 3 ) a n d  (6 , 4 ) a n d  a d d  
f o r  a l l  r  w e  o b t a i n ,  u s i n g  (6 , 6 ),

—  Z rv / { s ra -  s / ) d T  +  2 r x / { v *  —  v / ) d P  - f  Z r x / D /x,.«  =  0 . ( 7 , 3 )

I f  w e  s u b s t i t u t e  f r o m  (6 , 3 ) i n t o  ( 5 , 1 ) w e  o b t a i n

— d y  =  (s° — Z rT rS tfd T  — (r — S rr rvra)d P  +  Z rr rD/qA ( 7 , 4 )

I f  w e  n o w  e l i m i n a t e  d P  b e t w e e n  ( 7 , 3 ) a n d  ( 7 , 4 ) w e  o b t a i n

{<•* -  w  - ^

+  +  {7 , 5)

T h i s  s o m e w h a t  f o r m i d a b l e  l o o k i n g  f o r m u la  c a n  b e  c o n s i d e r a b l y  a b b r e ­
v i a t e d  b y  u s i n g  a  s u i t a b l e  n o t a t i o n .  I f  w e  d e n o t e  b y  hP  t h e  h e a t  a b ­
s o r b e d  a n d  b y  e& t h e  v o l u m e  e x p a n s i o n  w h e n  o n e  m o l e  o f  t h e  p h a s e  ¡3 
i s  f o r m e d  r e v e r s i b l y  a t  c o n s t a n t  t e m p e r a t u r e  a n d  a t  c o n s t a n t  p r e s s u r e
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b y  t a k i n g  t h e  r e q u i r e d  a m o u n t s  o f  t h e  v a r i o u s  c o m p o n e n t s  f r o m  t h e  
p h a s e  a ,  t h e n  c l e a r l y

h<> =  rT E Jx / { s /  -  s « ) ,  . . . ( 7 , 6 )

eP =  Z p c f t y P  -  v r« ) . . . . ( 7 , 7 )

S i m i l a r l y ,  i f  w e  d e n o t e  b y  ha t h e  h e a t  a b s o r b e d  a n d  b y  ea t h e  v o l u m e  
e x p a n s i o n  w h e n  u n i t  a r e a  o f  t h e  s u r f a c e  l a y e r  <7 i s  f o r m e d  r e v e r s i b l y  a t  
c o n s t a n t  t e m p e r a t u r e  a n d  a t  c o n s t a n t  p r e s s u r e  b y  t a k i n g  t h e  r e q u i r e d  
a m o u n t s  o f  t h e  v a r i o u s  c o m p o n e n t s  f r o m  t h e  p h a s e  a ,  t h e n  c l e a r l y  *

ha =  -  Z ^ f ) ,  . . . ( 7 , 8 )
e °  =  T -  E , r rv ra ..............................................................( 7 , 9 )

I f  w e  u s e  t h e s e  n e w  s y m b o l s ,  ( 7 ,  5 )  r e d u c e s  t o

-  dy =  (k °  -  +  £ r( r r +  ^ ) d ^ .  . (7, 10)

F i n a l l y ,  w e  c a n  e l i m i n a t e  o n e  o f  t h e  D j u , .“ , s a y  D / x ^ ’s ,  b y  m e a n s  o f  ( 6 ,  5 ) .  
W e  t h u s  o b t a i n

, / . „  h f > \ d T
-  d y  =  [ h  -  - j r ) T

+  4 ' { ( ^ -  +  ! l V V _ _ £ ^ } D / x A  (7> x

w h e r e  ET' d e n o t e s  t h a t  r  =  1 i s  o m i t t e d  f r o m  t h e - s u m m a t i o n .
W e  h a v e  n o w  o b t a i n e d  a n  e x a c t  f o r m u l a  e x p r e s s i n g  d y  i n  t e r m s  o f  

t h e  r i n d e p e n d e n t  v a r i a b l e s  d T, D / x , “ , D / x 3“ , . . . D / x r“ . T h i s  f o r m u l a  
e m b r a c e s  a l l  t h e  i n f o r m a t i o n  o n e  c a n  w a n t  r e g a r d i n g  t h e  v a r i a t i o n  o f  
t h e  i n t e r f a c i a l  t e n s i o n .  I t  w i l l  h a v e  b e e n  n o t i c e d  t h a t  t h e  t w o  b u l k  
p h a s e s  a  a n d  jS  h a v e  n o t  b e e n  t r e a t e d  o n  a  p a r  ; f o r m u l a  ( 7 ,  1 1 )  r e l a t e s  
d y  t o  t h e  D fj.ra, n o t  t o  t h e  D / x / .  I n  a p p l i c a t i o n s  t o  a  l i q u i d - v a p o u r  
i n t e r f a c e  i t  w i l l  b e  u s u a l  t o  t a k e  t h e  l i q u i d  p h a s e  a s  a ,  w h i l e  i n  t h e  
c a s e  o f  a  l i q u i d - l i q u i d  i n t e r f a c e  i t  i s  i m m a t e r i a l  w h i c h  o f  t h e  t w o  l i q u i d  
p h a s e s  o n e  t a k e s  a s  a .  F r o m  h e r e  o n  i t  w i l l  t h e n  b e  a s s u m e d  t h a t  t h e  
p h a s e  a  i s  l i q u i d .

I f  w e  d e n o t e  a c t i v i t y  c o e f f i c i e n t s  i n  t h e  l i q u i d  p h a s e  a  b y  t h e n  
w e  h a v e

D / x r “  =  RTD l o g  xrafra, . . . ( 7 , 1 2 )

f r o m  w h i c h  w e  s e e  t h a t  t h e  D / x r“ ’ s  a r e  e x p e r i m e n t a l l y  m e a s u r a b l e  q u a n ­
t i t i e s .  I f  t h e  v a p o u r  p h a s e  i n  e q u i l i b r i u m  w i t h  t h e  p h a s e  a  ( t h i s  m a y  
o r  m a y  n o t  b e  t h e  p h a s e  fl) m a y  b e  r e g a r d e d  a s  a  p e r f e c t  g a s  a n d  w e  
d e n o t e  p a r t i a l  v a p o u r  p r e s s u r e s  o v e r  t h e  p h a s e  a  b y  pTa, w e  a l s o  h a v e

D / x r“  =  . R F D  l o g  pra. . . . ( 7 , 1 3 )
T h i s  f o r m u l a  w i l l  r e m a i n  v a l i d  e v e n  i f  t h e  v a p o u r  i s  n o t  a  p e r f e c t  g a s  
p r o v i d e d  w e  l e t  pra d e n o t e  t h e  f u g a c i t i e s  r a t h e r  t h a n  t h e  p a r t i a l  v a p o u r  
p r e s s u r e s .  O n  t h i s  u n d e r s t a n d i n g  w e  s u b s t i t u t e  ( 7 ,  1 3 )  i n t o  ( 7 ,  n )  a n d  
o b t a i n  f i n a l l y

/ , „  e°hP\dT 
d y  ~  \ h  e P j T

+  Zr'{ ( r r-  +  ea<X*Xr̂ * X̂ }RTD l o g p*. ( 7 , r 4 )

* T h e  q u a n t it ie s  w h ic h  I  h a v e  d e n o t e d  b y  hP, eP, ha , ea w o u ld  b e  m o r e  r e a s o n ­
a b ly  d e n o t e d  b y  haP, e*P, haa , t a a , o r  b e t t e r  s t i l l  b y  h*-*P, e<*-+P, f t « - » ,  ><J. M y
c h o ic e  o f  t h e  s h o r te r  s y m b o ls  h a s  b e e n  m a d e  to  f a c i l i t a te  p r in t in g .
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E i t h e r  o f  fo r m u la e  (7 , 1 1 ) a n d  (7 , 1 4 ) m a y  b e  r e g a r d e d  a s  t h e  f u n d a ­
m e n t a l  f o r m u la  o f  t h e  p r e s e n t  t r e a t m e n t .

I f  b o t h  t h e  p h a s e s  a  a n d  /? a r e  l i q u i d  i t  c a n  h a p p e n  t h a t  i s  z e r o .  
T h e  e q u i l ib r iu m  b e t w e e n  a  a n d  /8 i s  t h e n  i n d e p e n d e n t  o f  P ,  a n d  s o  w e  
a r e  o b l i g e d  t o  r e t a i n  P  a s  a n  i n d e p e n d e n t  v a r i a b l e ; t h e  c o e f f i c i e n t  o f  
P  in  ( 7 , 3 ) v a n i s h e s ,  a n d  s o  w e  c a n n o t  e l i m i n a t e  P  b e t w e e n  ( 7 , 3 ) a n d  
( 7 , 4 ) .  H o w e v e r ,  t h e  v a n i s h i n g  o f  e& im p l i e s  t h a t  t h e  t i g h t n e s s  o f  
p a c k i n g  o f  t h e  m o l e c u l e s  i s  t h e  s a m e  i n  p h a s e s  a  a n d  ¡3 (i.e. e q u a l  p a r t i a l  
m o la r  v o l u m e s  i n  t h e  t w o  p h a s e s )  a n d  o n e  m a y  t h e n  w i t h  s o m e  c o n ­
f id e n c e  e x p e c t  t h e  s a m e  t i g h t n e s s  o f  p a c k i n g  i n  a .  I n  t h i s  c a s e ,  ea  i s  
a l s o  z e r o ,  w h e r e v e r  o n e  p l a c e s  t h e  p l a n e  B B ' ; t h u s  t h e  c o e f f i c i e n t  o f  
d P  in  ( 7 , 4 ) i s  z e r o .  I f  t h e n  w e  e l i m i n a t e  D / P  f r o m  ( 7 , 4 ) b y  m e a n s  o f  
(6 , 5 ) ,  w e  n o w  o b t a i n  i n  p l a c e  o f  ( 7 , 1 1 ) t h e  s im p le r  r e s u l t

A l t h o u g h  t h e  q u a n t i t i e s  P r , i f  a n d  e ”  h a v e  s i m p l e  p h y s i c a l  m e a n i n g s ,  
t h e i r  v a l u e s  w i l l  d e p e n d  o n  t h e  p o s i t i o n s  a s s i g n e d  t o  t h e  p l a n e s  A A '  a n d  
B B '  w h i c h  b o u n d  t h e  s u r f a c e  l a y e r .  I t  c a n  b e  s h o w n ,  h o w e v e r ,  t h a t  
f o r m u l a  (7 , 1 1 ) r e m a in s  i n v a r i a n t  w h e n  e i t h e r  o f  t h e  p l a n e s  i s  s h i f t e d .

L e t  u s  f i r s t  c o n s i d e r  a  s h i f t  o f  t h e  p l a n e  A A '  a  d i s t a n c e  S t  a w a y  f r o m  
B B ' .  T h e n  P r b e c o m e s  in c r e a s e d  b y  t h e  n u m b e r  o f  m o l e s  in  a  c y l i n d e r  
o f  a  o f  h e i g h t  S r , o f  u n i t  c r o s s - s e c t i o n ,  a n d  c o n s e q u e n t l y  o f  v o l u m e  S r .  
I f ,  t h e r e f o r e ,  C a  d e n o t e s  t h e  t o t a l  n u m b e r  o f  m o l e s  o f  a n y  k i n d  p e r  u n i t  
v o l u m e  i n  a ,  t h e n  P r b e c o m e s  in c r e a s e d  b y  x ra C a S r . S i m i l a r l y ,  P a 
b e c o m e s  in c r e a s e d  t o  x 1a C a S r .  H e n c e  ( P r —  r p c / ' / x ^ )  r e m a in s  i n v a r i a n t .  
F u r t h e r m o r e ,  i t  i s  c l e a r  f r o m  t h e i r  d e f i n i t i o n s  t h a t  h °  a n d  e °  r e m a in  
i n v a r i a n t  w h e n  t h e  p l a n e  A A '  i s  s h i f t e d .  H e n c e  f o r m u la  (7 , n )  i s  
i n v a r i a n t  w i t h  r e s p e c t  t o  a  s h i f t  o f  t h e  p l a n e  A A ' .

L e t  u s  n o w  c o n s id e r  a  s h i f t  o f  t h e  p l a n e  B B '  a  d i s t a n c e  S t  a w a y  f r o m  
A A ' .  I n  t h i s  c a s e ,  i f  C& d e n o t e s  t h e  t o t a l  n u m b e r  o f  m o l e s  o f  a n y  k in d  
p e r  u n i t  v o l u m e  i n  t h e  p h a s e  /3, P r b e c o m e s  in c r e a s e d  b y  x / C P S r ; a t  
t h e  s a m e  t i m é  h a  b e c o m e s  in c r e a s e d  b y  h ^ C ^ d r  a n d  ea  b e c o m e s  i n c r e a s e d  
b y  e ^ C ^ S r .  I f  w e  s u b s t i t u t e  i n t o  (7 , 1 1 ) i t  b e c o m e s  i m m e d i a t e l y  e v i d e n t  
t h a t  t h e  c o e f f i c i e n t s  o f  d P  a n d  o f  e a c h  D /a ra  a l l  r e m a in  i n v a r i a n t .

W e  s e e  t h e n  t h a t  t h e  c o e f f i c i e n t s  o f  d P  a n d  e a c h  D /a r°  in  (7 , 1 1 ) 
o r  ( 7 , 1 4 ) h a v e  v a l u e s  i n d e p e n d e n t  o f  t h e  p o s i t i o n s  a s s i g n e d  t o  A A '  
a n d  B B ' .

9 .  T e m p e r a t u r e  C o e f f i c i e n t  o f  I n t e r f a c i a l  T e n s i o n .

I f  w e  c o n s i d e r  v a r i a t i o n s  o f  t e m p e r a t u r e  a t  c o n s t a n t  c o m p o s i t i o n  o f  
t h e  ( l i q u id )  p h a s e  a ,  t h e  p r e s s u r e  a n d  t h e  c o m p o s i t i o n  o f  t h e  ( g a s e o u s  
o r  l i q u i d )  p h a s e  /3 b e i n g  a d j u s t e d  s o  a s  t o  m a i n t a i n  e q u i l i b r i u m ,  t h e n  a l l  
t h e  D /t ,.“  a r e  z e r o .  F o r m u l a  (7 , 1 1 ) o r  (7 , 1 4 ) n o w  r e d u c e s  t o

a n d  c o r r e s p o n d i n g l y ,  i n  p l a c e  o f  ( 7 , 1 4 ) ,

8 .  I n v a r i a n c e  o f  F u n d a m e n t a l  F o r m u l a .

• (9, i)
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A  f o r m u l a  e q u i v a l e n t  t o  ( 9 ,  1 )  h a s  b e e n  o b t a i n e d  b y  V e r s c h a f f e l t 4  f o r  

t h e  s p e c i a l  c a s e  o f  a  s i m p l e  l i q u i d - v a p o u r  i n t e r f a c e .  F o r  t h e  g e n e r a l  

c a s e  o f  s e v e r a l  c o m p o n e n t s  t h i s  f o r m u l a  i s ,  s o  f a r  a s  I  k n o w ,  n e w .

I t  h a s  b e e n  v e r i f i e d  i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  r i g h t  s i d e  o f  ( 1 )  

i s  i n v a r i a n t  w i t h  r e s p e c t  t o  d i s p l a c e m e n t  o f  t h e  p l a n e  B B ' ,  w h i l e  e a c h  

t e r m  i s  s e p a r a t e l y  i n v a r i a n t  w i t h  r e s p e c t  t o  d i s p l a c e m e n t  o f  t h e  p l a n e  

A A ' .  I f  t h e  p l a n e  B B '  c a n  b e  s o  p l a c e d  t h a t  ea v a n i s h e s ,  t h e n  ( 9 ,  1 )  

r e d u c e s  t o

^  =  h * , .................................................................................( 9 , 2 )

b u t  t h e  p h y s i c a l  s i g n i f i c a n c e  o f  t h i s  a r b i t r a r y  c h o i c e  o f  t h e  p l a n e  B B '  

i s  f a r  f r o m  o b v i o u s .  O n l y  i n  t h e  s p e c i a l  c a s e  r e f e r r e d  t o  a t  t h e  e n d  o f  

s e c t i o n  7  i s  f o r m u l a  ( 9 ,  2 )  v a l i d  w h e r e v e r  B B '  b e  p l a c e d .

10.  D e p e n d e n c e  o f  S u p e r f i c i a l  T e n s i o n  o n  C o m p o s i t i o n .

F o r  v a r i a t i o n s  o f  c o m p o s i t i o n  a t  c o n s t a n t  t e m p e r a t u r e  f o r m u l a  

( 7 ,  1 4 )  r e d u c e s  t o

- d y  =  £ { ( r r - +  ea(Xiax[ e~ Xrax/)} R T D l o g pr. ( 1 0 , I )  

I n  t h e  s i m p l e  c a s e  o f  o n l y  t w o  c o m p o n e n t s  t h i s  r e d u c e s  f u r t h e r  t o

-  d y  =  { ( r 2 -  S f f i )  +  e°{X' f - / * ]) R T V  l o g  p 2. ( 1 0 ,  2 )

I t  h a s  b e e n  v e r i f i e d  i n  s e c t i o n  8  t h a t  t h e  r i g h t  s i d e  o f  ( 1 0 ,  1 )  i s  i n ­

v a r i a n t  w i t h  r e s p e c t  t o  d i s p l a c e m e n t s  o f  t h e  p l a n e s  A A '  a n d  B B ' .  I f  

t h e  p l a n e  B B '  c a n  b e  s o  p l a c e d  t h a t  ea v a n i s h e s ,  t h e n  ( 1 0 ,  1 )  r e d u c e s  t o

-  d y  =  £ ' ( r r  -  Xj~ )  R T D  l o g  pT. . ( 10, 3)

I f ,  m o r e o v e r ,  t h e  p l a n e  A A '  c a n  b e  s o  p l a c e d  t h a t  T x v a n i s h e s ,  t h e n  

( 1 0 ,  3 )  r e d u c e s  f u r t h e r  t o

—  d y  =  " ¿ r rR T D  l o g  p r. . . . ( 10, 4)r
H o w e v e r ,  I  b e l i e v e  t h a t  t h e s e  a l g e b r a i c  c o n t r a c t i o n s  a r e  a c h i e v e d  o n l y  

a t  t h e  c o s t  o f  p h y s i c a l  c l a r i t y  ( Anschaulichkeit)  w i t h  r e s p e c t  t o  t h e  

m e a n i n g  o f  t h e  r r’s. O n l y  i n  t h e  s p e c i a l  c a s e  r e f e r r e d  t o  a t  t h e  e n d  o f  

s e c t i o n  7  i s  f o r m u l a  ( 1 0 ,  3 )  v a l i d  w h e r e v e r  B B '  b e  p l a c e d .

11.  I n e r t  C o m p o n e n t s .

I t  i s  c o n c e i v a b l e  t h a t  c e r t a i n  c o m p o n e n t s  p r e s e n t  i n  t h e  p h a s e  ¡3 
h a v e  a  u n i f o r m  c o n c e n t r a t i o n  t h r o u g h o u t  /?  d o w n  t o  a  c e r t a i n  p l a n e  

w h e r e  t h e y  f a l l  a b r u p t l y  t o  z e r o  a n d  r e m a i n  z e r o  a c r o s s  i t  a n d  i n s i d e  a .  

I t  w i l l  t h e n  b e  n a t u r a l  t o  c h o o s e  t h i s  p l a n e  a s  B B '  t h e  b o u n d a r y  b e t w e e n  

¡3 a n d  cr. T h e s e  c o m p o n e n t s  m a y  b e  c a l l e d  i n e r t  c o m p o n e n t s ,  a n d  w i l l  

b e  d e n o t e d  b y  t h e  s u b s c r i p t  i ; t h e  r e m a i n i n g  c o m p o n e n t s  w i l l  b e  

d e n o t e d  b y  t h e  s u b s c r i p t  a. T h e  n u m b e r  o f  c o m p o n e n t s  o f  t h e  t w o  

c l a s s e s  w i l l  a l s o  b e  d e n o t e d  b y  i  a n d  b y  a r e s p e c t i v e l y .  B y  u s i n g  

t h i s  n o t a t i o n  f o r m u l a  ( 7 ,  4 )  b e c o m e s

—  d y  = =  (s° —  2 ar asaa)dT  —  ( r  —  T a / > u“ ) d P  +  ( l  B  l )
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s i n c e  a l l  t h e  i y s  a r e  b y  s u p p o s i t i o n  z e r o .  S i m i l a r l y ,  t h e  G i b b s - D u h c m  

r e l a t i o n  ( 6 ,  5 )  b e c o m e s

2 a X aaV p a a  =  0 ,  ■ . . . ( I I ,  2)

s i n c e  b y  s u p p o s i t i o n  a l l  t h e  x f 's  a r e  z e r o .  B y  m e a n s  o f  ( 1 1 ,  2 )  w e  c a n  

e l i m i n a t e  o n e  o f  t h e  D / a 0“ ’s ,  s a y  D / ^ “  f r o m  ( 1 1 ,  x ) .  W e  o b t a i n

-  d y  =  ( s *  -  ^ r ^ d r  -  ( r  -  z ar av« )d P

+  ^ ( r a - - £ p ) ^ at ( n , 3 )

o r  i n  t e r m s  o f  ha a n d  ea d e f i n e d  i n  s e c t i o n  7 ,

_  d y  =  k & -  e°dP +  z ;  ( r a -  ~ ^ - 1) d / x 0 . . ( I I ,  4 )

T h e  n u m b e r  o f  d i f f e r e n t i a l s  o n  t h e  r i g h t  o f  ( 1 1 ,  4 )  i s  (a +  1 ) ,  w h e r e a s  

t h e  n u m b e r  o f  d e g r e e s  o f  f r e e d o m  o f  t h e  w h o l e  s y s t e m  i s  (a +  i). H e n c e ,  

a s  l o n g  a s  t h e r e  i s  a t  l e a s t  o n e  i n e r t  c o m p o n e n t  s o  t h a t  * >  I ,  t h e  d i f ­

f e r e n t i a l s  o n  t h e  r i g h t  o f  ( 1 1 ,  4 )  a r e  a l l  i n d e p e n d e n t .  T h e  p h y s i c a l  

e x p l a n a t i o n  i s  t h a t  ( 1 1 ,  4 )  i s  a  r e l a t i o n  i n v o l v i n g  o n l y  p r o p e r t i e s  o f  t h e  

p h a s e s  a  a n d  o f  t h e  i n t e r f a c e s  a ; n o  p r o p e r t i e s  o f  t h e  p h a s e  o c c u r  

e x p l i c i t l y  i n  ( 1 1 ,  4 ) .  T h e  i n e r t  c o m p o n e n t s  p r e s e n t  o n l y  i n  jS a r e  t h e r e ­

f o r e  a v a i l a b l e  f o r  a d j u s t i n g  t h e  p r e s s u r e  P  o n  t h e  p h a s e  oc w i t h o u t  a n y  

n e e d  o f  a l t e r i n g  i t s  t e m p e r a t u r e  o r  i t s  c o m p o s i t i o n .  I t  i s  e a s i l y  v e r i f i e d  

t h a t  e a c h  t e r m  o n  t h e  r i g h t  o f  ( n ,  4 )  i s  i n v a r i a n t  w i t h  r e s p e c t  t o  d i s ­

p l a c e m e n t s  o f  t h e  p l a n e  A A ' .  I n  t h e  p r e s e n t  c a s e  t h e  p l a n e  B B '  i s  

n a t u r a l l y  f i x e d .

T h e  t r e a t m e n t  j u s t  d e s c r i b e d  i s  p a r t i c u l a r l y  a p p l i c a b l e  t o  t h e  i n t e r ­

f a c e  b e t w e e n  a  l i q u i d  s o l u t i o n  a n d  t h e  g a s e o u s  p h a s e  a b o v e  i t ,  w h e n  

s o m e  o f  t h e  g a s e o u s  c o n s t i t u e n t s  c a n  b e  t r e a t e d  a s  i n e r t  c o m p o n e n t s .  

T h e  a p p l i c a t i o n s  o f  f o r m u l a  ( 1 1 , 4 )  a r e  o b v i o u s .  F o r  e x a m p l e ,  w e  h a v e  

f o r  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  y  a t  c o n s t a n t  p r e s s u r e  a n d  c o m p o s i t i o n  

o f  t h e  p h a s e  a

- ( & ) * . . - ? •  • • •

S i m i l a r l y ,  f o r  t h e  p r e s s u r e  c o e f f i c i e n t  o f  y  a t  c o n s t a n t  t e m p e r a t u r e  a n d  

c o m p o s i t i o n  o f  t h e  p h a s e  a ,

{ ¿ p ) T , Xa= e a .......................................................... ( n ’ 6 )

F i n a l l y ,  f o r  v a r i a t i o n s  o f  c o m p o s i t i o n  a t  c o n s t a n t  t e m p e r a t u r e  a n d  

p r e s s u r e ,  w e  h a v e

-  d y  =  ¿v(r0 -  =  iy (ra - ^ ) r t d \og P *. (n, 7 )

T h e  f o r m u l a e  o f  t h i s  s e c t i o n  a r c  m o s t l y  f a m i l i a r , *  b u t  t h e  r e s t r i c t i v e  

c o n d i t i o n s  f o r  t h e i r  v a l i d i t y  s e e m  t o  b e  l e s s  w i d e l y  r e c o g n i s e d .

12.  R e l a t i o n  t o  G i b b s ’ F o r m u l a e .

W e  h a v e  a l r e a d y  v e r i f i e d  t h a t  o u r  f o r m u l a e  r e m a i n  i n v a r i a n t  w h e n  

e i t h e r  o r  b o t h  t h e  p l a n e s  A A '  a n d  B B '  a r e  s h i f t e d ,  a s  l o n g  a s  t h e  i n -  

h o m o g e n e o u s  l a y e r  i s  c o n t a i n e d  b e t w e e n  A A '  a n d  B B ' .  L e t  u s  n o w

* T h e  e x p re ss io n  ( r ? — P x ^ l x - f  ) o c c u r r in g  in  ( n ,  3}, (11, 4) a n d  (11, 7) is 
e q u iv a le n t  to  G u g g e n h e im  a n d  A d a m ’s r all) o r  to  G ib b s ’ Pan).
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c o n s i d e r  w h a t  h a p p e n s  i f  w e  m o v e  o n e  o f  t h e s e  p l a n e s  t o w a r d s  t h e  

o t h e r  u n t i l  p a r t  o f  t h e  i n h o m o g e n e o u s  l a y e r  i s  o n  t h e  o u t e r  s i d e  o f  t h e  

f o r m e r  p l a n e .  I t  i s  q u i t e  e a s y  t o  s e e  t h a t  a l l  o u r  f o r m u l a e  c a n  b e  m a d e  

t o  r e m a i n  u n a l t e r e d ,  p r o v i d e d  w e  a l t e r  o u r  d e f i n i t i o n s  o f  t h e  s y m b o l s .  

W e  m u s t  n o w  d e f i n e  F *  n o t  a s  t h e  f r e e  e n e r g y  o f  t h e  a c t u a l  p h a s e  cc 

u p  t o  t h e  p l a n e  A A ' ,  b u t  a s  e q u a l  t o  t h e  f r e e  e n e r g y  o f  a  f i c t i t i o u s  p h a s e  

a  s u p p o s e d  t o  r e m a i n  h o m o g e n e o u s  r i g h t  u p  t o  A A ' .  S i m i l a r l y ,  w e  

d e f i n e  FP  n o t  a s  t h e  f r e e  e n e r g y  o f  t h e  a c t u a l  p h a s e  f  d o w n  t o  t h e  p l a n e  

B B ' ,  b u t  a s  e q u a l  t o  t h e  f r e e  e n e r g y  o f  a  f i c t i t i o u s  p h a s e  f  s u p p o s e d  t o  

r e m a i n  h o m o g e n e o u s  r i g h t  d o w n  t o  B B ' .  F i n a l l y ,  w e  d e f i n e  F a a s  t h e  

e x c e s s  o f  t h e  f r e e  e n e r g y  F  o f  t h e  w h o l e  s y s t e m  o v e r  a n d  a b o v e  F *  +  

a s  j u s t  d e f i n e d .  W e  g i v e  a n a l o g o u s  d e f i n i t i o n s  t o  5“ , SP, S " ;  Va, VP, Va ; 

11«, nrP, 11°.
A s  l o n g  a s  t h e  p l a n e s  A A '  a n d  B B '  e n c l o s e  t h e  i n h o m o g e n e o u s  l a y e r ,  

t h e  n e w  d e f i n i t i o n s  o f  t h e  t h e r m o d y n a m i c  f u n c t i o n s  r e l a t i n g  t o  t h e  

s u r f a c e  a r e  e x a c t l y  e q u i v a l e n t  t o  t h e  o n e s  u s e d  i n i t i a l l y .  T h e  l a t t e r  

a r e  c e r t a i n l y  e a s i e r  t o  v i s u a l i s e  a n d  a r e  i n  t h i s  r e s p e c t  p r e f e r a b l e .  T h e  

o n l y  a d v a n t a g e  o f  t h e  f o r m e r  i s  t h a t  t h e y  a l l o w  u s  t o  p l a c e  t h e  t w o  p l a n e s  

A A '  a n d  B B '  a s  n e a r  t o  e a c h  o t h e r  a s  w e  p l e a s e ,  r e g a r d l e s s  o f  t h e  s t r u c t u r e  

o f  t h e  s u r f a c e  l a y e r ,  w i t h o u t  a f f e c t i n g  t h e  v a l i d i t y  o f  o u r  f o r m u l a e .  I n  

p a r t i c u l a r  w e  m a y ,  i f  w e  c h o o s e ,  m a k e  t h e  p l a n e s  A A '  a n d  B B '  c o i n c i d e .  

I f  w e  d o  t h i s  Va a n d  r  b e c o m e  z e r o ,  s o m e  o f  t h e  n f 's  a n d  F ra’s m a y  

b e c o m e  n e g a t i v e  a n d  o u r  f o r m u l a e  r e d u c e  t o  t h o s e  o f  G i b b s .

W e  m a y  t h e r e f o r e  d e s c r i b e  G i b b s ’ f o r m u l a e  a s  f o r m a l l y  i n c l u d e d  i n  

t h o s e  o f  t h e  p r e s e n t  t r e a t m e n t .  H o w e v e r ,  I  b e l i e v e  t h a t  t h e  m a t h e ­

m a t i c a l  e l e g a n c e  o f  G i b b s ’ f o r m u l a e  i s  a t t a i n e d  o n l y  a t  t h e  c o s t  o f  a  

c e r t a i n  o b s c u r i t y  i n  t h e  p h y s i c a l  s i g n i f i c a n c e  o f  t h e  s y m b o l s  u s e d .  I n  

t h e  f o r m u l a e  o f  t h e  p r e s e n t  t r e a t m e n t  a l l  t h e  s y m b o l s  h a v e  a  s i m p l e  

p h y s i c a l  d e f i n i t i o n  w i t h  r e s p e c t  t o  a n  a r b i t r a r y  p a i r  o f  p a r a l l e l  p l a n e s  

e n c l o s i n g  t h e  i n h o m o g e n e o u s  l a y e r .

I n  c o n c l u s i o n ,  i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  G i b b s  h i m s e l f  r e a l i s e d  t h e  

e x i s t e n c e  o f  a l t e r n a t i v e  f o r m u l a t i o n s  a n d  r e c o g n i s e d  t h e  p o s s i b i l i t y  t h a t  

t h e  f o r m u l a t i o n ,  w h i c h  h e  h i m s e l f  d e v e l o p e d ,  m i g h t  f o r  c e r t a i n  p u r p o s e s  

b e  l e s s  c o n v e n i e n t  t h a n  s o m e  a l t e r n a t i v e  f o r m u l a t i o n . 5 I  t h e r e f o r e  h o p e  

t h e  r e a d e r  w i l l  r e g a r d  t h e  t r e a t m e n t ,  w h i c h  I  h a v e  d e s c r i b e d ,  a s  a n  

a t t e m p t  t o  f o l l o w  t h e  g u i d a n c e  o f  G i b b s  w i t h o u t ,  h o w e v e r ,  f o l l o w i n g  

b l i n d l y .

I  a m  i n d e b t e d  t o  P r o f e s s o r  N .  K .  A d a m ,  F . R . S . ,  f o r  h i s  h e l p f u l  a n d  

c o n s t r u c t i v e  c r i t i c i s m .

P a r t  I I .  C u r v e d  I n t e r f a c e s .

1.  I n t r o d u c t i o n .

T h e  o b j e c t  o f  P a r t  I I  o f  t h i s  p a p e r  i s  t o  s t u d y  t h e  f o l l o w i n g  q u e s t i o n .  

W h a t  c o n d i t i o n s  a r e  s u f f i c i e n t  t o  j u s t i f y  t h e  a p p l i c a t i o n  t o  c u r v e d  i n t e r ­

f a c e s  o f  t h e  f o r m u k s  a l r e a d y  d e r i v e d  f o r  p l a n e  i n t e r f a c e s  ? A s  a n s w e r  

t o  t h i s  q u e s t i o n  w e  s h a l l  f i n d  t h a t  t h e  f o r m u l a e  s t r i c t l y  d e r i v e d  f o r  p l a n e  

i n t e r f a c e s  m a y  b e  a p p l i e d  t o  c u r v e d  i n t e r f a c e s  w i t h  a n  a c c u r a c y  a d e q u a t e  

f o r  e x p e r i m e n t a l  p u r p o s e s ,  p r o v i d e d  t h a t  the thickness of the inhomogeneous 
layer is small compared with its radii of curvature.

4 G ib b s , loc. cit.1 F o o tn o te  o n  p . 267.
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I  s h a l l  f i r s t  g i v e  a  d i r e c t  a n d  s i m p l e  d e r i v a t i o n  o f  t h i s  c o n d i t i o n .  W e  

s h a l l  t h e n  s e e  t h a t  t h i s  c o n d i t i o n  i s  i n  f a c t  a s s u m e d  i m p l i c i t l y  b y  e v e r y  

e x p e r i m e n t e r  w h e n  h e  m e a s u r e s  a  s u p e r f i c i a l  t e n s i o n  a n d  t h a t  w h e n  i t  i s  

n o t  s a t i s f i e d  t h e  s u p e r f i c i a l  t e n s i o n  a n d  r e l a t e d  p r o p e r t i e s  o f  t h e  i n t e r f a c e  

b e c o m e  i l l - d e f i n e d .  I n  c o n c l u s i o n ,  I  s h a l l  d i s c u s s  b r i e f l y  G i b b s ’ t r e a t ­

m e n t  o f  t h e  s a m e  s u b j e c t .

F o r  t h e  s a k e  o f  s i m p l i c i t y  l e t  u s  f i r s t  c o n s i d e r  a  s y s t e m  c o n s i s t i n g  o f  

t w o  h o m o g e n e o u s  b u l k  p h a s e s  a  a n d  /3 c o n n e c t e d  b y  a  s u r f a c e  l a y e r  cr

h a v i n g  t h e  f o r m  o f  a  c i r c u l a r

t h e  p h a s e  j9, a n d  e x t e n d i n g  d o w n  t o  B B ' ,  t h e r e  i s  a  u n i f o r m  p r e s s u r e  PP. 
B e t w e e n  A A '  a n d  B B '  t h e  p r e s s u r e  P T p a r a l l e l  t o  t h e  r a d i i  o f  t h e  c y l i n d e r s  

A A '  a n d  B B '  v a r i e s  c o n t i n u o u s l y ,  b u t  n o t  n e c e s s a r i l y  m o n o t o n i c a l l y ,  

f r o m  t h e  v a l u e  P a t o  t h e  v a l u e  PP.
I n  t h e  p r e v i o u s  d i s c u s s i o n  o f  p l a n e  s u r f a c e s  i t  w a s  p o i n t e d  o u t  t h a t  

t h e  g e o m e t r i c a l  p l a n e s  A A '  a n d  B B '  c o u l d  b e  p l a c e d  a n  a r b i t r a r y  d i s t a n c e  

a p a r t ,  p r o v i d e d  t h a t  t h e  i n h o m o g e n e o u s  l a y e r  w a s  c o n t a i n e d  b e t w e e n  

t h e m .  F o r  t h e  p r e s e n t  d i s c u s s i o n  o f  c u r v e d  s u r f a c e s  i t  i s  o n  t h e  c o n t r a r y  

e s s e n t i a l  t h a t  t h e  c i r c u l a r  c y l i n d r i c a l  s u r f a c e s  A A '  a n d  B B '  s h o u l d  b e  

p l a c e d  a s  n e a r  t o g e t h e r  a s  i s  c o n s i s t e n t  w i t h  t h e  c o n d i t i o n  t h a t  t h e  

i n h o m o g e n e o u s  l a y e r  b e  c o n t a i n e d  b e t w e e n  t h e m .  A c c o r d i n g  t o  t h i s  

c o n d i t i o n  w e  m a y  u s u a l l y  e x p e c t  t h e  d i s t a n c e  A B  t o  b e  a b o u t  IO - 7  o r  

i o - 6  c m .  I  s h a l l  d e n o t e  b y  r  d i s t a n c e s  m e a s u r e d  r a d i a l l y  f r o m  0 ,  a n d  

i n  p a r t i c u l a r  b y  ra a n d  rp, t h e  d i s t a n c e s  O A  a n d  O B  r e s p e c t i v e l y .

W h e r e a s  t h e  f o r c e  p e r  u n i t  a r e a  a c r o s s  a n y  e l e m e n t  o f  s u r f a c e  i n s i d e  

e i t h e r  h o m o g e n e o u s  p h a s e  i s  i n d e p e n d e n t  o f  t h e  o r i e n t a t i o n  o f  t h e  

e l e m e n t  ( P a s c a l ’ s  L a w ) ,  t h i s  i s  n o t  t h e  c a s e  i n  t h e  i n h o m o g e n e o u s  l a y e r  

a. I t  i s  c o n v e n i e n t  t o  d e n o t e  t h e  f o r c e  p e r  u n i t  a r e a  i n  t h e  d i r e c t i o n  

p a r a l l e l  t o  t h e  s u r f a c e s  A A '  a n d  B B '  b y  P r — Q. B o t h  P r a n d  Q a r e  

f u n c t i o n s  o f  r. Q i s  z e r o  a t  r =  ra a n d  a t  r — rp, b u t  a t  l e a s t  s o m e w h e r e  

b e t w e e n  Q i s  g r e a t e r  t h a n  z e r o .  [ I t  i s  c o n c e i v a b l e  t h a t  Q m i g h t  b e  

n e g a t i v e  s o m e w h e r e  b e t w e e n  r — ra a n d  r  =  rp, b u t  i t s  a v e r a g e  v a l u e  

i n  t h i s  r a n g e  i s  u n q u e s t i o n a b l y  p o s i t i v e . ]

A c c o r d i n g  t o  e l e m e n t a r y  s t a t i c s  t h e  m e c h a n i c a l  e q u i l i b r i u m  o f  t h e  

m a t t e r  e n c l o s e d  b y  A A ' B ' B  r e q u i r e s  t h a t  f o r  a l l  v a l u e s  o f  r

2 .  I n t e r f a c i a l  T e n s i o n  o f  C u r v e d  I n t e r f a c e .

P c y l i n d r i c a l  s h e l l .  F i g .  2  s h o w s  a  

c r o s s - s e c t i o n  o f  t h e  p h a s e s  a  a n d  /?  

s e p a r a t e d  b y  t h e  s u r f a c e  l a y e r  a, 
b o u n d e d  b y  t h e  c i r c u l a r  c y l i n d e r s  

A A '  a n d  B B '  w i t h  c o m m o n  a x i s  0 . 

T h e r e  i s  c o m p l e t e  h o m o g e n e i t y  i n  

t h e  d i r e c t i o n  n o r m a l  t o  t h e  d i a ­

g r a m .  T h e  p r o p e r t i e s  o f  t h e  

s u r f a c e  l a y e r  cr a r e  s u p p o s e d  

i d e n t i c a l  a t  a l l  p o i n t s  t h e  s a m e  

d i s t a n c e  f r o m  t h e  a x i s  t h r o u g h  0 .  

T h r o u g h o u t  t h e  p h a s e  a  a n d  e x ­

t e n d i n g  u p  t o  A A '  t h e r e  i s  a  

u n i f o r m  p r e s s u r e  P a ; t h r o u g h o u t

B
I

F i g . 2.

o r

d (Prr) =  (Pr -  Q)dr, 
d P r =  -  Qdr/r.



E . A . G U G G E N H E I M 409

I f  w e  i n t e g r a t e  ( 2 ,  2 )  f r o m  rp t o  ra w e  o b t a i n

P a - P l , =  \ l r dr- ■ ■ ' ( 2 > 3)

W e  n o w  d e f i n e  q u a n t i t i e s  r ,  y ,  y  b y

2r =  ra +  rp, ....................................................................... ( 2 ,  4 )

y = \ i Qdr’ . . . . . . . . . . . . . . . . (2>5)
y==P\ l gr dr   • (2’ 6)

A c c o r d i n g  t o  ( 2 ,  6 )  w e  c a n  r e w r i t e  ( 2 ,  3 )  i n  t h e  f o r m

P* -  PP =  y'jr. ( 2 , 7 )

I f  n o w  —  ra )  < <  r a , s o  t h a t  w e  m a y  i g n o r e  t h e  d i s t i n c t i o n  b e t w e e n

ra, rPl f, t h e n  w e  m a y  a l s o  i g n o r e  t h e  d i s t i n c t i o n  b e t w e e n  y  a n d  y',  a n d  

i n s t e a d  o f  ( 2 ,  7 )  w e  m a y  w r i t e

P « -  PP =  y\r ......................................................................( 2 ,  8 )

U n d e r  t h e s e  c o n d i t i o n s  e i t h e r  y  o r  y  m a y  b e  r e g a r d e d  a s  t h e  i n t e r f a c i a l  

t e n s i o n .

F o r  t h e  s a k e  o f  s i m p l i c i t y  w e  h a v e  c o n f i n e d  o u r  a t t e n t i o n  t o  a n  

i n t e r f a c e  i n  t h e  f o r m  o f  a  c i r c u l a r  c y l i n d e r .  F o r  a  s p h e r i c a l  i n t e r f a c e  

w e  s h o u l d  h a v e  f o u n d  b y  a n a l o g o u s  r e a s o n i n g ,  i n s t e a d  o f  ( 2 ,  8 ) ,

p *  — p p  — 2y/r. . . . . ( 2 ,  9 )

F o r  a n  i n t e r f a c e  o f  a r b i t r a r y  s h a p e  t h e  g e o m e t r y  i s  s o m e w h a t  m o r e  

c o m p l i c a t e d  a n d  t h e  g e n e r a l  f o r m u l a  o b t a i n e d  i s

' ( 7  + “ ) ’ • • ■ ( 2 - I 0 )
' P i  Pi/

p «  — p p
\ P i  pz/

w h e r e  ph p2 a r e  t h e  p r i n c i p a l  r a d i i  o f  c u r v a t u r e  o f  t h e  i n t e r f a c e .

F o r m u l a  ( 2 ,  1 0 )  i s  w e l l  k n o w n  a n d ,  m o r e o v e r ,  f o r m s  t h e  b a s i s  o f  t h e  

e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  s u p e r f i c i a l  t e n s i o n .  T h e  q u a n t i t i e s  ph 
p2 a n d  P a — PP a r e  m e a s u r e d ,  a n d  t h e n  y  i s  c a l c u l a t e d  a c c o r d i n g  t o  

( 2 ,  1 0 ) .  T h e  b e s t  k n o w n  m e t h o d ,  t h a t  o f  t h e  c a p i l l a r y  r i s e ,  h a s  a l r e a d y  

b e e n  d i s c u s s e d  e l s e w h e r e  6 i n  r e l a t i o n  t o  f o r m u l a  ( 2 ,  1 0 ) .  T h e  p o i n t  

w h i c h  I  w i s h  t o  e m p h a s i s e  i s  t h a t ,  s i n c e  f o r m u l a  ( 2 ,  1 0 ) ,  l i k e  f o r m u l a s  

( 2 ,  8 )  a n d  ( 2 ,  9 ) ,  i m p l i e s  i g n o r i n g  t h e  d i f f e r e n c e  b e t w e e n  l e n g t h s  s u c h  a s  

rai rp, i t  f o l l o w s  t h a t  the very measurement of interfacial tension implies 
that the thickness of the surface layer be small compared with its radii of 
curvature.

3 D i s c u s s i o n  o f  P r e s s u r e  D i f f e r e n c e .

A l t h o u g h  t h e  p r e s s u r e  d i f f e r e n c e  P a — PP  i s  f u n d a m e n t a l  i n  t h e  

m e a s u r e m e n t  o f  y ,  a n d  s o  a l s o  o n e  m a y  s a y  i n  t h e  d e f i n i t i o n  o f  y ,  I  s h a l l  

s h o w  t h a t  t h i s  p r e s s u r e  d i f f e r e n c e  i s  i n  c e r t a i n  o t h e r  r e s p e c t s  i n s i g n i f i c a n t  

f o r  t h e  p r o p e r t i e s  o f  t h e  i n t e r f a c e .  I  s h a l l  u s e  t h e  s y m b o l  r  t o  d e n o t e  

t h e  t h i c k n e s s  o f  t h e  s u r f a c e  l a y e r ,  h i t h e r t o  d e n o t e d  b y  rp — ra. L e t  u s  

c o n s i d e r  a  n u m e r i c a l  e x a m p l e .  W e  w i l l  s u p p o s e  t h a t  r  =  I 0 ~ 7 c m .  a n d  

t h a t  y  =  5 0  d y n e s / c m .  S i n c e  t h e  t r e a t m e n t  r e q u i r e s  t h a t  b o t h  p r i n c i p a l  

r a d i i  o f  c u r v a t u r e  s a t i s f y  t h e  i n e q u a l i t y  p^> t, i f  w e  a i m  a t  a n  a c c u r a c y

8 G u g g en h e im , Modern Thermodynamics, p .  169 (M eth u en  1933).
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o f  t h e  o r d e r  I  % ,  t h e n  p m u s t  n o t  b e  l e s s  t h a n  1 0 0  r  o r  I 0 ~ 5 c m .  A c ­

c o r d i n g  t o  f o r m u l a  ( 2 ,  1 0 )  w e  c o n c l u d e  t h a t  P “  — PP i s  a t  m o s t  i o 7 

d y n e s / c m . 2 o r  1 0  a t m o s p h e r e s .  I  h a v e  c h o s e n  a  v e r y  u n f a v o u r a b l e  c a s e  

a n d  u s u a l l y  P a — PP w i l l  b e  o n l y  a  s m a l l  f r a c t i o n  o f  a n  a t m o s p h e r e .  

T h u s  t h e  p r o d u c t  ( P *  —  PP) c a n n o t  b e  g r e a t e r  t h a n  1 d y n e / c m .  o r  I  

e r g / c m . 2 .

A c c o r d i n g  t o  f o r m u l a  ( 2 ,  2 )  o f  P a r t  I  t h e  t o t a l  w o r k  d o n e  o n  a  p l a n e  

s u r f a c e  l a y e r  w h e n  i t s  v o l u m e  a n d  a r e a  a r e  a l t e r e d  i s

-  P dV °  +  yd A ..............................................................................( 3 , 1 )

W e  c o u l d  a p p l y  t h i s  f o r m u l a  a l s o  t o  a  c u r v e d  s u r f a c e  w e r e  i t  n o t  f o r  a n  

a m b i g u i t y  i n  t h e  m e a n i n g  o f  P .  S i n c e ,  h o w e v e r ,  w e  h a v e  v e r i f i e d  t h a t  

( P *  —  PP)r o r  ( P *  —  PP)VaIA  i s  a t  m o s t  2  %  o f  y  a n d  u s u a l l y  m u c h  

s m a l l e r ,  w e  m a y  s a f e l y  i g n o r e  t h i s  a m b i g u i t y .  T h u s  ( 3 ,  1 )  i s  s u f f i c i e n t l y  

a c c u r a t e  i f  P  d e n o t e s  P “  o r  PP o r  a n y  i n t e r m e d i a t e  p r e s s u r e .  I n  v i r t u e  

o f  t h e  v a l i d i t y  o f  ( 3 ,  1 )  f o r  c u r v e d  a s  w e l l  a s  p l a n e  i n t e r f a c e s ,  a n y  o f  t h e  

f o r m u l a e  o f  P a r t  I  a r e  e q u a l l y  v a l i d  t o  t h e  s a m e  d e g r e e  o f  a c c u r a c y .

4. D e p e n d e n c e  o f  I n t e r f a c i a l  T e n s i o n  o n  C u r v a t u r e .

L e t  u s  n o w  t u r n  t o  t h e  q u e s t i o n  o f  h o w  t h e  i n t e r f a c i a l  t e n s i o n  d e p e n d s  

o n  t h e  c u r v a t u r e s .  W e  s h a l l  s e e  t h a t  w h e n  t h e  q u e s t i o n  i s  p r e c i s e l y  

d e f i n e d  i t  a n s w e r s  i t s e l f .  I n  a s k i n g  t h e  q u e s t i o n  i t  i s  n o t  s u f f i c i e n t  t o  

s t a t e  t h a t  w e  v a r y  t h e  c u r v a t u r e s ; w e  r e q u i r e  a l s o  t o  s t a t e  w h a t  w e  

k e e p  c o n s t a n t .  F o r  t h e  q u e s t i o n  t o  b e  u s e f u l  i t  s h o u l d  a p p l y  t o  t h e  

a c t u a l  c o n d i t i o n s  o f  t h e  e x p e r i m e n t a l  m e a s u r e m e n t  o f  i n t e r f a c i a l  

t e n s i o n .  F o r  d e f i n i t e n e s s  l e t  u s  c o n s i d e r  t h e  c a p i l l a r y  r i s e  m e t h o d .  

T h e  v a l u e s  o f  t h e  t e m p e r a t u r e  T  a n d  t h e  p o t e n t i a l s  p r a r e  u n i f o r m  

t h r o u g h o u t  t h e  s y s t e m , *  a n d  s o ,  w h a t e v e r  b e  t h e  s i z e  a n d  s h a p e  o f  t h e  

c a p i l l a r y ,  t h e s e  v a r i a b l e s  h a v e  t h e  s a m e  v a l u e s  a t  t h e  c u r v e d  s u r f a c e  

w h e r e  t h e  s u r f a c e  t e n s i o n  i s  m e a s u r e d ,  a s  i n  t h e  b u l k  p h a s e s .  H e n c e  t o  

b e  u s e f u l  t h e  q u e s t i o n  s h o u l d  b e  w o r d e d  : h o w  d o e s  y  d e p e n d  o n  pv p2 
f o r  g i v e n  v a l u e s  o f  T  a n d  t h e  p ’s. A c c o r d i n g  t o  e q u a t i o n  ( 5 ,  1 )  o f  P a r t  I  

t h e  v a r i a t i o n  o f  y  u n d e r  t h e s e  r e s t r i c t i o n s  i s  g i v e n  b y

d y  =  r d P .  .  .  .  ( 4 ,  1 )

I n  i t s  p r e s e n t  a p p l i c a t i o n  t h e  a m b i g u i t y  i n  t h e  e x a c t  m e a n i n g  o f  P  d o e s  

n o t  m a t t e r ,  s i n c e  w e  h a v e  a l r e a d y  v e r i f i e d  t h a t  P *  —  PP i s  n e g l i g i b l e .  

I f  n o w  w e  c o n s i d e r  a  c u r v e d  i n t e r f a c e ,  s a y  i n  a  c a p i l l a r y ,  i n  e q u i l i b r i u m  

w i t h  a  p l a n e  i n t e r f a c e  a n d  w e  i n t e g r a t e  ( 4 ,  1 )  f r o m  t h e  p r e s s u r e  a t  t h e  

p l a n e  s u r f a c e  t o  t h e  p r e s s u r e  a t  t h e  c u r v e d  i n t e r f a c e  ( e i t h e r  s i d e  o f  i t )  

w e  a g a i n  f i n d  t h a t  t h e  i n t e g r a l  o f  t h e  r i g h t  s i d e  i s  a l w a y s  n e g l i g i b l e .  

C o n s e q u e n t l y  y  h a s  e f f e c t i v e l y  t h e  s a m e  v a l u e  f o r  t h e  c u r v e d  s u r f a c e  

a s  f o r  t h e  p l a n e  s u r f a c e  w i t h  w h i c h  i t  i s  i n  e q u i l i b r i u m .  T h i s  i s  a  s t a t e ­

m e n t  o f  a  p r i n c i p l e  u s u a l l y  a s s u m e d  w h e n e v e r  a n  i n t e r f a c i a l  t e n s i o n  i s  

m e a s u r e d .  I t  i s  e x p e r i m e n t a l l y  v e r i f i e d  b y  t h e  f a c t  t h a t  w i t h i n  t h e  

e x p e r i m e n t a l  a c c u r a c y  t h e  s a m e  v a l u e  i s  f o u n d  f o r  t h e  i n t e r f a c i a l  t e n s i o n  

w h e n  c a p i l l a r i e s  o f  d i f f e r e n t  s i z e  a r e  u s e d ,  b u t  t h i s  v e r i f i c a t i o n  c a n  b e  

r e a l i s e d  o n l y  f o r  c a p i l l a r i e s  w i t h  d i a m e t e r s  c o n s i d e r a b l y  g r e a t e r  t h a n  

t h e  l o w e r  l i m i t  i o -5 c m . ,  a l l o w e d  b y  t h e  t h e o r y .

* F o r  th is  s t a te m e n t  to  b e  t r u e  i t  is  n e c e s sa ry  t h a t  a  g r a v i ta t io n a l  t e r m  M rgli 
b e  in c lu d e d  in  pT, w h e re  M r d e n o te s  m o la r  m ass , g  g r a v i ta t io n a l  a c c le ra t io n  a n d  
h h e ig h t .  B u t  i t  is  p h y s ic a lly  o b v io u s  t h a t  t h e  in te r fa c ia l  te n s io n  c a n n o t  d e p e n d  
o n  th e  h e ig h t  e x c e p t  th ro u g h  th e  p re s s u re  a n d  c o m p o s itio n . - S u c h  g r a v i ta t io n a l  
te rm s  m a y  th e re fo re  sa fe ly  b e  o m it te d  f ro m  th e  d / r / s  in  th e  fo rm ulas r e la t in g  
d y  to  th e  d/x,’s.
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5.  G i b b s ’ T r e a t m e n t .

T h e  p r o b l e m ,  w h i c h  I  h a v e  d i s c u s s e d ,  i s  t r e a t e d  b y  G i b b s  7 i n  a  

m a n n e r  w h i c h  a p p e a r s  t o  b e  q u i t e  d i f f e r e n t  a n d  m o r e  r i g i d .  I  h a v e  

f o u n d  G i b b s ’ t r e a t m e n t  d i f f i c u l t  a n d  t h e  m o r e  c a r e f u l l y  I  h a v e  s t u d i e d  

i t  t h e  m o r e  o b s c u r e  i t  a p p e a r s  t o  m e .  T h e  e s s e n c e  o f  G i b b s ’ t r e a t m e n t  

i s  t h a t  h e  r e p l a c e s  t h e  t e r m

7 d A ....................................................... ( 5 , I )

f o r  a  p l a n e  i n t e r f a c e  b y  t e r m s  o f  t h e  f o r m

ydA  +  c , d ( I )  +  M ( i ) ,  . . . . ¡ 5, 2)

a n d  a s s u m e s  i m p l i c i t l y  t h a t ,  p r o v i d e d  t h e  r a d i i  o f  c u r v a t u r e  a r e  n o t  

t o o  s m a l l ,  w e  m a y  a s s i g n  t o  Cx a n d  C2 t h e  v a l u e s  a p p r o p r i a t e  t o  a  p l a n e  

s u r f a c e .  I t  i s  t h e n  o b v i o u s  f r o m  s y m m e t r y  t h a t  C1 — C2, a n d  s o  ( 5 ,  2 )  

c a n  b e  w r i t t e n  i n  t h e  s i m p l e r  f o r m

ydA +  C d (±  - f ± ) ,  . . . . ( 5 , 3 )
\Pl P2/

w h e r e  C i s  i n d e p e n d e n t  o f  pv  p 2 . S o  f a r  s o  g o o d .  G i b b s  t h e n  s e t s  o u t  

t o  p r o v e  t h a t  h i s  g e o m e t r i c a l  s u r f a c e  c a n  b e  s o  p l a c e d  t h a t  C v a n i s h e s .  

T h e  r e a s o n i n g  a d d u c e d  i s  f a r  f r o m  s i m p l e ,  a n d  G i b b s ’ m e a n i n g  i s  n o t  

e v e n  a l w a y s  c l e a r .  I  a m  c o n v i n c e d  t h a t  G i b b s  w a s  h i m s e l f  a w a r e  o f  

t h e  d i f f i c u l t y  o f  b e i n g  p r e c i s e  i n  t h i s  p a r t i c u l a r  p i e c e  o f  r e a s o n i n g .  O n  

p a g e  2 2 6  h e  d i s c u s s e s  t h e  v a r i a t i o n  o f  a  p l a n e  i n t e r f a c e  b y  b e n d i n g  i t  

a n d  u s e s  t h e  s e n t e n c e  “  a l s o  a t  a n d  a b o u t  t h e  s u r f a c e  l e t  t h e  s t a t e  o f  

t h e  m a t t e r  so far as possible be the same a s  a t  a n d  a b o u t  t h e  p l a n e  s u r f a c e  

i n  t h e  i n i t i a l  s t a t e  o f  t h e  s y s t e m . ”  T h e  w o r d s  w h i c h  I  h a v e  w r i t t e n  i n  

i t a l i c s  a r e ,  I  v e n t u r e  t o  s a y ,  i n  t h e i r  v a g u e n e s s  u n l i k e  G i b b s ’ u s u a l  s t y l e .  

T h e  w h o l e  t r e a t m e n t  o f  G i b b s ,  a s  w e l l  a s  t h a t  o f  t h e  p r e s e n t  p a p e r ,  

p o s t u l a t e s  c o m p l e t e  e q u i l i b r i u m  t h r o u g h o u t  t h e  w h o l e  s y s t e m .  I t  i s  

t h e r e f o r e  i m p o s s i b l e  t o  c o n c e i v e  o f  a  v a r i a t i o n  o f  a n  i n t e r f a c e  a p a r t  

f r o m  a  v a r i a t i o n  i n  a t  l e a s t  o n e  o f  t h e  b u l k  p h a s e s .  I t  i s  c l e a r  t h a t  

G i b b s  r e a l i s e d  t h i s  d i f f i c u l t y  a n d  t r i e d  t o  o v e r c o m e  i t  b y  f l e x i b l e  w o r d i n g .

O n  t h e  f o l l o w i n g  p a g e  G i b b s  c l a i m s  t o  s h o w  t h a t  t h e  p o s i t i o n  r e q u i r e d  

f o r  h i s  g e o m e t r i c a l  s u r f a c e  t o  m a k e  C v a n i s h  w i l l  b e  e i t h e r  i n s i d e  t h e  

n o n - h o m o g e n e o u s  l a y e r  o r  a t  m o s t  a t  a  d i s t a n c e  f r o m  i t  c o m p a r a b l e  t o  

t h e  t h i c k n e s s  o f  t h e  l a y e r .  H e  h e r e  u s e s  t h e  w o r d s  “  o n  a c c o u n t  o f  t h e  

t h i n n e s s  o f  t h e  n o n - h o m o g e n e o u s  f i l m , ”  a n d  I  f e e l  c o n v i n c e d  t h a t  t h i s  

thinness i s  a n  e s s e n t i a l  a s s u m p t i o n  c o m m o n  t o  G i b b s '  t r e a t m e n t  a n d  

t h a t  o u t l i n e d  a b o v e .  I f  t h e n ,  a s  I  b e l i e v e ,  t h e  a s s u m p t i o n  r  ra i s  

e s s e n t i a l ,  i t  s e e m s  t o  m e  p r e f e r a b l e  t o  i n t r o d u c e  i t  a t  t h e  o u t s e t  a n d  s o  

c o n s i d e r a b l y  s i m p l i f y  t h e  w h o l e  a r g u m e n t .

S u m m a r y .
P a r t  I . —

F o l lo w in g  V e r s c h a f f e l t  t h e  t h e r m o d y n a m ic  p r o p e r t i e s  o f  a  p l a n e  i n t e r ­
fa c e  a r e  d e r iv e d  b y  t r e a t i n g  t h e  i n t e r f a c e  a s  h a v in g  a  f in i t e  th ic k n e s s .  
F o rm u la e  a r e  d e r iv e d  f o r  t h e  d e p e n d e n c e  o f  t h e  i n t e r f a c i a l  t e n s io n  o n  t h e  
t e m p e r a t u r e  a n d  t h e  c o m p o s i t io n  o f  o n e  o f  t h e  tw o  b o u n d in g  p h a s e s ; t h e  
p r e s s u r e ,  n o t  b e in g  a n  in d e p e n d e n t  v a r i a b l e ,  is  e l im in a t e d .  I t  is  s h o w n  t h a t  
t h e  fo rm u la e  a r e  i n v a r i a n t  w i t h  r e s p e c t  t o  t h e  t h i c k n e s s  a r b i t r a r i l y  a s s ig n e d  
t o  t h e  i n t e r f a c i a l  la y e r .  T h e  t r e a t m e n t  is  c o r r e la te d  w i t h  t h a t  o f  G ib b s .

7 G ib b s , Collected Works, v o l. 1, p p . 225-228.
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P a r t  I I . —

I t  is  s h o w n  t h a t  t h e  fo rm u la s  d e r iv e d  i n  P a r t  I  f o r  p l a n e  in t e r f a c e s  m a y  
s a f e ly  b e  a p p l i e d  t o  c u r v e d  in t e r f a c e s  p r o v i d e d  t h a t  t h e  t h i c k n e s s  o f  t h e  
in h o m o g e n e o u s  l a y e r  is  n e g l ig ib ly  s m a l l  c o m p a r e d  w i t h  i t s  r a d i u s  o f  c u r v a ­
t u r e ,  a  c o n d i t i o n  u s u a l ly  fu l f i l le d  i n  p r a c t i c e .  W h e n  t h i s  c o n d i t i o n  i s  n o t  
f u lf i l le d , t h e  fo rm u la e  c e a s e  t o  b e  a p p l i c a b l e  a n d  a t  t h e  s a m e  t i m e  t h e  
n o r m a l  m e th o d s  o f  m e a s u r in g  i n t e r f a c i a l  t e n s io n  b r e a k  d o w n  a n d  t h e  v e r y  
m e a n in g  o f  i n t e r f a c i a l  t e n s io n  b e c o m e s  i l l -d e f in e d .
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1. I n t r o d u c t i o n .

T h e  f o r m a t i o n  o f  “  b u i l t - u p  ”  X ,  Y ,  o r  Z  m u l t i l a y e r s  w a s  r e c e n t l y  1 

c o r r e l a t e d  t o  t h e  w e t t a b i l i t y  o f  t h e  s o l i d  s u r f a c e s  c o n c e r n e d  ; w h e n  t h i s  

i n c r e a s e d  t h e  t r a n s i t i o n  X  —> Y  - >  Z  t o o k  p l a c e .  A s  a  m e a s u r e  o f  

w e t t a b i l i t y  t h e  a n g l e  a  o f  s l i d i n g  o f  a  w a t e r  d r o p  o n  t h e  m u l t i l a y e r  w a s  

u s e d .  I t  w a s  s h o w n  t h a t  i n  a  f i r s t  a p p r o x i m a t i o n  t h e  p r o d u c t  W t a n  a ,  

W b e i n g  t h e  w e i g h t  o f  t h e  s l i d i n g  d r o p ,  w a s  a  c o n s t a n t  f o r  a  g i v e n  m u l t i ­

l a y e r  a n d  c o u l d  b e  t a k e n  a s  a  m e a s u r e  o f  i t s  h y d r o p h i l i c  c h a r a c t e r .

I n  t h e  p r e s e n t  w o r k  t h e  w e t t a b i l i t y  o f  a  s u r f a c e  i s  d e t e r m i n e d  b y  

m e a s u r i n g  t h e  w e t t i n g  a n g l e s  8 f o r m e d  b y  t h e  s o l i d ,  a  w a t e r  d r o p  o n  i t ,  

a n d  a i r .  W h e n  8 w a s  o v e r  9 4 0 X  f i l m s  w e r e  d e p o s i t e d .  Y  f i l m s  w e r e  

o b s e r v e d  w h e n  8 w a s  g r e a t e r  t h a n  8 0 °  a n d  l e s s  t h a n  9 2 0 . S m a l l e r  8 
v a l u e s  f a v o u r e d  Z  d e p o s i t i o n s .

2 .  E x p e r i m e n t a l  T e c h n i q u e .

( a )  W a t e r - l i n e  C o r r o s i o n  o f  M u l t i l a y e r s .

F o r  m e a s u r in g  t h e  c o n t a c t  a n g le  8 a  n e w  m e t h o d  w a s  d e v i s e d  w h ic h  is  
e s p e c ia l ly  c o n v e n i e n t  f o r  m u l t i l a y e r s  b u t  m a y ,  w i th  s l i g h t  m o d if ic a t io n ,  

a ls o  b e  a d a p t e d  t o  d e t e r m i n a t i o n  o f  c o n t a c t  a n g le s  
o n  o t h e r  s o l id  s u r f a c e s  (see  t h e  l a s t  p a r a g r a p h  o f  
2  (&))•

I f  a  w a t e r  d r o p  b e  p u t  o n  a  m u l t i l a y e r  d e ­
p o s i t e d  o n  a  c h r o m i u m - p l a t e d  s l id e  i t  c h a n g e s  
f o r m  w i t h i n  a  f e w  s e c o n d s .  A  f r a c t i o n  o f  a  
s e c o n d  a f t e r  i t  h a s  t o u c h e d  t h e  s u r f a c e  t h e  c o n ­
t a c t  a n g le  v ie w e d  w i t h  a  p r o j e c t i o n  m ic r o s c o p e  
m a y  b e , s a y ,  9 0 ° , b u t  i t  d im in i s h e s  r a p i d l y .  A  
t y p i c a l  e x a m p le  i s  g iv e n  i n  T a b le  I  r e f e r r in g  t o  a  
f i lm  o f  3 8  m o n o la y e r s  o f  b a r i u m  s t e a r a t e .

T h e  r e a s o n ,  o r  o n e  o f  t h e  r e a s o n s ,  f o r  t h i s  d e c r e a s e  o f  8 wra s  a p p a r e n t  
w h e n  t h e  d r o p  w a s  t h r o w n  o f f  t h e  s l id e .  I t  l e f t  o n  t h e  m u l t i l a y e r  a  c o lo u r e d  
t r a c e  i n  t h e  f o r m  o f  a  n a r r o w  r in g .  A s  t h e  t h i c k n e s s  o f  a  m u l t i l a y e r  c a n  b e

1 J . J . B ik erm an , Proc. Roy. Soc. A, 1939, 170, 130.

T A B L E  I .

Time in mins. Bindeg.
0 90
5 76

10 72
15 5 1
20 4 2
3 0 4 2
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d e t e r m i n e d  f r o m  i t s  in t e r f e r e n c e  c o lo u r  i t  w a s  p o s s ib le  t o  e s t im a t e  t h e  
d e p t h  o f  t h e  c i r c u l a r  "  g r o o v e  ”  ; i t  t u r n e d  o u t  t o  b e  a b o u t  3 m o le c u le s . 
T h e  w i d t h  o f  t h e  g r o o v e  v a r i e d  w i th  t h e  s u b s t a n c e  o f  t h e  m u l t i l a y e r  ; 
i t  w a s  le s s  t h a n  o - o o i  c m . f o r  c a lc iu m  s t e a r a t e  f ilm s , a b o u t  O '0 0 2  c m . f o r  
b a r i u m  s t e a r a t e ,  e tc .

O b v io u s ly  i t  w a s  a  c a s e  o f  "  w a te r - l i n e  c o r r o s io n .”  2 S o a p  f i lm s  w h ic h  
a r e  p r a c t i c a l l y  in s o lu b le  in  w a t e r  a r e  c o r r o d e d  a lo n g  t h e  w a te r - f i lm - a i r  
b o u n d a r y  b e c a u s e  s o a p s  lo w e r  t h e  s u r f a c e  t e n s io n  o f  w a t e r  a n d  a r e  d r a w n  
i n t o  t h e  w a t e r - a i r  in t e r f a c e .  T h e  r e d u c t i o n  o f  t h e  s u r f a c e  t e n s io n  t h u s  
p r o d u c e d  c a u s e d  a  r e d u c t i o n  o f  t h e  c o n t a c t  a n g le  in  a g r e e m e n t  w i t h  t h e  
w e l l - k n o w n  e q u a t i o n

c o s  8 =  yso ~ - ^ SL, . . . .  (1)
Y lo

w h e r e  yEa, y 3L, a n d  y1Q a r e  t h e  i n t e r f a c i a l  t e n s io n s  b e tw e e n  s o l id  a n d  g a s , 
s o l id  a n d  l i q u id ,  a n d  l i q u i d  a n d  g a s  r e s p e c t iv e ly .  A  lo w e r in g  o f  yLQ c a u s e s  
a  lo w e r in g  o f  8. T h e  v a l i d i t y  o f  e q u a t i o n  (1) i s  d is c u s s e d  in  4  (c ).

W a t e r  d r o p le t s  o n  m u l t i l a y e r s  h a v i n g  la r g e  c o n t a c t  a n g le s  (e.g. o c ta d e c y l  
a c e t a t e )  u s u a l ly  e v a p o r a t e d  v e r y  s lo w ly , w h i l s t  t h o s e  o n  t h e  m u l t i l a y e r s  
o f  h y d r o p h i l i c  o c t a d e c y l  a m in e  d i s a p p e a r e d  w i t h i n  a  f e w  m in u te s .  P r e ­
s u m a b ly  w a t e r  p e n e t r a t e s  i n t o  h y d r o p h i l i c  f i lm s  a n d  s p r e a d s  o v e r  t h e  w h o le  
a r e a  o f  t h e  m u l t i l a y e r ,  t h u s  i n c r e a s in g  t h e  a r e a  f r o m  w h ic h  e v a p o r a t io n  
t a k e s  p la c e .

D r o p le t s  o n  m ix e d  m u l t i l a y e r s  ( fo r  i n s t a n c e  o f  6  m o le c u le s  o f  o c t a d e c y l  
a m in e  +  2 m o le c u le s  o f  c a lc iu m  s t e a r a t e  +  6  a m in e  +  2 s t e a r a t e  +  6  
a m in e  -j- 2 s t e a r a t e  -}- 6  a m in e  -j- 4  s t e a r a t e )  p r o d u c e d  n o  r in g s .

( b )  C o m p u t a t i o n  o f  C o n t a c t  A n g l e s .

T h e  d i a m e t e r  A  o f  t h e  c i r c u l a r  g r o o v e  l e f t  b y  a  d r o p  w a s  f o u n d  t o  a g r e e  
w i t h  t h e  i n i t i a l  v a lu e  9 o f  t h e  w e t t i n g  a n g le  a n d  n o t  w i t h  t h e  v a lu e  o b s e r v e d  
s h o r t l y  b e f o r e  t h r o w i n g  o ff  t h e  d r o p .

T h e  g e n e r a l  r e l a t i o n  b e tw e e n  A  a n d  9 i s  d i f f ic u l t  t o  c a lc u la te ,  a s  t h e  
f u n d a m e n t a l  e q u a t i o n  o f  c a p i l l a r i t y

-  bpg +  y ( ~  +  =  c o n s t ..............................................(2)

l e a d s  a t  o n c e  t o  e l l i p t i c  i n t e g r a l s  ; h  is  t h e  v e r t i c a l  d i s t a n c e  o f  a  p o i n t  o n  
t h e  d r o p  s u r f a c e  f r o m  t h e  s u m m i t  o f  t h e  d r o p ,  p t h e  d e n s i ty  o f  w a t e r  m in u s  
t h e  d e n s i ty  o f  a i r ,  g  t h e  a c c e le r a t i o n  d u e  t o  g r a v i t y ,  y  t h e  s u r f a c e  te n s io n ,  
a n d  a n d  I i 2 t h e  p r i n c i p a l  r a d i i  o f  c u r v a t u r e .  I f ,  h o w e v e r ,  t h e  d r o p  m a y  
b e  a s s u m e d  t o  b e  a  s p h e r i c a l  s e g m e n t ,  t h e n

A 0 =  2R  s in  9, . . . . . (3)

w h e r e  R  d e n o t e s  t h e  r a d i u s  o f  t h e  s p h e r e  (o r  t h e  r a d i u s  o f  t h e  c u r v a t u r e  
o f  t h e  d r o p )  ; A„ i s  A f o r  d r o p s  h a v i n g  a  s p h e r i c a l  c u r v a t u r e .  A s  i t  is  
m o r e  d i f f i c u l t  t o  d e t e r m i n e  t h e  c u r v a t u r e  o f  a  d r o p  t h a n  i t s  v o lu m e  v, R  
m a y  b e  e x p r e s s e d  in  t e r m s  o f  v. T h e  v o lu m e  o f  a  s p h e r i c a l  s e g m e n t  is

v =  w R 3( f  — c o s  9 +  £  c o s 3 9). (4)

F r o m  ( 3 )  a n d  (4) t h e  r e l a t i o n

A 03 __ _______ 2 4  s in 3 9_______ , .
v ~  n(2 — 3 c o s  0 +  c o s 3 9)

is  o b t a i n e d .  T h e  n u m e r i c a l  v a lu e s  o f  t h e  r i g h t  h a n d  f u n c t io n  w e r e  c a l ­
c u l a t e d  f o r  s e v e r a l  v a lu e s  o f  9, a n d  t h e  t a b l e  o b t a i n e d  w a s  u s e d  f o r  e v a l u a ­
t i o n  o f  9 f r o m  A 0 a n d  v.

2 See e.g. bJ. R . E v a n s ,  Metallic Corrosion, 1937, p p . 178. 296 : M . V o lm e r  a n d
M a h n e r t ,  Z . physik. Chemie, 1925, 115,  239.
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I t  i s  o b v io u s ,  a n d  a ls o  fo l lo w s  f r o m  (2), t h a t  t h e  d e v i a t i o n  o f  t h e  d r o p  
s h a p e  f r o m  t h a t  o f  a  s p h e r i c a l  s e g m e n t  d im in i s h e s  w h e n  t h e  v o lu m e  v is  
r e d u c e d .  T o  a p p l y  (5), t h e  r a t i o  A'-'/v w a s  t h e r e f o r e  m e a s u r e d  f o r  s e v e r a l  
d r o p s  o f  v a r i o u s  s iz e s  a n d  t h e n  e x t r a p o l a t e d  t o  v — o .

F o r  t h e  c a s e  o f  6 — 9 0 °  t h e  g r a p h i c a l  e x t r a p o l a t i o n  t o  v =  o  c a n  b e  
c h e c k e d  b y  c a l c u l a t i o n .  E q u a t io n s  (3) a n d  (4) n e g le c t  g r a v i t a t i o n  
a l t o g e t h e r .  G r a v i t a t i o n  f l a t t e n s  t h e  d r o p s  w h ic h ,  in  t h e  s e c o n d  a p ­
p r o x i m a t i o n ,  m a y  b e  c o n s id e r e d  t o  b e  ( a t  3 =  9 0 °) h a lv e s  o f  e l l ip s o id s  o f  
r e v o l u t io n  ; i n t r o d u c in g  t h e i r  r a d i i  o f  c u r v a t u r e  (a a n d  b b e in g  t h e  h a l f ­
a x e s )  (2) b e c o m e s

- » «  +  , ( 1 + 2 )  - 2 Î .  . . . , 6)

O n  t h e  o t h e r  h a n d ,
v =  | t Td-b.......................................................................(7)

S e t t i n g  h =  b a n d  A /2  =  a w e  o b t a i n  a t  s m a l l  v a lu e s  o f  v  a n d  a f t e r  u t r i o -  
d u c in g  r 3 =  a-b =  311/2it

A _  2 r  == ■ pgr’ - , . . . . (S)6y  -  pgr-'
a n d

A ! =  6 /  ) ....................................................... (9)
v 7t V 6 y  — pgr-)

I n  d e d u c in g  (9) i t  is  a s s u m e d  t h a t  t h e  c o n t a c t  a n g le  is  i n d e p e n d e n t  o f  
t h e  s iz e  o f  t h e  d r o p .  A s  t h e  e x p e r i m e n t a l  c u r v e s  o f  t h e  f u n c t i o n  A 3/i> =  / (v) 
w e r e  q u i t e  s im i l a r  t o  t h e  t h e o r e t i c a l  c u r v e  t h i s  a s s u m p t i o n  a p p e a r s  t o  b e  
j u s t i f i e d .3

T h e  m e t h o d  o u t l i n e d  a b o v e  c a n  b e  a p p l i e d  t o  o t h e r  s o l id  s u r f a c e s .  
I f  t h e  l iq u id  c o n t a i n s  n o n - v o la t i l e  m a t t e r ,  A is  t h e  d i a m e t e r  o f  t h e  c ir c le  
c o v e r e d  b y  r e s id u e .  I f  t h e  l iq u id  e v a p o r a t e s  w i t h o u t  l e a v in g  m a r k s  i t  
m a y  b e  s p r a y e d  o v e r  w i th  i g n i t e d  t a l c  w h ic h  s l id e s  d o w n  t o  t h e  c i r c u m ­
f e r e n c e  o f  t h e  d r o p .

( c )  P r e c i s i o n  o f  t h e  R e s u l t s .

T h e  d r o p s  w e r e  d r i v e n  o u t  f r o m  a  c a l i b r a t e d  m ic r o - s y r in g e  1 a n d  t h e  
v o lu m e  v o f  t h e  d r o p  w a s  r e a d  d i r e c t l y  ; t h e  e r r o r  in v o lv e d ,  e x c e p t  f o r  t h e  
v e r y  s m a l l  d r o p s ,5 w a s  n e g l ig ib le .  T h e  d i a m e t e r  A o f  t h e  c o r ro s io n  r i n g  
w a s  m e a s u r e d  a t  a  m a g n i f ic a t io n  o f  2 0  w i t h  a  s c a le  a n d  t h e  p r e c i s io n  d e ­
p e n d e d  c h ie f ly  o n  t h e  d e g r e e  o f  d e v i a t i o n  o f  t h e  r i n g  f r o m  t h e  t r u l y  c i r c u l a r  
s h a p e .  I f  t h e  d r o p s  w e r e  n o t  t o o  s m a l l  tw o  a p p a r e n t l y  i d e n t i c a l  d r o p s  g a v e  
o n  g o o d  s u r f a c e s  v a lu e s  o f  A zjv, a g r e e in g  w i t h i n  1 % , a n d  a s  t h e  e r r o r  o f  
e x t r a p o l a t i o n  is  le s s  t h a n  0 -5  % , t h e  t r u e  v a lu e  o f  A 03/v  is  k n o w n  t o  
I "5 %> c o r r e s p o n d in g  t o  a n  e r r o r  o f  ± 1 5 '  i n  t h e  v a lu e s  o f  c o n t a c t  a n g le s .

T h e  d i f fe r e n c e s  b e tw e e n  t h e  c o n t a c t  a n g le s  o n  tw o  d i f f e r e n t  s l id e s  
c o a t e d  w i t h  s u p p o s e d ly  i d e n t i c a l  m u l t i l a y e r s  w e r e  m u c h  la r g e r  a n d  o f t e n  
e x c e e d e d  2 0.

T h e  v a lu e s  o f  A u s e d  f o r  c a l c u l a t i o n s  w e r e  t h o s e  o f  e x t e r n a l  d i a m e t e r s  
o f  t h e  r i n g  m a r k s .  I f  t h e  i n t e r n a l  d i a m e t e r s  w e r e  t a k e n  a l l  t h e  v a lu e s  o f  3 
w o u ld  b e  r a i s e d  b y  1 %  o r  m o r e  ; in d e e d  t h e y  w o u ld  b e c o m e  g r e a t e r  t h a n  
t h e  c o n t a c t  a n g le s  o b s e r v e d  w i t h  a  p r o j e c t i o n  m ic r o s c o p e  d i r e c t l y  a f t e r  
d e p o s i t i o n  o f  d r o p s .

3 S ee  F .  E . B a r te l l  a n d  M errill, J . physic. Chem., 1932, 3 6 , 117S.
1 I n  th is  case  th e  d ifficu ltie s  w h ic h  B a r te l l  a n d  H a tc h  (ibid., 1935, 3 9 , 11) 

e n c o u n te re d  w h e n  p la c in g  d ro p s  o n  so lid s w e re  in s ig n if ic a n t.
5 T h e  ra n g e  o f  v o lu m e s  u se d  w a s  0  001 t o  0-020 c.c.
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3 .  R e s u l t s .

A  s e le c t io n  o f  t h e  r e s u l t s  o b t a i n e d  is  g iv e n  i n  T a b le  I I .  T h e  f i r s t  
c o lu m n  i n d i c a t e s  t h e  n u m b e r ,  t h e  t y p e ,  a n d  t h e  c o m p o s i t io n  o f  t h e  “  b u i l t -  
u p  ”  m o n o la y e r s  o n  c h r o m iu m  p l a t e d  s l id e s .  T h e  s e c o n d  a n d  t h i r d

T A B L E  I I .

Multilayer. Pa- Butler. e.

40  X  o c ta d e c y l  a c e ta te  . 7 '4 P h o s p h a te  . 2-79 101-2°
38 X  c a lc iu m  s te a r a te 9-1 B o ra te 3-12 9 7 ’5 °
38 (X  +  Y ) c a lc iu m  s te a r a te  . B o ra te 3 -5 fi 92-6°
3S Y  b a r iu m  s te a r a te 7 '4 P h o s p h a te  . 3-37 8 9 -5 °
3S Y  b a r iu m  s te a r a te 7 '4 P h o s p h a te  . 3 '9 3 89-ï 0
38 Y  b a r iu m  s te a r a te 7 '4 P h o s p h a te  . 4-00 88-2°
44 Y  b a r iu m  p a lm i ta te  . 7 '4 P h o s p h a te  . 4 ' 3° 8 5 -5 °
38 Y  o c ta d e c y l  a m in e 7 ’4 P h o s p h a te  . 5 80°

c o lu m n s  r e f e r  t o  t h e  u n d e r l y i n g  s o lu t io n  f r o m  t h e  s u r f a c e  o f  w h ic h  t h e  
m o n o la y e r s  w e r e  t a k e n  u p .  T h e  m e a n in g  o f  A 03/i> a n d  9 is  e x p la in e d  
in  2  (b ).

T h e  m u l t i l a y e r  d e s c r ib e d  a s  3 8  ( X  +  Y )  c a lc iu m  s t e a r a t e  w a s  a  m i x t u r e  
o f  X  a n d  Y  d e p o s i te d  f i lm s  (see  t h e  p r e v io u s  p a p e r  1) ; t h e  s l id e  w a s  d ip p e d  
2 2  t im e s ,  a n d  t h e  a r e a  o f  f i lm  c o n s u m e d  c o r r e s p o n d e d  t o  a  d e p o s i t io n  o f  3 8  
m o n o la y e r s .  T h e  t h r e e  v a lu e s  f o r  b a r i u m  s t e a r a t e  i l l u s t r a t e  t h e  d if fe r e n c e s  
b e tw e e n  m u l t i l a y e r s  t a k e n  o ff  t h e  s u r f a c e s  o f  a p p a r e n t l y  i d e n t i c a l  s o lu t io n s .

4 .  D i s c u s s i o n .

( a )  W e t t i n g  A n g l e  a n d  D e p o s i t i o n  o f  M u l t i l a y e r s .

T a b l e  I I I  c o n t a i n s  t h e  r u l e  b a s e d  o n  t h e  e x p l a n a t i o n  r e c e n t l y  a d ­

v a n c e d  1  f o r  t h e  t h r e e  t y p e s  o f  d e p o s i t i o n  o f  m u l t i l a y e r s  o n  s o l i d  s l i d e s .

T A B L E  I I I .

Multilayers.

X. Y. Z.

A  m o n o la y e r  is  t a k e n  u p  in  
th e  c o u rse  o f

if  th e  c o n ta c t  a n g le  (m e a su re d  
in  th e  liq u id )  is

d ip p in g  o n ly

a lw a y s  g re a te r  
th a n  90°

b o th  d ip p in g  
a n d  w ith ­
d ra w a l 

o v e r  90° a t  
d ip p in g  a n d  
b elow  90° a t  
w ith d ra w a l

w ith d ra w a l
o n ly

a lw a y s  b elow  
90°

I t  d e a l s  w i t h  r e c e d i n g  a n d  a d v a n c i n g  c o n t a c t  a n g l e s ,  w h i c h  m a y  b e  

c o m p a r e d  w i t h  t h e  e q u i l i b r i u m  c o n t a c t  a n g l e s  l i s t e d  i n  T a b l e  I I .  I t  i s  

s e e n  t h a t  Y  l a y e r s  a r e  o n l y  d e p o s i t e d  w h e n  t h e  e q u i l i b r i u m  w e t t i n g  a n g l e  

i s  n e a r  9 0 ° ,  s o  t h a t  t h e  r e c e d i n g  a n g l e  [i.e. d u r i n g  w i t h d r a w a l )  m a y  e a s i l y  

b e c o m e  <  9 0 °  a n d  t h e  a d v a n c i n g  a n g l e  {i.e. a t  d i p p i n g )  >  9 0 ° .  A t  t h e  

s p e e d s  u s e d ,  i n  t h e  m u l t i l a y e r  t e c h n i q u e  t h e  r a n g e  o f  9 v a l u e s  g i v i n g  Y
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l a y e r s  e x t e n d s  f r o m  a b o u t  8 0 °  *  t o  9 2 0 . I t  i s  a s y m m e t r i c a l  a b o u t  9 0 °  

p r e s u m a b l y  b e c a u s e ,  i n  a g r e e m e n t  w i t h  B l o d g e t t ’s  a d v i c e , 6 t h e  d i p p i n g  

i s  c a r r i e d  o u t  s w i f t l y  ( w h e r e b y  t h e  d i f f e r e n c e  b e t w e e n  t h e  e q u i l i b r i u m  

a n g l e  6 a n d  t h e  a d v a n c i n g  a n g l e  i s  l a r g e )  a n d  t h e  w i t h d r a w a l  s l o w l y  

( t h u s  d i m i n i s h i n g  t h e  d i f f e r e n c e  b e t w e e n  9 a n d  t h e  r e c e d i n g  a n g l e ) .

( 6)  W e t t i n g  A n g l e s  a n d  C h e m i c a l  C o m p o s i t i o n .

L a n g m u i r  7 c o n s i d e r s  t h e  w e t t i n g  a n g l e s  t o  b e  d e t e r m i n e d  b y  t h e  

m o s t  e x t e r n a l  r a d i c a l  o f  t h e  m o l e c u l e  o f  t h e  s o l i d ,  i.e. f o r  s u b s t a n c e s  

t r e a t e d  h e r e ,  b y  t h e  C H 3 g r o u p .  A s  t h e  w e t t i n g  a n g l e s  d i f f e r  f r o m  

s u b s t a n c e  t o  s u b s t a n c e ,  i t  i s  s u g g e s t e d  t h a t  t h e  o u t e r  l a y e r  o f  a  “ b u i l t - u p  ”  

f i l m  c o n t a i n s  s o m e  “  o v e r t u r n e d  ”  m o l e c u l e s  s o  t h a t  s o m e  h y d r o p h i l i c  

g r o u p s  a l s o  a r e  e x p o s e d .  S i n c e  i t  w a s  s h o w n  i n  t h e  p r e v i o u s  p a p e r  1 

t h a t  t h e  m u l t i l a y e r s  u s u a l l y  h a d  n o  s p e c i f i c  s t r u c t u r e  t h e  h y p o t h e s i s  o f  

L a n g m u i r  c a n n o t  b e  a c c e p t e d .  E v i d e n t l y  t h e  w e t t i n g  a n g l e  o f  a  s u b s t a n c e  

i s  r e l a t e d  t o  i t s  w h o l e  c h e m i c a l  s t r u c t u r e  i n  t h e  s a m e  m a n n e r  a s  a r e  i t s  

o t h e r  p h y s i c a l  p r o p e r t i e s .

( c )  W e t t i n g  A n g l e s  a n d  I n t e r f a c i a l  T e n s i o n s .

T h e  f o l l o w i n g  o b s e r v a t i o n  c a s t s  s o m e  d o u b t  u p o n  t h e  g e n e r a l  v a l i d i t y  

o f  t h e  u s u a l  t h e o r y  o f  c o n t a c t  a n g l e s .  A  w a t e r  d r o p  p l a c e d  o n  a  h y d r o -  

p h o b i c  s u r f a c e  f  f o r m s  a  w e t t i n g  a n g l e  o f ,  s a y ,  1 0 0 ° .  I f  a  d r o p  o f  e t h e r  

h a n g i n g  o n  a  g l a s s  r o d  i s  b r o u g h t  n e a r ,  t h e  s h a p e  o f  t h e  w a t e r  d r o p  d o e s  

n o t  c h a n g e  a l t h o u g h ,  w i t h  a  p r o j e c t i o n  m i c r o s c o p e ,  e t h e r  v a p o u r s  c a n  

b e  s e e n  d e s c e n d i n g  o n t o  t h e  w a t e r  s u r f a c e .

A c c o r d i n g  t o  ( 1 )  c o n s t a n t  9  i n v o l v e s  c o n s t a n t  ( y S G  —  ysh)IVLG- 
S i n c e  d i f f u s i o n  o f  e t h e r  t h r o u g h  t h e  d r o p  t o  t h e  s o l i d - l i q u i d  i n t e r f a c e  

w o u l d  t a k e  s o m e  t i m e ,  y S L  m a y  b e  a s s u m e d  t o  b e  u n a f f e c t e d  b y  e t h e r .  

T h e n  t h e  i m p r o b a b l e  r e s u l t  f o l l o w s  t h a t  t h e  a l t e r a t i o n s  o f  y S G  a n d  y L G  

j u s t  c o m p e n s a t e  e a c h  o t h e r .  I t  a p p e a r s  m o r e  l i k e l y  t h a t ,  i n  c o n s e q u e n c e  

o f  t h e  r o u g h n e s s  o f  s o l i d  s u r f a c e s ,  a n  a i r - w a t e r  s u r f a c e  c o n t i n u e s  u n d e r ­

n e a t h  t h e  d r o p  s o  t h a t  y S L  a n d  y L G  a r e  i n t e r d e p e n d e n t .

I t  a l s o  f o l l o w s  f r o m  ( 1 )  t h a t  a l t e r a t i o n  o f  y L G  a l o n e  c a n n o t  r e v e r s e  

t h e  s i g n  o f  c o s  9 , i.e. c a n n o t  m a k e  o b t u s e  a  c o n t a c t  a n g l e  w h i c h  i s  a c u t e ,  

a n d  vice versa. I n  t h e  c o u r s e  o f  “  w a t e r - l i n e  c o r r o s i o n  ”  o f  m u l t i l a y e r s  

( s e e  2 ( a ) )  a n g l e s  w h i c h  i m m e d i a t e l y  a f t e r  d e p o s i t i o n  o f  t h e  d r o p s  w e r e  

e.g., i o i °  d e c r e a s e d  g r a d u a l l y  t o ,  e.g., 5 9 0  w i t h o u t  a n y  d i s c o n t i n u i t y  a t  

9 0 o . F r o m  t h e  p o i n t  o f  v i e w  o f  e q u a t i o n  ( 1 )  t h i s  b e h a v i o u r  w o u l d  

s u g g e s t  t h a t  t h e  d e c a y  o f  9 i s  n o t  d u e  t o  a  l o w e r i n g  o f  y L G . I t  i s ,  h o w ­

e v e r ,  a l s o  p o s s i b l e  t h a t  e q u a t i o n  ( 1 )  i s  n o t  a l w a y s  c o r r e c t .

S u m m a r y .

( 1 )  A  n e w  m e t h o d  o f  d e t e r m i n i n g  l a r g e  w e t t i n g  a n g l e s  i s  d e s c r i b e d .  

I t  i s  b a s e d  o n  t h e  m e a s u r e m e n t  o f  t h e  m a r k s  l e f t  b y  d r o p s  o n  s o l i d  s u r f a c e s .

( 2 )  W e t t i n g  a n g l e s  b e t w e e n  a i r ,  w a t e r ,  a n d  “  b u i l t - u p  ”  m u l t i l a y e r s  

a r e  m e a s u r e d .  T h e y  c o n f i r m  t h e  v i e w  t h a t  Y  f i l m s  a r e  d e p o s i t e d  w h e n  t h e

* O c ta d e c y l a m in e  te n d s  to  g iv e  Z m u ltila y e rs .
6 K . B lo d g e tt , / .  Amer. Chem. Sac., 1935, 57 , 1007.
7 1 . L a n g m u ir , Science, 193S, 87 , 493.
t  I t  m a y  b e  th e  su rfa c e  o f a  m u lt i la y e r  o r  o f  p a ra ff in  w a x .
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a n g le  i s  n e a r  9 0 ° , w h i l s t  m o re  h y d r o p h o b ic  s u r f a c e s  g iv e  r i s e  t o  X ,  a n d  le s s  
h y d r o p h o b i c  o n e s  t o  Z  d e p o s i t io n .

(3) L a n g m u i r ’s  h y p o th e s i s  c o n n e c t in g  w e t t i n g  a n g le s  w i t h  m o le c u la r  
o r i e n t a t i o n ,  a n d  t h e  u s u a l  t h e o r y  o f  c o n t a c t  a n g le s  a r e  b r i e f ly  d is c u s s e d .

T h e  e x p e r i m e n t s  h e r e  r e p o r t e d  w e r e  c a r r i e d  o u t  i n  t h e  D e p a r t m e n t  

o f  C o l l o i d  S c i e n c e ,  T h e  U n i v e r s i t y ,  C a m b r i d g e .  I  t h a n k  P r o f e s s o r  E .  K .  

R i d e a l  a n d  D r .  J .  H .  S c h u l m a n  f o r  s u g g e s t i o n s  a n d  e n c o u r a g e m e n t ,  a n d  

t h e  M e t a l  B o x  C o .  L t d .  f o r  f i n a n c i a l  a s s i s t a n c e .

A N  A C C U R A T E  D I R E C T  R E A D I N G  M A N O M E T E R  

F O R  C O R R O S I V E  A N D  O T H E R  G A S E S .

B y  R .  S p e n c e .

Received 4th December, 1 9 3 9 .

T h e  o r d i n a r y  U - t u b e  t y p e  o f  m e r c u r y  m a n o m e t e r  i s  s t i l l  t h e  m o s t  

c o n v e n i e n t  m e a n s  o f  m e a s u r i n g  g a s  p r e s s u r e s  u p  t o  o n e  a t m o s p h e r e .  

E x t r e m e l y  a c c u r a t e  r e s u l t s  m a y  b e  o b t a i n e d  i f  a  c a t h e t o m e t e r  i s  u s e d  

a n d  i f  t h e  p r o p e r  c o r r e c t i o n s  f o r  t e m p e r a t u r e  a n d  v a r i a t i o n  o f  g r a v i t a ­

t i o n a l  c o n s t a n t  a r e  m a d e .  T h e  s i m p l i c i t y ,  a c c u r a c y ,  a n d  r e l i a b i l i t y  

o f  s u c h  i n s t r u m e n t s  f u l l y  m e e t  w i t h  t h e  r e q u i r e m e n t s  o f  m o d e r n  g a s  

k i n e t i c s .  T h e r e  a r e ,  h o w e v e r ,  s e v e r a l  l i m i t a t i o n s .  F i r s t l y ,  t h e  g a s e s  

u n d e r  i n v e s t i g a t i o n  m a y  r e a c t  c h e m i c a l l y  w i t h  t h e  m a n o m e t r i e  l i q u i d ,  

a s  f o r  e x a m p l e  i n  t h e  c a s e  o f  t h e  h a l o g e n s .  S e c o n d l y ,  t h e  e x i s t e n c e  o f  

a  f r e e  m e r c u r y  s u r f a c e  i n t r o d u c e s  a n  a d d i t i o n a l  v a r i a b l e  i n t o  t h e  r e ­

a c t i o n  s y s t e m ,  f r e q u e n t l y  o f  m a j o r  i m p o r t a n c e ,  n a m e l y ,  a n  i n d e t e r ­

m i n a t e  p a r t i a l  p r e s s u r e  o f  m e r c u r y  v a p o u r .  T h i r d l y ,  t h e r e  i s  g e n e r a l l y  

a  c o n s i d e r a b l e  d e a d - s p a c e  b e t w e e n  t h e  g a s  r e s e r v o i r  a n d  t h e  s u r f a c e  o f  

t h e  m a n o m e t r i e  l i q u i d  w h i c h  n o r m a l l y  v a r i e s  w i t h  c h a n g e  o f  p r e s s u r e .  

I n  e x p e r i m e n t s  o n  g a s  k i n e t i c s ,  t h i s  d e a d - s p a c e  m u s t  b e  a c c u r a t e l y  k n o w n .

V a r i o u s  k i n d s  o f  B o u r d o n  g a u g e  o f  g l a s s  o r  q u a r t z  w h i c h  a v o i d  

s o m e  o f  t h e s e  d i f f i c u l t i e s  h a v e  b e e n  i n  u s e  f o r  m a n y  y e a r s .  T h e  q u a r t z  

s p i r a l  m a n o m e t e r  o f  B o d e n s t e i n  a n d  D u x  1 h a s  a  v e r y  s m a l l  d e a d - s p a c e  

a n d  w h e n  u s e d  a s  a  n u l l - i n s t r u m e n t  i s  q u i t e  a c c u r a t e .  I t  i s ,  h o w e v e r ,  

r a t h e r  d e l i c a t e  a n d  i s  s o m e w h a t  e x p e n s i v e  t o  m a k e .  M o r e o v e r ,  e x t r a  

t i m e  a n d  l a b o u r  a r e  i n v o l v e d  i n  a d j u s t i n g  t h e  b a l a n c i n g - p r e s s u r e  a n d  

r e a d i n g  t h e  m a n o m e t e r s .  T h i s  i s  s o m e t i m e s  i m p o r t a n t  i n  a  f a s t  r e ­

a c t i o n .  T h e  s a m e  c o n s i d e r a t i o n s  a p p l y  i n  t h e  c a s e  o f  t h e  B o u r d o n  

s p o o n  g a u g e ,  w h i c h  i s ,  i n  g e n e r a l ,  m o r e  l i a b l e  t o  c o l l a p s e  u n d e r  s u d d e n  

c h a n g e s  i n  p r e s s u r e .  G l a s s  “  c l i c k  ”  g a u g e s  h a v e  b e e n  u s e d  t o  a  c o n ­

s i d e r a b l e  e x t e n t .  T h e y  a r e  e a s y  t o  m a k e  b u t  t h e y  a r e  v e r y  d e l i c a t e  

a n d  t h e y  r e q u i r e  t h e  u s u a l  b a l a n c i n g - p r e s s u r e  s y s t e m .  A  n u m b e r  o f  

d i r e c t  r e a d i n g  m a n o m e t e r s  o f  g l a s s  o r  q u a r t z  h a v e  b e e n  d e s c r i b e d ,  w h i c h  

a r e  i n  g e n e r a l  e l a b o r a t e  a n d  e x p e n s i v e  a n d  t h e y  d o  n o t  e q u a l  t h e  m e r c u r y  

m a n o m e t e r  i n  r e g a r d  t o  r a n g e ,  a c c u r a c y ,  o r  r e l i a b i l i t y .  A s  a  r u l e ,  t h e  

m o v e m e n t  o f  a  d i a p h r a g m  o r  B o u r d o n  c o i l  i s  s h o w n  o n  a  s c r e e n  o r  

r e c o r d e d  o n  a  p h o t o g r a p h i c  f i l m  b y  m e a n s  o f  a n  o p t i c a l  l e v e r . 2 T h e

1 B o d e n s te in  a n d  D u x , Z. physik. Chern., 1913, 85 , 305.
2 L ew is a n d  S ty le , Nature, 1937, I3 9 > 631. L o ck sp e ise r, J . Sci. Instr., 1930, 
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i d e a l  i n s t r u m e n t  w o u ld  p o s s e s s  t h e  r a n g e  o f  s c a le ,  a c c u r a c y  a n d  d e ­
p e n d a b i l i t y  o f  t h e  m e r c u r y  m a n o m e t e r  w h i l s t  t h e  g a s e s  u n d e r  i n v e s t i g a ­
t i o n  w o u ld  c o m e  i n t o  c o n t a c t  o n ly  w i t h  g la s s  o r  q u a r t z  a n d  t h e r e  w o u ld  
b e  a  n e g l ig ib le  o r  s m a l l ,  c o n s t a n t  d e a d - s p a c e .

I n  t h e  h o p e  o f  c o n s t r u c t i n g  a n  i n s t r u m e n t  w h ic h  w o u ld  a p p r o a c h  m o r e  
-c lo se ly  t o  t h e s e  r e q u i r e m e n t s ,  s o m e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  
g la s s  b e llo w s , a n d  a n  a t t e m p t  w a s  n j a d e  in  t h e  f i r s t  i n s t a n c e  t o  u t i l i s e  t h e  
e l e c t r o n i c  u l t r a - m i c r o m e t e r  a s  a n  i n d i c a t o r .  C h a n g e s  i n  c a p a c i t y  d u e  t o  
• d is p la c e m e n ts  o f  t h e  o r d e r  o f  i o _0 c m . c a n  b e  d e t e c t e d  b y  t h e  u l t r a - m i c r o ­
m e t e r ,3 a n d  s e v e r a l  s u c h  i n s t r u m e n t s  h a v e  b e e n  d e s c r ib e d  w h ic h  a r e  
c o m p a r a t i v e l y  s t a b l e  a n d  w h ic h  s h o w  a  l i n e a r  r e l a t i o n s h i p  b e tw e e n  v o l t a g e  
o r  c u r r e n t  a n d  d is p la c e m e n t . - 1 M a n o m e t r i c  r e a d in g s  t o  o - i  m m . H g  o v e r  
a  r a n g e  o f  i  a t m . ,  h o w e v e r ,  c o r r e s p o n d  t o  a n  a c c u r a c y  o f  t h e  o r d e r  o f  
■o-oi %  w h ic h  u n f o r t u n a t e l y  c o u ld  n o t  b e  a t t a i n e d  in  p r a c t i c e  u s in g  t h e

u l t r a - m i c r o m e t e r .  M o re o v e r ,  
a  s c a le  o f  i o 1 d iv is io n s  w o u ld  
i n v o lv e  t h e  u s e  o f  a  p o t e n t i o ­
m e t e r  r a t h e r  t h a n  a  g a l v a n o ­
m e t e r  o r  a m m e t e r  a n d  t h i s  
w o u ld  g r e a t l y  in c r e a s e  t h e  
c o s t  a n d  c o m p le x i ty  o f  t h e  
a p p a r a t u s .  I n  t h e  f in a l  
a r r a n g e m e n t ,  th e r e f o r e ,  t h e  
g la s s  b e l lo w s  w a s  f i l le d  w i th  
m e r c u r y  a s  s h o w n  i n  F ig .  i .  
T h e  b e l lo w s  w a s  s e a le d  i n t o  a  
c lo s e - f i t t in g  g la s s  t u b e  a n d  a  
c h a n g e  o f  p r e s s u r e  o f  I  a t m o ­
s p h e r e  i n  t h e  a n n u l a r  s p a c e  
p r o d u c e d  a  d i s p l a c e m e n t  o f  
t h e  m e r c u r y  m e n is c u s  i n  t h e  
x m m . c a p i l l a r y  s id e  t u b e  o f  
a b o u t  o n e - f i f th  o f  t h e  n o r m a l  
b a r o m e t r i c  h e i g h t .  T h e  d e g r e e  
o f  a c c u r a c y  is  t h e r e f o r e  a b o u t  
o n e - f i f th  o f  t h a t  a t t a i n a b l e  
w i t h  t h e  U - t u b e  m a n o m e te r .

C o n s t r u c t i o n .

A  le n g t h  ( a b o u t  15 c m .)  
o f  P y r e x  g la s s  t u b i n g  (e x ­
t e r n a l  d i a m e t e r  0 -5 5  c m .,  i n ­
t e r n a l  d i a m e t e r  0 -3 5  c m .)  w a s  
h e a t e d  i n  t h e  m id d le ,  a l lo w e d  

t o  t h i c k e n  s l i g h t ly ,  a n d  t h e n  b lo w n  o u t  t o  a b o u t  1 c m .  d i a m e t e r .  B y  
r e p e a t i n g  t h e  p r o c e s s  tw ic e ,  a b o u t  1-5 c m . o f  1 c m .  t u b i n g  w a s  p r o d u c e d  
(F ig .  i a ) .  T h is  w a s  b lo w n  t o  f o rm  a  l a r g e r  b u lb  (F ig .  16), t h e  w a l l  o f  
w h ic h  w a s  p r a c t i c a l l y  u n i f o r m  i n  t h i c k n e s s .  G e n t le  p r e s s u r e  o n  t h e  e n d s  
o f  t h e  t u b i n g  g a v e  a  d is c  (F ig .  xc), w h ic h  w a s  n o w  b lo w n  a t  t h e  e d g e  t o  a  
“  p a n c a k e  ”  s h a p e  (F ig .  id ) .  A  s e c o n d  p a n c a k e  w a s  p r o d u c e d  i n  e x a c t l y  
t h e  s a m e  w a y  (F ig .  le) n o t  m o r e  t h a n  0-5  c m . f r o m  t h e  f i r s t  o n e , a n d  b y  
d i r e c t i n g  a  v e r y  s h a r p  f la m e  o n  t o  t h e  s h o r t  l e n g th  o f  c o n n e c t in g  tu b i n g ,  
i t  w a s  g r a d u a l l y  t h i c k e n e d  a n d  s h o r t e n e d  a n d  t h e  b e l lo w s  w e r e  f in a l ly  
p u s h e d  c lo s e  t o g e t h e r  b u t  w i t h o u t  t o u c h i n g  a t  a n y  p o i n t .  F iv e  s u c h

3 D o w lin g , Phil. Mag., 1923, 4 h> S r.
1 S c h m id t, Hochfrequenztechnick und Elektroakustic, 1 9 3 3 » 4 1» 9 6 - S p en ce r-  

S m ith , J . Sci. Instr., 1935, 12, 316.
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b e l lo w s  w e r e  c o m p le te d ,  o n e  s id e  a r m  w a s  s e a le d  o ff, a n d  t h e  e n d  w a l ls  
w e r e  b lo w n  o u t  (F ig . if)  so  a s  t o  f i t  t h e  c o n ta in in g  t u b e  a s  c lo s e ly  a s  p o s s ib le .  
I t  i s  a d v i s a b l e  t o  t e s t  t h e  b e l lo w s  th o r o u g h ly  b y  r e p e a t e d  s u d d e n  e v a c u a t i o n  
o n  e i t h e r  s id e .  T h e  r e m a i n d e r  o f  t h e  i n s t r u m e n t  w a s  c o n s t r u c t e d  a s  s h o w n  
in  F ig .  if,  t h e  i n t e r io r  o f  t h e  i m m .  c a p i l l a r y  t u b e  b e in g  s l i g h t l y  g r o u n d  t o  
p r e v e n t  s t i c ld n g  o f  t h e  m e r c u r y .  A f t e r  h a v i n g  b e e n  th o r o u g h ly  c le a n e d ,  
t h e  i n s t r u m e n t  w a s  e v a c u a t e d  a n d  f i lle d  w i t h  h ig h ly  p u r i f i e d  m e r c u r y .  
T h e  le v e l  o f  t h e  m e r c u r y  c o lu m n  c o u ld  b e  a d j u s t e d  b y  m e a n s  o f  t h e  s m a l l  
r e s e r v o i r  a t  t h e  t o p .

C a l i b r a t i o n .

A  t h e r m o s  f la s k  f i l le d  w i t h  ic e  f o rm s  a  c o n v e n ie n t  m e a n s  o f  k e e p in g  
t h e  b u l b  a t  c o n s t a n t  t e m p e r a t u r e  a n d  t h e  d i s p l a c e m e n t  o f  t h e  m e r c u r y  
m e n is c u s  c a n  b e  r e a d  o f f  o n  
a  t r a v e l l i n g  m ic r o s c o p e  o r  
c a t h e t o m e t e r .  T h e r e  i s  n o  
d e t e c t a b l e  h y s t e r e s i s  e f fe c t ,  
a n d  e x a c t l y  t h e  s a m e  s t r a i g h t  
l in e  r e l a t i o n s h i p  b e tw e e n  
p r e s s u r e  a n d  m e n is c u s  d i s ­
p l a c e m e n t  w a s  o b t a i n e d
a g a i n  a f t e r  a n  i n t e r v a l  o f
f o u r  m o n t h s .  T h e  c o n s t a n t s  
o f  t h i s  e q u a t i o n  w e r e  o b ­
t a i n e d  f r o m  t h e  d a t a  b y  th e  
m e t h o d  o f  l e a s t  s q u a r e s .

T h e  t r a v e l l in g  m ic r o s c o p e  
u s e d  g a v e  r e a d in g s  a c c u r a t e  
t o  0 -0 5  m m . c o r r e s p o n d in g  t o  0 -2 5  m m . H g .  V is u a l  r e a d in g s  o f  t h e  m e r c u r y  
U - m a n o m e te r  h a v e  a b o u t  t h e  s a m e  d e g r e e  o f  a c c u r a c y  so  t h a t  t h e  a g r e e ­
m e n t  b e tw e e n  fobs, a n d  £calc. c a n  b e  r e g a r d e d  a s  s a t i s f a c to r y .  A  f in e r  a n d  
m o r e  u n i f o r m  c a p i l l a r y  a n d  a  g o o d  c a t h e t o m e t e r  w o u ld ,  o f  c o u r s e , c o n ­
s i d e r a b l y  im p r o v e  t h e  a c c u r a c y .

I f  s e t  u p  in  t h e  s a m e  w a y  a s  a n  a c c u r a t e  t h e r m o m e te r ,  w i t h  e n c lo s e d  
s c a le , c a l i b r a t e d  a t  0 ° , t h e  m a n o m e t e r  c o u ld  b e  u s e d  a s  a  d i r e c t - r e a d in g  
i n s t r u m e n t .  V is u a l  r e a d i n g s  t o  0 -2  m m .  w o u ld  b e  a c c u r a t e  t o  1 m m .
H g .  w h ic h  i s  s u f f i c ie n t  f o r  m a n y  p u r p o s e s .  T h e  i n s t r u m e n t  p o s s e s s e s  t h e
a d v a n t a g e  o f  c o m p a r a t i v e l y  s m a l l  s iz e , t h e  m o v e m e n t  o f  t h e  m e r c u r y  
m e n is c u s  is  p r a c t i c a l l y  i n s t a n t a n e o u s  a n d  f r e e  f ro m  o s c i l la t io n ,  w h i l s t  
p r e s s u r e  m e a s u r e m e n t  i n v o lv e s  o n ly  a  s in g le  s c a le  r e a d in g .  A l th o u g h  
d e s ig n e d  p r i m a r i l y  f o r  w o r k  in v o lv in g  c h e m ic a l ly  r e a c t iv e  g a s e s , i t  s h o u ld  
a ls o  f in d  u s e f u l  a p p l i c a t i o n  i n  t h e  c a s e  o f  i n e r t  g a s e s .

S u m m a r y .

A  g la s s  m a n o m e t e r  is  d e s c r ib e d  i n  w h ic h  t h e  r e l a t i o n  b e tw e e n  s c a le  
r e a d i n g  a n d  p r e s s u r e  is  l i n e a r .  T h e  d e a d  s p a c e  is  s m a l l  a n d  p r a c t i c a l l y  
c o n s t a n t  ( v a r i a t i o n  1-25 %  f o r  1 a t m ) ,  a n d  p r e s s u r e s  u p  t o  1 a t m o s p h e r e  
c a n  b e  r e a d i l y  d e t e r m in e d  t o  w i t h i n  0 -2 5  m m . H g .  T h e  i n s t r u m e n t  is  
s p e c ia l ly  s u i t e d  f o r  t h e  s t u d y  o f  g a s  r e a c t io n s .

Physical Chemistry Department,

The University, Leeds.

M a n o m e t e r  r .  D e a d  S p a c e  8 7 5  c . c .  

E q u a t i o n  : p c m .  Hg =  5 - 0 2 4  c m .  —  1 6 - 7 1 .

d. ?obs. icalc.
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I n  a  p r e v i o u s  p a p e r  1 w e  d e s c r i b e d  s o m e  m e a s u r e m e n t s  o f  t h e  e l e c t r o ­

p h o r e t i c  m o b i l i t y  o f  m i n e r a l  o i l  ( N u j o l )  i n  a l k a l i e s  a n d  i n  s o l u t i o n s  o f  

c e r t a i n  s u r f a c e - a c t i v e  s u b s t a n c e s .  T h i s  w o r k  h a s  n o w  b e e n  e x t e n d e d  

t o  i n c l u d e  t h e  s t u d y  o f  t h e  i n f l u e n c e  o f  t e m p e r a t u r e ,  c h a i n - l e n g t h  a n d  

a d d e d  e l e c t r o l y t e s  o n  t h e  e l e c t r o p h o r e t i c  m o b i l i t y .  I n  a d d i t i o n  t o  o i l  

d r o p s ,  s u s p e n s i o n s  o f  w a x ,  i l m e n i t e  a n d  c a l c i u m  l a u r a t e  h a v e  b e e n  

i n v e s t i g a t e d .  T h e  e x p e r i m e n t a l  t e c h n i q u e  w a s  t h e  s a m e  a s  t h a t  u s e d  

i n  t h e  p r e v i o u s  i n v e s t i g a t i o n  e x c e p t  t h a t  t h e  e l e c t r o p h o r e s i s  c e l l  a n d  

m i c r o s c o p e  w e r e  p l a c e d  i n  a n  a i r  t h e r m o s t a t  t o  e n a b l e  m e a s u r e m e n t s  t o  

b e  m a d e  a t  h i g h e r  t e m p e r a t u r e s .

R e s u l t s  a n d  D i s c u s s i o n .

I n f l u e n c e  o f  T e m p e r a t u r e  a n d  C h a i n - L e n g t h .

I n  c o n s i d e r i n g  t h e  i n f l u e n c e  o f  t e m p e r a t u r e  u p o n  e l e c t r o p h o r e t i c  

m o b i l i t i e s  i n  s o l u t i o n s  o f  p a r a f f i n  c h a i n  s a l t s  t h e  f o l l o w i n g  f a c t o r s  h a v e  

t o  b e  t a k e n  i n t o  a c c o u n t :

( a )  c h a n g e  o f  v i s c o s i t y  o f  t h e  d i s p e r s i o n  m e d i u m ,

(b) c h a n g e  o f  s t a t e  o f  a g g r e g a t i o n  o f  t h e  s o l u t i o n ,

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

T h e  s e c o n d  a n d  t h i r d  f a c t o r s  h a v e  a l s o  t o  b e  c o n s i d e r e d  i n  c o n n e c t i o n  

w i t h  t h e  e f f e c t  o f  c h a i n - l e n g t h  o n  m o b i l i t i e s .

F o r  p a r t i c l e s  s u s p e n d e d  i n  w a t e r  F r e u n d l i c h  2 h a s  p o i n t e d  o u t  t h a t  

t h e  c h a n g e  o f  m o b i l i t y  w i t h  t e m p e r a t u r e  s h o u l d  d e p e n d  o n l y  o n  t h e  

c h a n g e  o f  v i s c o s i t y  o f  t h e  w a t e r  a c c o r d i n g  t o  t h e  s i m p l e  r e l a t i o n s h i p  

u 1tj1 =  u 2rj2, w h e r e  u  r e p r e s e n t s  t h e  m o b i l i t y  o f  t h e  p a r t i c l e  a n d  17 t h e  

v i s c o s i t y  o f  t h e  w a t e r .  I n  t h e  p r e s e n t  w o r k  i t  h a s  b e e n  c o n f i r m e d  t h a t  

t h i s  h o l d s  f o r  s u s p e n s i o n s  o f  N u j o l  a n d  p a r a f f i n  w a x  i n  w a t e r  o v e r  t h e  

t e m p e r a t u r e  r a n g e  2 5 0 t o  6 o ° .

T h e  a b r u p t  t r a n s i t i o n  f r o m  s i n g l e  i o n s  t o  m i c e l l e s  w h i c h  o c c u r s  i n  

s o l u t i o n s  o f  p a r a f f i n  c h a i n  s a l t s  a t  c e r t a i n  c r i t i c a l  c o n c e n t r a t i o n s  i s  

r e f l e c t e d  i n  a  s u d d e n  c h a n g e  o f  p r o p e r t i e s  s u c h  a s  d e n s i t y ,  e l e c t r i c a l  

c o n d u c t i v i t y ,  s u r f a c e  a n d  i n t e r f a c i a l  a c t i v i t i e s .  T h e  c r i t i c a l  c o n ­

c e n t r a t i o n s  a t  w h i c h  t h e s e  c h a n g e s  o c c u r  a r e  k n o w n  t o  d e p e n d  o n  

t e m p e r a t u r e  a n d  c h a i n - l e n g t h . 3 T h e  p r e l i m i n a r y  d a t a  g i v e n  i n  t h e  

p r e v i o u s  p a p e r 1 s h o w e d  t h a t  t h e  a g g r e g a t i o n  t o  f o r m  i o n i c  m i c e l l e s  i s  

a l s o  r e f l e c t e d  i n  t h e  e l e c t r o p h o r e t i c  b e h a v i o u r  o f  o i l  d r o p s  d i s p e r s e d

1 P o w n e y  a n d  W o o d , Trans. Faraday Soc., 1940, 3 6 , 57*
1 F re u n d lic h , Colloid and Capillary Chemistry, L o n d o n , p . 248.
8 Cf. H a r t le y ,  Aqueous Solutions o f Paraffin-chain Salts, P a r is , 1936.
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i n  s u c h  s o l u t i o n s .  T h e  a d d i t i o n a l  m o b i l i t y  d a t a  n o w  o b t a i n e d  c o n f i r m  

t h a t  t h e  c r i t i c a l  c o n c e n t r a t i o n  r i s e s  w i t h  d e c r e a s i n g  c h a i n - l e n g t h  a n d  

i n c r e a s i n g  t e m p e r a t u r e .

T h e  m o b i l i t i e s  o f  o i l  d r o p s  i n  s o d i u m  l a u r a t e  s o l u t i o n s  a t  2 5 °  a n d  

60° C .  a r e  s h o w n  i n  F i g .  1 t o g e t h e r  w i t h  d a t a  f o r  i l m e n i t e  ( F e O  . T i 0 2) 

p a r t i c l e s  i n  s i m i l a r  s o l u t i o n s  a t  2 5 0 C .  T h e  c o m m e n c e m e n t  o f  a g g r e g a ­

t i o n  o f  t h e  l a u r a t e  i o n s  i s  i n d i c a t e d  b y  m i n i m a  w h i c h  o c c u r  a t  a  c o n ­

c e n t r a t i o n  o f  a p p r o x i m a t e l y  0 - 3 5  %  a t  2 5 °  C .  a n d  0 - 6  %  a t  6 o ° .  T h e  

v i e w  t h a t  t h e s e  m i n i m a  a r e  r e l a t e d  t o  a  s u d d e n  c h a n g e  i n  c o n s t i t u t i o n  

o f  t h e  s o d i u m  l a u r a t e  s o l u t i o n  i s  s u p p o r t e d  b y  t h e  f a c t  t h a t  t h e  m i n i m a

Molar conctnrrafion.

f o r  b o t h  N u j o l  a n d  i l m e n i t e ,  t w o  v e r y  d i f f e r e n t  t y p e s  o f  p a r t i c l e s ,  

o c c u r  a t  s i m i l a r  c o n c e n t r a t i o n s .  I n f l e c t i o n s  i n  t h e  c u r v e s  a r e  a l s o  s h o w n  

b y  N u j o l  i n  s o d i u m  m y r i s t a t e  a n d  s o d i u m  p a l m i t a t e  s o l u t i o n s  a t  6 o °  C .  

( F i g .  2 )  a t  c o n c e n t r a t i o n s  w h i c h  d e c r e a s e  w i t h  i n c r e a s i n g  c h a i n - l e n g t h .  

T h e  m i n i m u m  i n  t h e  s o d i u m  p a l m i t a t e  c u r v e  i s  a t  a  s o m e w h a t  h i g h e r  

c o n c e n t r a t i o n  t h a n  m i g h t  b e  a n t i c i p a t e d  f r o m  a v a i l a b l e  d a t a  f o r  t h e  

c r i t i c a l  c o n c e n t r a t i o n s  o f  u n h y d r o l y s e d  p a r a f f i n  c h a i n  s a l t s  o f  s i m i l a r  

c h a i n - l e n g t h .  T h i s  i s  u n d o u b t e d l y  d u e  t o  t h e  f a c t  t h a t  s o d i u m  p a l m i t a t e  

i s  c o n s i d e r a b l y  h y d r o l y s e d  i n  s o l u t i o n  4 a t  6 o ° .

* P o w n e y  a n d  J o rd a n ,  Trans. Faraday Soc., 1938, 34 , 363.
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F o r  a n  u n h y d r o l y s e d  l o n g  c h a i n  s a l t  s u c h  a s  s o d i u m  t e t r a d e c y l  s u l ­

p h a t e  ( F i g .  3 ,  a a n d  b) t h e  i n f l e c t i o n s  i n  t h e  m o b i l i t y  c u r v e  a l s o  o c c u r  

v e r y  c l o s e  t o  t h e  c r i t i c a l  c o n c e n t r a t i o n  a s  d e t e r m i n e d  f r o m  s u r f a c e  a n d

0-00! 0-002 o 0-02 0-02- 0-06  
Percentage concenTraHon.

O’12

F ig . 3.— E le c tro p h o re t ic  m o b il i tie s  in  so d iu m  te t r a d e c y l  s u lp h a te  so lu tio n s
a t  6o° C.

i n t e r f a c i a l  t e n s i o n  a n d  c o n d u c t i v i t y  d a t a . 5  A s  w a s  f o u n d  w i t h  s o d i u m  

l a u r a t e ,  t h e  n a t u r e  o f  t h e  p a r t i c l e  d o e s  n o t  i n  a n y  w a y  d e t e r m i n e  t h e  

p o s i t i o n  o f  t h e  m o b i l i t y  m i n i m u m .

s P o w n e y  a n d  A d d iso n , Trans. Faraday Soc., 1937, 3 3 ,  1243, a n d  1938, 3 4 ,  372.

0-002 0-002 0-006 0-008  
Molar concendrafion.

F i g . 2 .— E le c t ro ­
p h o re t ic  m o b ­
ilit ie s  o f  N u jo l  
i n  s o d i u m  
m y r is ta te  a n d  
s o d iu m  p a lm i­
t a t e  so lu tio n s  
a t  60° C.

Sodium myr/sSafe.

Sodium louroTa
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S i n c e  i t  i s  h i g h l y  p r o b a b l e  t h a t  t h e  i n c r e a s e  i n  t h e  m o b i l i t y  o f  o i l  

d r o p s  o n  t h e  a d d i t i o n  o f  p a r a f f i n  c h a i n  s a l t s  i s  d u e  t o  t h e  a d s o r p t i o n  o f  

l o n g  c h a i n  i o n s ,  i n c r e a s e  o f  t e m p e r a t u r e  w i l l  i n d i r e c t l y  a f f e c t  t h e  m o b i l i t y  

b y  d e c r e a s i n g  t h e  d e g r e e  o f  a d s o r p t i o n .  T h u s ,  f o r  N u j o l  i n  s o d i u m  

l a u r a t e  s o l u t i o n s  a t  6 o °  C .  t h e  o b s e r v e d  m o b i l i t i e s  a r e  o n l y  a b o u t  7 5  %  

o f  t h e  v a l u e s  c a l c u l a t e d  f r o m  c o r r e s p o n d i n g  d a t a  d e t e r m i n e d  a t  2 5 0 

o n  t h e  a s s u m p t i o n  t h a t  c h a n g e  o f  v i s c o s i t y  i s  t h e  o n l y  f a c t o r .  T h i s  

d i f f e r e n c e  i s  p r o b a b l y  d u e  t o  a  d e c r e a s e  i n  t h e  a d s o r p t i o n  o f  l a u r a t e  

i o n s  a t  t h e  h i g h e r  t e m p e r a t u r e ,  a s  c h e c k  m e a s u r e m e n t s  s h o w  t h a t  t h e  

v i s c o s i t y  o f  p a r a f f i n  c h a i n  s a l t s  a t  t h e  c o n c e n t r a t i o n s  u s e d  i n  t h i s  i n ­

v e s t i g a t i o n  d o e s  n o t  d i f f e r  f r o m  t h a t  o f  w a t e r  a t  t h e  s a m e  t e m p e r a t u r e  

b y  m o r e  t h a n  I % .  A  n e g a t i v e  t e m p e r a t u r e  c o e f f i c i e n t  o f  a d s o r p t i o n  

o f  l o n g  c h a i n  i o n s  i s  a l s o  i n d i c a t e d  b y  s u r f a c e  a n d  i n t e r f a c i a l  t e n s i o n  

m e a s u r e m e n t s . 5

T h e  g e n e r a l  e f f e c t  o f  i n c r e a s e  o f  c h a i n - l e n g t h  i s  t o  g i v e  r i s e  t o  s o m e w h a t  

h i g h e r  v a l u e s  o f  m o b i l i t y ,  p a r t i c u l a r l y  i n  v e r y  d i l u t e  s o l u t i o n s .  T h i s  i s  

s h o w n  b y  t h e  d a t a  f o r  s o d i u m  l a u r a t e ,  m y r i s t a t e ,  a n d  p a l m i t a t e  g i v e n  

i n  F i g .  2  a n d  c a n  b e  a t t r i b u t e d  t o  a n  i n c r e a s e  i n  t h e  d e g r e e  o f  a d s o r p t i o n  

o f  t h e  l o n g  c h a i n  i o n s  r a t h e r  t h a n  t o  a n y  s p e c i f i c  i n f l u e n c e  o f  c h a i n -  

l e n g t h  u p o n  t h e  e f f e c t i v e  c h a r g e  o f  t h e  a d s o r b e d  i o n s .  T h e  m o b i l i t y  

o f  c a r b o n  p a r t i c l e s  i n  s o a p  s o l u t i o n s  h a s  b e e n  f o u n d  b y  U r b a i n  a n d  

J e n s e n  6  t o  i n c r e a s e  w i t h  i n c r e a s i n g  c h a i n - l e n g t h ,  b u t  t h e i r  o b s e r v a t i o n s  

h a v e  b e e n  c o n f i n e d  t o  a  s i n g l e  c o n c e n t r a t i o n  ( 0 - 0 0 3 6  m o l a r )  w h i c h  i n  

s o m e  i n s t a n c e s  i s  a b o v e  a n d  i n  o t h e r s  b e l o w  t h e  c r i t i c a l  c o n c e n t r a t i o n s  

o f  t h e  l o n g  c h a i n  s a l t s .

I n f l u e n c e  o f  A d d e d  E l e c t r o l y t e s .

I n  o u r  p r e v i o u s  d i s c u s s i o n 1 o f  t h e  m o b i l i t y  o f  N u j o l  i n  s o l u t i o n s  

o f  p a r a f f i n  c h a i n  s a l t s  w e  d e s c r i b e d  t h e  s h a r p  c h a n g e  i n  t h e  r e g i o n  j u s t  

b e l o w  t h e  c r i t i c a l  c o n c e n t r a t i o n  a n d  a t t r i b u t e d  i t  t o  a  s u p e r i m p o s e d  

s o d i u m  i o n  e f f e c t .  I t  w a s  t h o u g h t  o f  i n t e r e s t  t o  d e t e r m i n e  w h e t h e r  

i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  s o d i u m  i o n s  i n  t h e  s o l u t i o n  b y  t h e  

a d d i t i o n  o f  N a C l  w o u l d  l e a d  t o  a  g e n e r a l  d e c r e a s e  o f  m o b i l i t y .  A  s e r i e s  

o f  e x p e r i m e n t s  w a s  m a d e  i n  w h i c h  0 - 0 2  %  o f  N a C l  w a s  a d d e d  t o  s o l u ­

t i o n s  o f  s o d i u m  t e t r a d e c y l  s u l p h a t e ,  C 1 4 H 29S 04 N a  ( F i g .  3 c ) .  F o r  c o n ­

c e n t r a t i o n s  o f  C 14H 2 9 S 04 N a  a b o v e  0 - 0 3  % ,  t h e  a d d i t i o n  o f  t h e  N a C l  

r e s u l t s  i n  a  d e c r e a s e  o f  m o b i l i t y .  B e l o w  0 - 0 3  % ,  h o w e v e r ,  t h e  m o b i l i t y  

i s  c o n s i d e r a b l y  i n c r e a s e d  b y  t h e  a d d i t i o n  o f  N a C l  a n d  a t  a  c o n c e n t r a t i o n  

o f  0 - 0 0 0 5  %  C 1 4 H 29S 04N a  h a s  t h e  r e m a r k a b l y  h i g h  v a l u e  o f  I 4 p . / s e c . /  

v o l t / c m .  W i t h  0 - 0 0 0 0 2  %  C 1 4 H 29S 04 N a  t h e  m o b i l i t y  i s  1 0 ,  a  f i g u r e  

o n l y  a t t a i n e d  a t  a  c o n c e n t r a t i o n  o f  O -O I %  i n  t h e  a b s e n c e  o f  s o d i u m  

c h l o r i d e .  T h e  v a l u e s  a t  l o w  c o n c e n t r a t i o n s  w e r e  o b t a i n e d  b y  s u c c e s s i v e  

d i l u t i o n s  o f  t h e  e m u l s i o n s  w i t h  t h e  s t o c k  a q u e o u s  N u j o l  e m u l s i o n  a n d  

w i t h  N a C l  s o  a s  t o  k e e p  t h e  c o n c e n t r a t i o n s  o f  b o t h  o f  t h e s e  c o n s t a n t .  

T h e  p e r s i s t e n t l y  h i g h  m o b i l i t i e s  c o u l d  n o t  b e  d u e  t o  a n y  t i m e  f a c t o r  i n  

a t t a i n i n g  a d s o r p t i o n  e q u i l i b r i u m  s i n c e  a t  e a c h  d i l u t i o n  a t  l e a s t  a n  e q u a l  

a m o u n t  o f  N u j o l  w a s  a d d e d  a n d  t h e r e f o r e  a t  l e a s t  h a l f  t h e  N u j o l  d r o p l e t s  

i n  t h e  n e w  m i x t u r e  w e r e  f r e s h l y  a d d e d  t o  t h e  s u r f a c e  a c t i v e  s o l u t i o n .  

N o  i r r e g u l a r i t i e s  o u t s i d e  t h e  u s u a l  e x p e r i m e n t a l  e r r o r  w e r e  f o u n d  i n  t h e  

m o b i l i t i e s  o f  t h e  i n d i v i d u a l  N u j o l  d r o p l e t s .

T h e s e  h i g h  v a l u e s  a r e  a l l  t h e  m o r e  s u r p r i s i n g  s i n c e  t h e  a d d i t i o n  o f

8 U rbain  an d  Jen sen , / .  Physic. Chem., 1936, 40, 821.
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T A B L E  I.

NaCl
(%).

Mobility
(M/sec./volt/cm.).

Z ero 8 -4 *
0*001 9-2
0*005 I0 '4
0*02 12-3
0*05 13-5
0*1 I 3 '3

* B y  
F ig . 3a.

in te rp o la tio n  f ro m

N a C l  t o  N u j o l  i n  p u r e  w a t e r  c a u s e s  a  c o n s i d e r a b l e  d e c r e a s e  i n  m o b i l i t y . 1 

N e u t r a l  s a l t s  a r e  k n o w n  t o  i n c r e a s e  t h e  i n t e r f a c i a l  a c t i v i t y  o f  p a r a f f i n  

c h a i n  s a l t  s o l u t i o n s , 7 a n d  i t  i s  p o s s i b l e  t h a t  t h e  h i g h  m o b i l i t i e s  a r e  d u e  

t o  a n  i n c r e a s e d  a d s o r p t i o n  o f  l o n g  c h a i n  i o n s  a t  t h e  s u r f a c e  o f  t h e  o i l

d r o p s .  T h e  i n t e r f a c i a l  a c t i v i t i e s  o f  t h e  

e x t r e m e l y  d i l u t e  s o l u t i o n s  o f  s o d i u m  t e t r a -  

d e c y l  s u l p h a t e  u s e d  a r e ,  h o w e v e r ,  q u i t e  l o w  

a n d  w o u l d  n o t  a p p e a r  t o  a c c o u n t  e n t i r e l y  

f o r  t h e  v e r y  h i g h  e l e c t r o p h o r e t i c  m o b i l i t i e s  

o b s e r v e d  u n d e r  s i m i l a r  c o n d i t i o n s .  I n  t h e  

f i r s t  p a r t  o f  t h i s  i n v e s t i g a t i o n  1 i t  w a s  a l s o  

s h o w n  t h a t  t h e  h i g h  m o b i l i t y  o f  N u j o l  i n  

v e r y  d i l u t e  s o l u t i o n s  o f  t h e  c a t i o n - a c t i v e  

s a l t  d o d e c y l  p y r i d i n i u m  c h l o r i d e  c o u l d  n o t  

b e  c o r r e l a t e d  w i t h  t h e  i n t e r f a c i a l  a c t i v i t y  

o f  t h e  s o l u t i o n .

A  f u r t h e r  s e r i e s  o f  m e a s u r e m e n t s  w a s  

c a r r i e d  o u t  t o  d e t e r m i n e  t h e  q u a n t i t y  o f  

s o d i u m  c h l o r i d e  n e c e s s a r y  t o  p r o d u c e  a n  

o p t i m u m  e f f e c t  a t  a  l o w  c o n c e n t r a t i o n  (o-ooi % )  o f  C 1 4 H 29S 04 N a .  

T h e s e  a r e  g i v e n  i n  T a b l e  I  a n d  i n d i c a t e  t h a t  0 - 0 2  t o  0 - 0 5  %  s o d i u m  

c h l o r i d e  i s  n e c e s s a r y .

I n f l u e n c e  o f  N a t u r e  o f  P a r t i c l e .

( a )  L i q u i d  a n d  S o l i d  P a r a f f i n . — S i n c e  t h e  m o b i l i t y  o f  l i q u i d  

p a r a f f i n  i n  s u r f a c e  a c t i v e  s o l u t i o n s  i s  d e p e n d e n t  u p o n  t h e  f o r m a t i o n  

o f  o r i e n t e d  i n t e r f a c i a l  f i l m s  o f  l o n g  c h a i n  i o n s ,  i t  w a s  t h o u g h t  o f  i n t e r e s t  

t o  i n v e s t i g a t e  w h e t h e r  a  t r a n s i t i o n  o f  t h e  p a r t i c l e  f r o m  t h e  l i q u i d  t o  

t h e  s o l i d  s t a t e  w o u l d  i n f l u e n c e  i t s  m o b i l i t y ,  p o s s i b l y  b y  e f f e c t i n g  a  c h a n g e  

i n  t h e  d e g r e e  o r  i n  t h e  n a t u r e  o f  t h e  a d s o r p t i o n .  F o r  t h i s  p u r p o s e  a  

s e r i e s  o f  m e a s u r e m e n t s  o n  a  s a m p l e  o f  p a r a f f i n  w a x  ( c o n g e a l i n g  p o i n t  

4 9 ° )  i n  O 'I  %  C 1 4 H 29S 04 N a  w a s  m a d e  a t  i n c r e a s i n g  t e m p e r a t u r e s  f r o m  

3 7 °  t o  6 o ° .  T h e

d a t a  o b t a i n e d  a r e  T A B L E  I I .
s h o w n  i n  T a b l e  I I  

a n d  i t  w i l l  b e  n o t e d  

t h a t  n o  s i g n i f i c a n t  

c h a n g e s  o f  m o b i l i t y  

o c c u r  a t  t h e  m e l t i n g -  

p o i n t  o f  t h e  w a x .  T h e  

p r o d u c t  ur), w h r e e  rj 
i s  t h e  v i s c o s i t y  o f  t h e  

d i s p e r s i o n  m e d i u m  i n  

c e n t i p o i s e s ,  s h o w s  a  

s m a l l  b u t  d e f i n i t e  d e ­

c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  o f  t h e  s a m e  o r d e r  a s  w a s  f o u n d  w i t h  

N u j o l  i n  s o d i u m  l a u r a t e  s o l u t i o n s  d e s c r i b e d  a b o v e .

( b)  C a l c i u m  L a u r a t e . — T h e  m o b i l i t y  o f  a n o t h e r  t y p e  o f  p a r t i c l e ,  

n a m e l y  c a l c i u m  l a u r a t e ,  h a s  b e e n  s t u d i e d  a n d  t h e  v a l u e  f o r  a  s u s p e n s i o n  

i n  w a t e r  a t  2 5 °  C .  f o u n d  t o  b e  3 - 8  y n / s e c . / v o l t / c m .  t o w a r d s  t h e  a n o d e ,  

w h i c h  i s  a p p r o x i m a t e l y  t h e  s a m e  a s  t h a t  f o u n d  f o r  o t h e r  h y d r o p h o b i c  

p a r t i c l e s  s u c h  a s  N u j o l  a n d  p a r a f f i n  w a x .

Temperature
(°C.).

Mobility 
Or/sec./volt/cm.). V- Ur,.

3 7 ' I 11 -5 0-69 T 9
42-1 12-2 0-63 7 . 7

4 5 '7 I2 '3 0 -5 9 7 '3
50-5 13-2 0-54 7-2
5 5 '5 13-2 0-50 6-6
5 9 '7 14-6 0-47 6-9

7 R o b in so n , Wetting and Detergency, L o n d o n , 1937, p . 137, a n d  P o w n e y  a n d  
A d d iso n , Trans Faraday Soc., 1937, 3 3 , 1253.
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( c )  I l m e x i i t e . — T h e  b e h a v i o u r  o f  i l m e n i t e  p a r t i c l e s  i n  s o d i u m  l a u r a t e  

a n d  s o d i u m  t e t r a d e c y l  s u l p h a t e  s o l u t i o n s  h a s  b e e n  m e n t i o n e d  a b o v e  

a n d  i s  i l l u s t r a t e d  i n  F i g s .  1 a n d  3 .  A  s t o c k  s u s p e n s i o n  w a s  p r e p a r e d  

i n  t h e  f o l l o w i n g  m a n n e r .  A  s a m p l e  o f  “  A i r - f l o a t e d  I l m e n i t e  B l a c k , "  

s u p p l i e d  b y  M e s s r s .  B r i t i s h  T i t a n  P r o d u c t s  C o . ,  L t d . ,  w a s  f i r s t  t r e a t e d  

w i t h  s o d i u m  h e x a m e t a p h o s p h a t e  t o  r e m o v e  t r a c e s  o f  d i v a l e n t  m e t a l  

s a l t s  w h i c h  w e r e  f o u n d  t o  b e  p r e s e n t .  T h e  i l m e n i t e  w a s  t h e n  t h o r o u g h l y  

w a s h e d  w i t h  c o n d u c t i v i t y  w a t e r  a n d  d r i e d .  T w o  g r a m s  o f  t h e  m a t e r i a l  

w e r e  s h a k e n  u p  w i t h  a  l i t r e  o f  c o n d u c t i v i t y  w a t e r  a n d  a l l o w e d  t o  s t a n d  

f o r  4 ^  h o u r s .  A b o u t  7 0 0  c . c .  w e r e  t h e n  c a r e f u l l y  d e c a n t e d  a n d  k e p t  

a s  t h e  s t o c k  s u s p e n s i o n .  F o r  u s e  i t  w a s  d i l u t e d  w i t h  a n  e q u a l  v o l u m e  

o f  a  s o l u t i o n  o f  a l k a l i  o r  d e t e r g e n t .  T h e  p a r t i c l e s  h a d  a  d i a m e t e r  o f  

a p p r o x i m a t e l y  1 - 2  p ..  T h e  m o b i l i t y  o f  i l m e n i t e  p a r t i c l e s  s u s p e n d e d  i n  

w a t e r  i s  a p p r o x i m a t e l y  h a l f  t h a t  o f  o i l  d r o p s  i n  w a t e r  a n d  t h i s  r a t i o  

p e r s i s t s  i n  s o d i u m  l a u r a t e  a n d  s o d i u m  t e t r a d e c y l  s u l p h a t e  s o l u t i o n s

0-004- 0001 0-0/2
IVormoli/y.

a t  a l l  t h e  c o n c e n t r a t i o n s  e x a m i n e d .  I t  m i g h t  h a v e  b e e n  e x p e c t e d  t h a t  

a t  t h e  h i g h e r  c o n c e n t r a t i o n s  w h e r e  t h e  s u r f a c e s  a r e  p r o b a b l y  f a i r l y  w e l l  

c o v e r e d  w i t h  l o n g  c h a i n  i o n s  t h e  p o t e n t i a l  o f  t h e  p a r t i c l e s  w o u l d  b e  

d e p e n d e n t  o n l y  o n  t h e  c h a r g e  o f  t h e  i o n s  a n d  i n d e p e n d e n t  o f  t h e  n a t u r e  

o f  t h e  “  c o r e  ”  o f  t h e  p a r t i c l e .  A t  a n y  g i v e n  t e m p e r a t u r e ,  h o w e v e r ,  

t h e  m o b i l i t y  o f  i l m e n i t e  i n  s o l u t i o n s  o f  p a r a f f i n  c h a i n  s a l t s  a t t a i n s  b u t  

n e v e r  r i s e s  a b o v e  t h e  w a t e r  v a l u e  f o r  h y d r o p h o b i c  p a r t i c l e s  s u c h  a s  

N u j o l .  A  t e n t a t i v e  e x p l a n a t i o n  i s  t h a t  i n  t h e  c a s e  o f  i l m e n i t e  p a r t i c l e s  

t h e  l o n g  c h a i n  i o n s  a r e  o r i e n t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h o s e  o n  

o i l  d r o p s ,  i.e., t h e  p o l a r  h e a d s  w i l l  b e  o r i e n t e d  t o w a r d s  t h e  i l m e n i t e  

s u r f a c e  l e a v i n g  t h e  p a r t i c l e s  a s  a  w h o l e  w i t h  a  h y d r o p h o b i c  e x t e r i o r  

o f  h y d r o c a r b o n  c h a i n s ,  t h e  r e s u l t i n g  m o b i l i t y  b e i n g  t h a t  f o u n d  f o r  a n  

o i l  d r o p .  I t  i s  n o t  c l e a r  w h y  t h e  m o b i l i t y  i s  n o t  f u r t h e r  i n c r e a s e d  b y  

t h e  a d s o r p t i o n  o f  a  s e c o n d  l o n g  c h a i n  i o n  f i l m  t o  g i v e  a  v a l u e  c h a r a c t e r ­

i s t i c  o f  a  n o r m a l  o i l  d r o p  i n  p a r a f f i n  c h a i n  s a l t s  s o l u t i o n s .  T h i s  m a y  

p o s s i b l y  b e  d u e  t o  s o m e  r e s t r i c t i o n  i n  t h e  f o r m a t i o n  o f  a  b i m o l e c u l a r  f i l m .
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S o m e  m e a s u r e m e n t s  h a v e  a l s o  b e e n  m a d e  o f  t h e  m o b i l i t y  o f  i l m e n i t e  

i n  s o d i u m  c h l o r i d e ,  s o d i u m  c a r b o n a t e  a n d  s o d i u m  m e t a s i l i c a t e  s o l u ­

t i o n s  a n d  t h e  r e s u l t s  a r e  p l o t t e d  i n  F i g .  4 .  T h e s e  a r e  q u a l i t a t i v e l y  t h e  

s a m e  a s  t h o s e  o b t a i n e d  f o r  N u j o l  i n  s i m i l a r  s o l u t i o n s  a n d  d e s c r i b e d  i n  

o u r  p r e v i o u s  p a p e r . 1 T h e  m o b i l i t y  r i s e s  r a p i d l y  w i t h  i n c r e a s i n g  h y d r o x y l  

i o n  c o n c e n t r a t i o n  b u t  i s  l o w e r e d  s l i g h t l y  b y  i n c r e a s i n g  s o d i u m  i o n  

c o n c e n t r a t i o n .  A l t h o u g h  t h e r e  a r e  s l i g h t  d i v e r g e n c e s  t h e r e  i s  a g a i n  a  

t e n d e n c y  f o r  t h e  i l m e n i t e  p a r t i c l e s  t o  h a v e  o n e - h a l f  t h e  m o b i l i t y  o f  

N u j o l  d r o p s  u n d e r  t h e  s a m e  c o n d i t i o n s .

S u m m a r y .

A d d i t i o n a l  d a t a  c o n c e r n in g  t h e  e le c t r o p h o r e t i c  m o b i l i ty  o f  o il  d r o p s  
in  s o lu t io n s  o f  p a r a f f in  c h a i n  s a l t s  a r e  r e c o r d e d .  T h e  m a x i m u m  m o b i l i t i e s  
i n  s u c h  s o lu t io n s  a r e  o b t a i n e d  a t  c o n c e n t r a t i o n s  w h ic h  d e c r e a s e  w i t h  i n ­
c r e a s in g  c h a in - l e n g th .  T h e  a b r u p t  c h a n g e s  o f  m o b i l i ty  w h ic h  o c c u r  in  
t h e  r e g io n  o f  t h e  c r i t i c a l  c o n c e n t r a t i o n  o f  t h e  p a r a f f in  c h a in  s a l t  a r e  
d is c u s s e d .

T h e  c h a n g e  o f  m o b i l i ty  w i t h  i n c r e a s in g  t e m p e r a t u r e  i s  d e p e n d e n t  n o t  
o n ly  u p o n  c h a n g e  o f  v i s c o s i ty  o f  t h e  d is p e r s io n  m e d iu m  b u t  a ls o  u p o n  
c h a n g e s  i n  t h e  d e g r e e  o f  a d s o r p t i o n  o f  t h e  lo n g  c h a i n  io n s  a t  t h e  i n t e r f a c e s .

T h e  m o b i l i ty  o f  N u jo l  i n  s o d iu m  t e t r a d e c y l  s u l p h a t e  s o lu t io n s  o f  c o n ­
c e n t r a t i o n  g r e a t e r  t h a n  0 -0 3  %  is  d e p r e s s e d  b y  t h e  a d d i t i o n  o f  N a C l.  A t  
lo w e r  c o n c e n t r a t i o n s  o f  t h e  p a r a f f in  c h a i n  s a l t ,  h o w e v e r ,  t h e  a d d e d  e l e c t r o ­
l y t e  p r o d u c e s  a  c o n s id e r a b le  in c r e a s e  o f  m o b i l i ty .  T h u s ,  o n  t h e  a d d i t i o n  
o f  0 -0 2  %  N a C l  t o  0 -0 0 0 5  %  C u H j jS O jN a  a t  6 o °  C . t h e  m o b i l i t y  r i s e s  
f r o m  8-3  t o  i 4 f t / s e c . / v o l t / c m . ,  a  v a lu e  o n ly  a t t a i n e d  a t  tw o  h u n d r e d  t im e s  
t h i s  c o n c e n t r a t i o n  i n  t h e  a b s e n c e  o f  N a C l.

T h e  m o b i l i t i e s  o f  i lm e n i te ,  c a lc iu m  l a u r a t e  a n d  p a r a f f in  w a x  h a v e  a ls o  
b e e n  d e t e r m i n e d  a n d  t h e  r e s u l t s  a r e  d i s c u s s e d  i n  c o n n e c t io n  w i t h  t h e  
n f lu e n c e  o f  n a t u r e  o f  p a r t i c l e  o n  m o b i l i ty .

T h e  a u t h o r s  w i s h  t o  t h a n k  t h e  D i r e c t o r  o f  R e s e a r c h  f o r  h i s  v a l u a b l e  

a d v i c e ,  a n d  t h e  C o u n c i l  o f  t h e  B r i t i s h  L a u n d e r e r s ’ R e s e a r c h ' A s s o c i a t i o n  

f o r  p e r m i s s i o n  t o  p u b l i s h  t h i s  w o r k .

The British Launderers' Research Association,
The Laboratories,

H ill View Gardens,
Hendon, N .W .  4 .

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

C h e m ic a l  S p e c t r o s c o p y .  B y  W . R .  B r o d e . ( C h a p m a n  &  H a l l ,  1 9 3 9 .)
P p .  x i i  +  4 9 4 . P r i c e  3 6 s . n e t .

T h is  s h o u ld  p r o v e  a  u s e f u l  b o o k  f o r  s t u d e n t s  w h o s e  i n t e r e s t s  a r e  in  
s p e c t r o s c o p y  a s  a  "  p r o f e s s io n .”  T h is  a c t i v i t y  e x i s ts  in  t h e  U n i t e d  
S t a t e s  t o  a  d e g r e e  n o t  a lw a y s  a p p r e c i a t e d  in  t h i s  c o u n t r y .

J u d g e d  b y  th e s e  s t a n d a r d s ,  t h e  d i s t r i b u t i o n  o f  s u b j e c t s — a b s o r p t i o n ,  
e m is s io n ,  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  a n a ly s i s  a n d  s o  f o r t h — is  p r o b a b l y  
c o r r e c t .  M u c h  t h e  s a m e  a p p l ie s  t o  t h e  i n s t r u m e n t a l  s e c t io n s ,  w h e r e  
a p p a r a t u s  is  d e s c r ib e d  in  d e t a i l .  T h r o u g h o u t ,  t h e  a im  s e e m s  t o  m e  t o  
g iv e  t h e  r e a d e r  i n f o r m a t i o n  o f  c o n s id e r a b l e  p r e c i s io n  w i t h i n  a  v e r y  l i m i te d  
r a n g e  o f  id e a s .

A s  a  l a b o r a t o r y  g u id e ,  t h e  v o lu m e  c a n  b e  r e c o m m e n d e d .
F .  I .  G . R .
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PLATE V.

C C
Q u a n t i ty  o f E le c tr ic i ty .  Q u a n t i ty  o f E le c tr ic i ty .

F ig . 3. F ig . 4.

[1See page 3G7.
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- 0 4

0 - 0



PLATE VI.

F i g . i .— P h o t o g r a p h  o f  r o t o r ,  s h o w i n g  c e l l  a n d  h a r d  r u b b e r  b l o c k .

[See page 381.

f l f i f l f l

A  B  C  D

F ig .  4 .— A, 13, s e d im e n ta tio n  o f  e ry th ro c ru o r in  o f e a r th w o rm  b lo o d  ; C, 
c a rb o x y h e m o g lo b in , a n d  1), h a lf -c o n c e n tra t io n , a b o u t  0-5 % , o f c a rb o x y h e m o -  
g lo b in  (b o u n d a ry  n e a r  to p  o f  liq u id ).

[See page 3S4.
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A u t h o r s  s u b m i t t i n g  p a p e r s  f o r  p u b l i c a t i o n  a r e  r e q u e s t e d  t o  n o t e  t h e  

f o l l o w i n g  p a r t i c u l a r s  :—

i .  A l l  c o m m u n i c a t i o n s  m a d e  t o  t h e  S o c i e t y  a r e  t h e  p r o p e r t y  o f  

t h e  S o c i e t y .  W h e n  p a p e r s  h a v e  b e e n  a c c e p t e d  f o r  p u b l i c a t i o n ,  a u t h o r s  

a r e  n o t  a t  l i b e r t y ,  s a v e  b y  p e r m i s s i o n  o f  t h e  C o u n c i l ,  t o  p u b l i s h  t h e m  

e l s e w h e r e .  S u c h  p e r m i s s i o n  w i l l  n o t  b e  u n r e a s o n a b l y  w i t h h e l d .  

C o m m u n i c a t i o n s  w h i c h  h a v e  a p p e a r e d  i n  a n y  o t h e r  J o u r n a l  m a y  n o t  

u s u a l l y  b e  p u b l i s h e d  i n  t h e  T r a n s a c t i o n s .

i i .  ( a )  P a p e r s  s h o u l d  b e  a s  b r i e f  a s  I s  c o m p a t i b l e  w i t h  c l a r i t y ,  

a n d  n o  e x p e r i m e n t a l  d e t a i l s  s h o u l d  b e  i n c l u d e d  w h i c h  a r e  n o t  n e c e s s a r y  

f o r  t h e  u n d e r s t a n d i n g  o f  t h e  p a p e r  o r  f o r  v e r i f y i n g  a n y  c o n c l u s i o n s  t h a t  

m a y  b e  d r a w n .  P a r a g r a p h s  s h o u l d  n o t  b e  u n n e c e s s a r i l y  s u b - d i v i d e d .

( b)  T a b l e s  s h o u l d  b e  r e d u c e d  t o  a  m i n i m u m  a n d ,  w h e r e  p o s s i b l e ,  

r e s u l t s  s h o u l d  b e  s h o w n  b y  m e a n s  o f  c u r v e s  r a t h e r  t h a n  t a b l e s .  O n l y  i n  

e x c e p t i o n a l  c a s e s  m a y  t a b l e s  b e  p u b l i s h e d  a s  w e l l  a s  g r a p h i c a l  r e p r e s e n t a ­

t i o n s  o f  t h e i r  c o n t e n t s .

(c) E a c h  p a p e r  s h o u l d  i n c l u d e  a  b r i e f  s u m m a r y  i n d i c a t i n g  i n  g e n e r a l  

t e r m s  i t s  p u r p o s e  a n d  c o n c l u s i o n s .

i i i .  (a) P a p e r s  m u s t  b e  t y p e w r i t t e n ,  w i t h  d o u b l e  s p a c i n g ,  o n  o n e  

s i d e  o n l y  o f  t h e  p a p e r ,  w i t h  a  g o o d  m a r g i n  o n  t h e  l e f t  s i d e .

(b) R e f e r e n c e s  s h o u l d  b e  t y p e d  i n  n u m e r i c a l  o r d e r  ( a n d  i n  t h e  

f o l l o w i n g  s e q u e n c e  : j o u r n a l  ; d a t e  ; v o l u m e  n u m b e r  ; p a g e )  a t  t h e  e n d  

o f  t h e  p a p e r ;  t h e  n e c e s s a r y  r e f e r e n c e  n u m b e r s  o n l y  s h o u l d  a p p e a r  

i n  t h e  t e x t .

(c) S y m b o l s ,  f o r m u l a e  a n d  e q u a t i o n s  s h o u l d  b e  w r i t t e n  o r  t y p e w r i t t e n  

w i t h  g r e a t  c a r e .  T h e  s y m b o l s  r e c o m m e n d e d  i n  t h e  R e p o r t  o f  t h e  J o i n t  

c o m m i t t e e  o f  t h e  C h e m i c a l  S o c i e t y ,  t h e  F a r a d a y  S o c i e t y  a n d  t h e  P h y s i c a l  

S o c i e t y  s h o u l d  b e  e m p l o y e d .

i v .  (a) L i n e  d r a w i n g s  m a y  i n  t h e  f i r s t  i n s t a n c e  b e  s u b m i t t e d  i n  s k e t c h  

f o r m .  F o r  p u b l i c a t i o n ,  h o w e v e r ,  t h e y  m u s t  b e  m a d e  w i t h  I n d i a n  i n k  o n  

B r i s t o l - b o a r d  o r  p r e f e r a b l y  t r a c i n g  cloth. F r e e h a n d  m u s t  n o t  b e  e m p l o y e d  

a n d  a l l  l i n e s  m u s t  b e  f i r m l y  a n d  e v e n l y  d r a w n .  D r a w i n g s  s h o u l d ,  g e n e r a l l y ,  

b e  c a p a b l e  o f  r e d u c t i o n  t o  a b o u t  o n e - h a l f  s c a l e ,  d e p e n d i n g  o n  t h e i r  n a t u r e  

a n d  c o m p l e x i t y ;  a l l  d r a w i n g s  r e l a t i n g  t o  o n e  p a p e r  s h o u l d  b e  s o  

m a d e  t h a t  t h e y  w i l l  a l l  b e  r e d u c e d  t o  t h e  s a m e  e x t e n t .  I n  t h e  c a s e  o f  

c u r v e s  t h e  o r d i n a t e s  a n d  a b s c i s s a e  m u s t  b e  d r a w n  i n  i n k  a n d  r e l i a n c e  

m u s t  n o t  b e  p l a c e d  o n  t h e  p r i n t e d  l i n e s  o f  s c a l e  p a p e r .

(b) W h e r e  p o s s i b l e ,  l e t t e r i n g  s h o u l d  b e  o u t s i d e  t h e  d i a g r a m .  L e t t e r ­

i n g  s h o u l d  b e  p u t  i n  l i g h t l y  w i t h  l e a d  p e n c i l .

( v )  R a p i d i t y  o f  p u b l i c a t i o n  i s  f a c i l i t a t e d  i f  p a p e r s  a r e  s u b m i t t e d  i n  

d u p l i c a t e  w i t h  d u p l i c a t e  p h o t o g r a p h s  o r  t r a c i n g s  o f  d i a g r a m s ,  s o  t h a t  e a c h  

p a p e r  w i t h  i t s  d r a w i n g s  a n d  p h o t o g r a p h s  w i l l  g o  i n t o  a  f o o l s c a p  e n v e l o p e .

( v i )  A u t h o r s  m u s t  r e t a i n  c o p i e s  o f  t h e i r  c o m m u n i c a t i o n s .

C o r r e c t i o n  o f  P r o o f s . — T h e  a d d r e s s  t o  w h i c h  p r o o f s  a r e  t o  b e  s e n t

s h o u l d  b e  w r i t t e n  o n  e v e r y  p a p e r .  A u t h o r s  r e s i d e n t  o v e r s e a s  m a y  n a m e  

a g e n t s  i n  B r i t a i n  t o  w h o m  m a y  b e  r e f e r r e d  m a t t e r s  c o n c e r n i n g  t h e i r  p a p e r s ,  

i n c l u d i n g  t h e  c o r r e c t i o n  o f  p r o o f s ,  i n  o r d e r  t h a t  d e l a y  i n  p u b l i c a t i o n  m a y  

b e  a v o i d e d .

T w o  g a l l e y  p r o o f s  a r e  p r o v i d e d ,  o n e  o f  w h i c h  d u l y  c o r r e c t e d  s h o u l d  b e  

r e t u r n e d  t o  t h e  E d i t o r .  A u t h o r s  a r e  r e q u i r e d  t o  s u b m i t  t h e i r  c o m m u n i c a ­

t i o n s  i n  s u c h  f o r m  t h a t  c o r r e c t i o n s  o t h e r  t h a n  o f  p r i n t e r ’s  e r r o r s  w i l l  b e  u n ­

n e c e s s a r y .  A u t h o r s  m a k i n g  o t h e r  c o r r e c t i o n s  w i l l  b e  r e q u i r e d  t o  b e a r  

the c o s t  t h e r e o f .

R e p r i n t s . — T w e n t y - f i v e  r e p r i n t s  ( w i t h o u t  c o v e r s )  a r e  p r e s e n t e d  t o  

e a c h  a u t h o r  w h o  i s  a  m e m b e r  o f  t h e  S o c i e t y .  O t h e r  r e p r i n t s  m a y  b e  

o b t a i n e d  b y  a u t h o r s  o r  c o - a u t h o r s  a t  c o s t  p r i c e .


