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R o u g h  m e a s u re m e n ts  in d ic a te  t h a t  t h e  v e r t i c a l  c o m p o n e n t o f th e  d ip o le  

m o m e n t o f th e  c a r b o x y l  g ro u p  in  t h e  s u rf a c e  is  s o m e w h a t d im in is h e d  in  th e  

v a p o u r  s t a t e ,  in d ic a t in g  so m e  r e - o r i e n ta t io n  o f t h e  e n d  g ro u p .

I t  is sh o w n  t h a t  t h e  o b s e rv e d  v e r t ic a l  c o m p o n e n ts  o f t h e  d ip o le  m o m e n t 

a re  c o m p a t ib le  w i th  e x is t in g  d a t a  o n  t h e  v a r io u s  c o m p o n e n t d ip o le s  o f th e  

c a rb o x y l  g ro u p .

On the Surface Potentials o f UnimoFilms. 

Effect o f the Underlying Solution and Transition Phenomena

in the Film.

B y  J .  H .  Sc h u l m a n  a n d  A . H . H u g h e s , D e p a r t m e n t  o f C o llo id  S c ience ,

C a m b rid g e .

(C o m m u n ic a te d  b y  E . K . R id e a l, F .R .S .— R e c e iv e d  J u n e  14, 1932.)

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

I n  p re v io u s  p a p e r s  o f th i s  s e r ie s  (1) i t  w a s  sh o w n  t h a t  t h e  m e th o d  of su rface  

p o te n t ia ls  c o u ld  b e  d e v e lo p e d  to  g iv e  q u a n t i t a t i v e  m e a s u re m e n ts  o f th e  p h y s ic o ­

c h e m ic a l  p ro p e r t ie s  o f u n im o le c u la r  film s a t  a n  a i r  l iq u id  in te rf a c e .

S e v e ra l p ro b le m s  o f f u n d a m e n ta l  im p o r ta n c e  a r is e  w h e n  a  c lo se r in v e s t ig a t io n  

is  m a d e  of t h e  t r u e  m e a n in g  o f t h e  p h ra s e  “  s u rf a c e  p o te n t ia l  o f a  u n im o le cu la r  

f i lm .”

I n  th i s  w o rk  a  s tu d y  h a s  b e e n  m a d e  o f th e  p h e n o m e n a  a t t a c h e d  to  th e  

d e p o s i t io n  o f a  f ilm  o n  a q u e o u s  s o lu tio n s ,  w i th  sp e c ia l re fe ren ce  to  th e  m u tu a l 

in f lu e n c e  o f th e  s o lu tio n  a n d  th e  p o la r  h e a d -g ro u p  o f th e  film -fo rm in g  m a te r ia l.

T h is  w a s  c o n s id e re d  n e c e s s a ry  a s  a  p re lu d e  t o  t h e  g e n e ra l  a p p lic a tio n  of th e  

m e th o d  o f s u r fa c e  p o te n t ia l s  t o  t h e  s t u d y  o f s u rfa c e  re a c tio n s  a n d  sy s te m s  of 

b io lo g ic a l im p o r ta n c e .  W o rk  o f th i s  n a tu r e  is  in  p ro g re s s ,  a n d  i t  is h o p ed  

w ill fo rm  th e  s u b je c t  o f a  f u tu r e  c o m m u n ic a tio n .

I t  h a d  a l r e a d y  b e e n  n o t ic e d  in  P a r t  I I I  fo r  t h e  f a t t y  a c id s  t h a t  th e  g ra p h  of 

t h e  s u rfa c e  p o te n t ia l  (A Y ) a g a in s t  t h e  n u m b e r  o f m o le cu le s  p e r  sq u a re  

c e n t im e tr e  (n) sh o w e d  a  p a r a l le l  d is p la c e m e n t  o n  a l t e r a t io n  o f th e  p H  of th e  

u n d e r ly in g  s o lu t io n  o v e r  c e r ta in  r a n g e s  w h e re  th e  s t a t e  o f th e  film  re m a in ed  

c o n s ta n t .  T h e  r e la t io n  o f th i s  m o v e m e n t t o  th e  io n is a tio n  o f th e  h e a d  groups  

of t h e  film  w a s d isc u s se d , b u t  i t  w a s n o w  t h o u g h t  a d v is a b le  to  c a r ry  o u t th e
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On the Surface Potentials of Films. 431

e x p er im en ts  o v e r  m u c h  la r g e r  r a n g e s  o f p a, a n d  t o  e x t e n d  th e m  t o  p o la r  

h e a d  g ro u p s  o th e r  t h a n  th e  c a r b o x y l .

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

T h e  a p p a r a t u s  u s e d  w a s  e s s e n t ia l ly  t h e  s a m e  a s  t h a t  a l r e a d y  d e s c r ib e d  in  

P a r t  I ,*  w i th  t h e  a d d i t i o n  o f a n  a r m  m o v in g  o n  a  h o r iz o n ta l  p l a t e  h o ld in g  th e  

p o lo n iu m -c o a te d  a i r  e le c t ro d e ,  so  c o n s t r u c te d  t h a t  i t  m o v e d  a t  t h e  r e q u i r e d  

c o n s ta n t  h e ig h t  o v e r  t h e  w h o le  o f  t h e  l iq u id  s u r fa c e . T h is  m o d if ic a tio n  w a s  

fo u n d  e s s e n tia l w h e n  in v e s t ig a t i n g  t h e  h o m o g e n e i ty  o f t h e  film .

T h e  w e a k  l in k  in  t h e  a c c u r a c y  o f  th i s  t y p e  o f w o rk  is  t h e  e s t im a t io n  o f  th e  

a re a  p e r  m o le c u le  o c c u p ie d  b y  t h e  f ilm -fo rm in g  s u b s ta n c e .  T h e  p ro c e d u re  

h i th e r to  e m p lo y e d  in v o lv e s  t h e  u se  o f a  s m a l l p i p e t t e  t o  p la c e  o n  t h e  s u r f a c e  

tw o  o r  th r e e  d ro p s  o f a  s o lu t io n  o f a  k n o w n  w e ig h t  o f  t h e  s u b s ta n c e  in  a  k n o w n  

w e ig h t o f p e t r o l  e th e r .  T h e  w e ig h t  o f a  la rg e  n u m b e r ,  s a y  5 0 , o f  t h e  d ro p s  is  

m e a s u r e d ; h e n c e  t h e  w e ig h t  o f o n e  d r o p  a n d  th e  w e ig h t  o f t h e  s u b s ta n c e  o n  

th e  su r fa c e .  T h is  m e th o d  is  l ia b le  t o  g r a v e  e r ro r s ,  d u e  t o  t h e  r a p i d  e v a p o r a t io n  

of t h e  p e t r o l  e th e r ,  a n d  t o  t h e  a s s u m p t io n  o f t h e  u n i f o r m i ty  o f  t h e  d r o p  s ize . 

T h e  e r ro r  is  u s in g  o n ly  o n e  d r o p  o f a  c a l i b r a t e d  s o lu t io n  m a y  b e  a s  m u c h  a s  

10 p e r  c e n t , off t h e  m e a n  v a lu e  o f 5 0  d ro p s .  I n  t h e  e a r l ie r  w o rk  n o  a llo w a n c e  

w as m a d e  fo r  t h i s  e r ro r .

A  n e w  in s t r u m e n t  w a s  th e r e f o r e  d e v is e d  t o  g iv e  m o le c u la r  a r e a s  r e p ro d u c ib le  

to  1 p e r  c e n t .  I t  is  a  m ic r o - p ip e t t e  c o n s is t in g  o f a  lo n g  f in e  c a p i l la r y  tu b e ,  

c a l ib r a te d  fo r  v o lu m e  b y  a  m e r c u r y  t h r e a d ,  a n d  f ix e d  in  a  p r o t e c t in g  g la s s  

tu b e .  T h e  p e t r o l  e th e r  s o lu t io n  is  d r a w n  u p  t o  a  d e f in i te  m a r k  o n  a  sc a le  p la c e d  

a lo n g  t h e  c a p i l la r y ,  b y  r o t a t i o n  o f a  p i s to n  f i t t in g  t i g h t l y  in to  a  r u b b e r  g la n d  

in  th e  w id e n e d  e n d  o f t h e  c a p i l l a r y  tu b e .  T h e  r e q u is i te  a p p r o x im a te  n u m b e r  o f 

d ro p s  is  t h e n  e x p e lle d  o n  t o  t h e  s u rf a c e , b u t  t h e  volume o f s o lu t io n  lo s t  c a n  b e  

fo u n d  a c c u r a te ly  f ro m  t h e  c a l ib r a t io n  o f  t h e  c a p i l la r y .  T h e  a c tu a l  s ize  o f e a c h  

d ro p  is  t h u s  im m a te r ia l .

D r .  R . J .  F o s b in d e r ,  o f t h e  C a n c e r  R e s e a r c h  I n s t i t u t e ,  P h i la d e lp h ia ,  v e ry  

k in d ly  p o in te d  o u t  t o  u s  t h a t  t h e r e  w a s  a n  i n s t r u m e n t  o n  th e  m a r k e t  w h ic h  

c o u ld  b e  a d a p t e d  fo r  a c c u r a te  m e a s u r e m e n ts  o f th e s e  s m a l l  v o lu m e s .  T h is  is  

th e  A g la  M ic ro m e te r  S y r in g e  (B u r ro u g h s , W e llc o m e  & C o ., L td .) ,  w h ic h  w a s  

r e c a l ib r a te d ,  a n d  fo u n d  t o  g iv e  c o n s is te n t  r e s u l t s  t o  1 p e r  c e n t ,  o n  th e  a r e a  

p e r  m o le c u le .

I t  is r e le v a n t  t o  o b se rv e  h e re  t h a t  th r e e  d if f e r e n t ty p e s  o f a p p a r a t u s  h a v e  b e e n  

u sed , a n d  th e y  h a v e  g iv e n  r e s u l t s  fo r  t h e  s u rf a c e  p o te n t ia l s  id e n t ic a l  to  w i th in  

* Schulman and Rideal, ‘ Proc. Roy. Soc.,’ A, vol. 130, p. 259 (1931).
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1 m v .,  w h ile  t h e  r e s u l ts  a r e  a lso  u n a l te r e d  b y  th e  u se  o f m a n y  d if fe re n t 

io n is a t io n  e le c tro d e s  o f v a r io u s  s h a p e s  a n d  s t r e n g th s ,  to g e th e r  w i th  u se  of 

e i th e r  s ilv e r , s ilv e r  c h lo r id e  o r  c a lo m e l re v e rs ib le  e le c tro d e s  fo r  th e  u n d e r ly in g  

so lu t io n s .

My r i s t i c  A c i d  a n d  D o d e c y l -A l c o h o l . Th e  E x p a n d e d  St a t e .

I t  w a s  sh o w n  in  P a r t  I I I *  t h a t  o v e r  t h e  re g io n  o f io n is a tio n  pH 4 - p IT G-5, 

t h e  film s o f p a lm i t ic  a c id  e x is te d  in  t h e  l iq u id  c o n d e n s e d  s ta t e ,  a n d  t h a t  th e  

v a lu e  o f t h e  e le c tr ic  m o m e n t  p e r  m o le c u le  (g )  c a lc u la te d  f ro m  th e  s lo p e  of th e  

c u rv e  r e m a in e d  c o n s ta n t  fo r  t h a t  s t a t e  in  s p i te  o f  a  c o n s id e ra b le  c h a n g e  in  th e  

v a lu e  o f A Y  a t  a n y  g iv e n  a r e a  p e r  m o le c u le .

O n  f u r th e r  in c re a s e  in  io n is a t io n  th e  s t a t e  a n d  s lo p e  o f th e  c u rv e  c h a n g e d , 

b u t  p  a g a in  r e m a in e d  c o n s t a n t  o v e r  a  r a n g e  pH 6 • 5 - p H 8  in  t h e  so lid  c o n d e n se d  

s t a t e ,  t h e  v a lu e s  in  t h e  tw o  s t a t e s  b e in g  1 - 5 6 . 1 0 -19 e .s .u . a n d  3 - 2 . 1 0 ~ 19 e .s .u . 

re s p e c tiv e ly .

A s w ill  b e  se e n  f r o m  fig s . 1 a n d  2, t h e  s a m e  g e n e r a l  b e h a v io u r  is  sh o w n  b y  

m y r i s t ic  a c id  a n d  b y  d o d e c y l a lc o h o l fo r  t h e  e x p a n d e d  s ta t e .  M y ris tic  ac id  

g iv e s  a  s e r ies  o f p a r a l le l  l in e s  f r o m  N  HC1 to  d is t i l le d  w a te r , w ith  == 2 • 5 . 10 -19 

e .s .u . , w h ile  fo r  d o d e c y l a lc o h o l t h e  e x p a n d e d  s t a t e  c o n tin u e s  to  th e  m o s t 

a lk a l in e  s o lu tio n s  s tu d ie d  (N .N a O H ) . I n  t h e  c a se  o f d o d e c y l a lco h o l, th e  v a lu es  

o f “  n  ”  a n d  h e n c e  o f t h e  s lo p e  o f th e  c u rv e  a r e  im t r u s tw o r th y ,  e sp e c ia lly  on  

a lk a l in e  s o lu tio n s ,  o w in g  t o  th e  s o lu b i l i ty  o f t h e  film . T h u s  th e  film s c a n  be 

c o m p re ss e d  t o  a p p a r e n t  a r e a s  p e r  m o le c u le  m u c h  le ss  t h a n  th e  lim it in g  a re a  

o f 18 *5 sq . A . p e r  m o le c u le  fo r  v e r t i c a l ly  o r ie n te d  m o le cu le s . T h e  m o re  

q u ic k ly  th e  r e a d in g s  a re  t a k e n  a f t e r  t h e  d e p o s it io n  o f t h e  film , th e  n e a re r  to  

18*5 sq . A . is  t h e  o b s e rv e d  a r e a  a t  w h ic h  th e  film  c o lla p se s .

T h e  v a lu e  o f ] I  in  t h e  e x p a n d e d  s t a t e  fo r  d o d e c y l a lc o h o l is a p p ro x im a te ly  

2 * 0 , 1 0 -19 e .s .u .

T h e  n e x t  p o in t  o f in te r e s t  t o  b e  o b s e rv e d  f ro m  th e  f ig u res  is th e  g e n era l 

c o n t r a c t io n  o f t h e  f ilm  a s  t h e  a lk a l in i ty  is  in c re a s e d . T h u s  th e  lim it in g  a rea  

o f t h e  t r a n s i t i o n  o f t h e  e x p a n d e d  s t a t e  t o  t h e  v a p o u r  s t a t e  fo r  m y ri s tic  acid , 

fig . 1, “  a , ”  c h a n g e s  f ro m  5 5 - 0  sq . A . o n  4  N  HC1 to  33*0  sq . A . o n  w a te r , 

a l th o u g h  o n  N /1 0  a n d  N /1 0 0  HC1 th e  a re a  is  t h e  sam e , v iz ., 45*0  sq . A ., th e  

c u rv e s  o n  th e s e  tw o  so lu tio n s  b e in g  id e n t ic a l .  F o r  th e  a lc o h o l o n  4  N  HC1 

th e  e x p a n s io n  is  so m a r k e d  t h a t  a  “  v a p o u r  e x p a n d e d  ”  film  (c u rv e  A ) a p p ea rs  

to  b e  fo rm e d , t h e  film  r e m a in in g  h o m o g e n e o u s  u p  to  a t  le a s t  400  sq . A. p e r

J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

* Seliulman and Rideal, loc. cit.
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On the Surface Potentials of Unimolecular Films. 433

m o lecu le  a t  a b o u t  2 0  m v . O n  t h e  a lk a l in e  s id e ,  h o w e v e r , t h o u g h  th e  a c id  

sho w s a  t r a n s i t i o n  t o  a  so lid  c o n d e n s e d  f ilm  a t  p a v a lu e s  g r e a t e r  t h a n  7, a n d  

u l t im a te ly  fo rm s  s o a p  f ilm s  w h e re  t h e  v a lu e  o f A V  is  r e v e r s e d  in  s ig n , t h e  a lc o h o l 

film s sh o w  n o  c h a n g e  f ro m  N /1 0 0  HC1 t i l l  a  pK  o f  a b o u t  10 o r  11, b e in g  s t i l l  in  

th e  e x p a n d e d  s t a t e .

6 * i o

n.mols/sq.cm

Fig . 1 .— M y r is t ic  A c id , 15° C .

A .  — 4  N  H C 1.

B .  — N  H  C l.

C . — 1 0 -2 a n d  1 0 - 1 N  H C 1.

D .  — 1 0 -4 N  H C 1.

E .  — D is t i l le d  w a te r .

n .m o ls / s q .c m  

Fig . 2 .— D o d e c y l  A lc o h o l .

A .  — 4  N  H C1.

B . — N  H C 1.

C . — 0 -0 1  N  H C1 a n d  0 -0 0 1  N  N a O H .

D . — 0 - 1  N N a O H .

W ith  re fe re n c e  t o  t h e  v a p o u r  e x p a n d e d  film s  a  c u rv e  is  in c lu d e d  fo r  c o m ­

p a r is o n , sh o w in g  th e  b e h a v io u r  o f  e th y l  m y r i s t a t e  o n  N /1 0 0  H C1, fig . 3 . H e re  

th e  f ilm  re m a in s  h o m o g e n e o u s  d o w n  t o  th e  lo w e s t m e a s u ra b le  s u rf a c e  p o te n t ia l s ,  

a t  a r e a s  l a r g e r  t h a n  50 0  A 2 p e r  m o l , in  d i r e c t  c o n t r a s t  t o  t h e  “  e x p a n d e d  ’ 

film s w h ic h  b r e a k  d o w n  t o  in h o m o g e n e o u s  tw o -p h a s e  s y s te m s .

V a p o u r  e x p a n d e d  f ilm s , a s  s h o w n  b y  N . K . A d a m , a r e  e x p a n d e d  film s  a b o v e  

th e  c r i t ic a l  t e m p e r a t u r e .

Te t r a d e c y l  A l c o h o l .

T e tr a d e c y l  a lc o h o l  a t  32° C. fo rm s  a n  e x p a n d e d  f ilm  w h ic h  sh o w s  a n  e s s e n ­

t i a l ly  s im ila r  b e h a v io u r  t o  t h a t  o f d o d e c y l a lc o h o l  a t  ro o m  te m p e r a tu r e s ,  b u t  

a c c u ra te  r e s u l ts  a r e  a g a in  n o t  p o ss ib le  o w in g  t o  t h e  s o lu b i l i ty  o f t h e  film .
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I t  is  in te r e s t in g  to  n o te ,  h o w e v e r ,  t h a t  te t r a d e c y l  a lco h o l, fig. 3, w h ic h  g ives 

liq u id  c o n d e n se d  film s a t  ro o m  te m p e r a tu r e s  f ro m  N  HC1 to  N  N a O H , g ives on  

4 N  HC1 a n  e x p a n d e d  film  w ith  a  l im i t in g  a r e a  a t  55 sq . A . p e r  m o lecu le , 

a g a in  in d ic a t in g  th e  v e ry  m a r k e d  e ffe c t o f c o n c e n tr a te d  h y d ro c h lo r ic  a c id  in  

e x p a n d in g  th e  film , a s  w a s  o b s e rv e d  o n  d o d e c y l a lco h o l.

J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

n. m ols/sq. cm X 1014.

Fig . 3.

T h e  e ffe c t o f p H o n  film s  o f t h e  a lc o h o ls  is  a g a in  re f le c te d  in  th e  c o n d en sed  

film s o f t e t r a d e c y l  a lc o h o l, w h ic h  sh o w  t h e  s a m e  b e h a v io u r  f ro m  N /1 0 0  HC1 

t o  p H 10 o r  11, b u t  c o n t r a c t  b o th  in  a r e a  a n d  p o te n t ia l  a t  h ig h e r  pn v a lues. 

T h e  s lo p e  o f th e s e  lin e s  is  c o n s ta n t ,  a n d  g iv e s  '[1 — 1 * 1 . 1 0 ~ 19 e .s .u . T h e  co n ­

d e n s e d  film s o f a lco h o ls  w ill b e  d is c u ss e d  in  d e ta i l  la te r .

F o r  th e  l iq u id  c o n d e n s e d  film s  o f p a lm it ic  a c id  a  s im ila r  e x p a n s io n  h a s  been 

n o tic e d  o n  in c re a s in g  th e  a c id i ty  o f t h e  u n d e r ly in g  so lu tio n  ( P a r t  I I I )  ( . cit.),

a s  a lso  o b s e r v e d  in  t h e  fo r c e /a re a  c u rv e s  b y  L y o n s  a n d  R id e a l.*

B e y o n d  th e  s u p e r io r  lim i t in g  a re a s  o f t h e  e x p a n d e d  s t a t e  th e  film s becom e 

in h o m o g e n e o u s , t h e  v a lu e  o f A V  sh o w in g  la rg e  f lu c tu a tio n s  o v e r  th e  su rface . 

B e low  th e  lim it in g  a r e a  th e  l in e a r  c h a r a c te r  o f t h e  A V/n  c u rv e s  is  p re se rv ed  

d o w n  to  a re a s  o f a b o u t  3 5 -3 0  sq . A . p e r  m o le c u le , b u t  a t  th is  p o in t tra n s itio n

* ‘ Proc. Roy. Soc.,’ A, vol. 124, p. 322 (1929).
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to  th e  liq u id  c o n d e n s e d  s t a t e  b e g in s . F r o m  3 5 -2 5  sq . A . p e r  m o l d o w n  to  

a b o u t  25 sq . A ., t h e  c u rv e  d o e s  n o t  s e e m  t o  b e  d e f in i te ly  r e p ro d u c ib le ,  a n d  

f lu c tu a tio n s  in  p o t e n t i a l  c a n  s o m e t im e s  b e  d e te c te d  o v e r  t h e  s u rf a c e , o f  a b o u t  

2 0 -3 0  m v .,  th o u g h  t h i s  is  d e p e n d e n t  o n  t h e  r a t e  o f c o m p re s s io n  o f  t h e  film . 

B y  a b o u t  25  sq . A ., h o w e v e r ,  t h e  s lo p e  o f t h e  c u rv e  h a s  d e c r e a s e d  m a r k e d ly  

a n d  is m u c h  s m a l le r  in  t h e  l iq u id  c o n d e n s e d  s t a t e  t h a n  in  t h e  e x p a n d e d .

I t  is im p o r t a n t  f u r t h e r  t o  n o t ic e  t h a t  t h e  v a lu e s  o f  t h e  in t e r c e p t  ( A V J  o f 

th e  A V /„  c u rv e s  o n  th e  a x is  o f  A Y  o b ta in e d  t h r o u g h  e x t r a p o la t io n  o f t h e  s t r a i g h t  

p o r t io n  o f t h e  c u rv e  c a n  b e  p la c e d  b r o a d ly  in  tw o  c la s s e s  :— (1) E x p a n d e d  o r  

V a p o u r -E x p a n d e d  F i lm s ,  A V W n e g a t iv e ,  a n d  (2) L iq u id  C o n d e n s e d  F i lm s , 

AVm p o s it iv e .

Co m pa r i s o n s  o p  A c i d s , A l c o h o l s  a n d  E t h e r s .

I n  o rd e r  t o  c a s t  m o re  l i g h t  o n  t h e  m u t u a l  in f lu e n c e  o f  t h e  p o la r  h e a d - g r o u p  

a n d  th e  u n d e r ly in g  s o lu t io n ,  a  lo n g -c h a in  e t h e r  w a s  e x a m in e d  o v e r  a  la rg e  r a n g e  

of p H. O c ta d e c y l  m e th y l  e t h e r  w a s  c h o s e n , t h i s  c o m p o u n d  fo r m in g  l iq u id  

c o n d e n s e d  f ilm s  o n  a ll  s o lu t io n s  so  f a r  e x a m in e d  a t  ro o m  t e m p e r a t u r e s .

T h e  re s u l t s  (a ) a r e  c o m p a r e d  w i th  th o s e  fo r  t h e  a lc o h o ls  (6) a n d  t h e  a c id s  (c) 

in  fig. 4 , in  w h ic h  t h e  p H o f  t h e  u n d e r ly in g  s o lu t io n  is  p l o t t e d  a g a in s t  A Y * , 

th e  l im i t in g  s u r fa c e  p o t e n t i a l  o b ta in e d  b y  p la c in g  a n  e x c e ss  o f t h e  s u b s ta n c e  o n  

th e  s u rf a c e .

T h e  s h a r p  r is e  o f p o t e n t i a l  o n  c o n c e n t r a t e d  h y d ro c h lo r ic  a c id  is  s e e n  t o  b e  

c o m m o n  t o  a ll  t h r e e  s u b s ta n c e s ,  b u t  w h e re a s  t h e  e th e r ,  d e f in i te ly  n o n -a c id ic  in  

c h a r a c te r ,  a c q u i r e s  a lm o s t  i d e n t i c a l  v a lu e s  f o r  t h e  s u r fa c e  p o te n t i a l  a t  p H  2 

a s  a t  p H 12 (453  m v . a n d  4 4 8  m v . r e s p e c t iv e ly ) ,  t h e  a lc o h o l show 's a  m a r k e d  

fa llin g  off a t  p H 12 a n d  a t  g r e a t e r  p H v a lu e s .

T h e  b e h a v io u r  o f t h e  a c id  is  v e r y  d e f in i te , io n i s a t io n  o f  t h e  film  s e t t i n g  in  

b e tw e e n  p H 3 a n d  4, w d th  a  c o m p le te  r e v e r s a l  o f  s ig n  b e y o n d  p n  9.

I t  w 'as n o t ic e d  in  t h e  c a s e  o f  t h e  a lc o h o ls  o n  a lk a l in e  s o lu tio n s  t h a t  t h e  

in i t ia l  v a lu e  o f  A V  w a s  alwra y s  so m e  3 0 -4 0  m v . h ig h e r  t h a n  t h e  f in a l e q u i l i ­

b r iu m  v a lu e , t h e  fa ll  t a k i n g  p la c e  in  a b o u t  t h r e e  m in u te s .  I t  is  p o ss ib le  t h a t  

th is  r e p r e s e n ts  t h e  a c t u a l  c o u rs e  o f  io n is a t io n  o r  p a r t i a l  io n is a t io n  o f  t h e  O H  

g ro u p , t h e  v a lu e  o f c a . 4 00  m v . f r o m  pH 1 -1 0  b e in g  t h a t  o f t h e  u n io n is e d  

a lco h o lic  g ro u p . T h is  e ffe c t is  s im i la r  t o  t h a t  o c c u r r in g  d u r in g  t h e  io n is a t io n  

of th e  a c id s .

I n f l u e n c e  o f  Sa l t s .

A  f u r th e r  s e r ie s  o f e x p e r im e n ts  w a s  c a r r ie d  o u t  t o  in v e s t ig a te  th e  e ffe c t o n  

th e  s u rfa c e  p o te n t ia l  o f t h e  film  o f  s o lu tio n s  c o n ta in in g  a  v a r i e ty  o f  io n s .

2 G
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436 J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

S a l ts  w ere  u s e d  w h ic h  b o th  r a is e  o r  lo w e r  t h e  s u rfa c e  te n s io n  of w a te r .  T h u s , 

fo r  t e t r a d e c y l  a lc o h o l KC1 h a d  n o  e ffe c t a t  a n y  c o n c e n tr a t io n  f ro m  N /1 0 0  to  

3 -5  N , b u t  L iC N S , N /2 ,  c a u s e d  a n  in c re a s e  o f 25  m v . ; p o ta s s iu m  fe rr icy a n id e , 

s o d iu m  c i t r a te ,  e th y la m in e  h y d ro c h lo r id e ,  a n  in c re a s e  o f ca . 10 m v . ; a n d

A
400

Fig . 4.

AVoo /pa curve 15° C.

AVaocorresponds to  an area approxim ately 20 A2 per mol. 

a. O ctadecyl m ethyl ether ; b. tetradecyl a lco h o l; c. Myristic acid.

A l2 ( S 0 4)3 — N /1 0 0  p K 4 -7  — a n  in c re a s e  o f c a . 35 m v .,  a ll  re c k o n e d  fro m  th e  

v a lu e  of 400  m v . o n  d is ti l le d  w a te r .  I n  n o  case  h a s  a  decrease b e e n  observed , 

e x c e p t w h e re  i t  is re a so n a b le  t o  a s su m e  io n is a t io n  o f th e  film . F o r  th e  e tlu  i 

n o  a l te r a t io n  o f th e  p o te n t ia l  c o u ld  b e  d e te c te d  d u e  to  th e  n a tu r e  o f th e  ion^
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in  th e  so lu tio n , t h e  v a lu e  o f  A V *  r e m a in in g  c o n s t a n t  a t  4 4 8  m v . o n  a ll  th e s e  

so lu tio n s .

D i s c u s s i o n  o f  R e s u l t s .

I n  s u m m a r is in g  t h e  e x p e r im e n ts  o n  t h e  e x p a n d e d  a n d  c o n d e n s e d  film s  o f t h e  

a c id s  a n d  a lc o h o ls , w i th  r e fe re n c e  t o  t h e  e ffe c t  o f  t h e  u n d e r ly in g  s o lu t io n , t h e  

fo llo w in g  c o n c lu s io n s  m a y  b e  d r a w n  : (1) I n  t h e  e x p a n d e d  s t a t e  fo r  th e  a c id s  a n d  

th e  a lc o h o ls  t h e r e  is  l i t t l e  a l t e r a t i o n  in  t h e  s lo p e  o f t h e  A Y Jn l in e s  o v e r  a  v e r y  

la rg e  r a n g e  o f  p a o f t h e  u n d e r ly in g  s o lu t io n ,  a l t h o u g h  t h e  a c t u a l  v a lu e  o f  

“  n  ”  m a y  v a r y  to  t h e  e x t e n t  o f so m e  2 5 0  m v . T h e  e x t r a p o l a t i o n  o f  th e s e  

lin e s  t o  t h e  a x is  o f A V  g iv e  n e g a t iv e  v a lu e s  o f  A V M. (2) I n  t h e  c o n d e n s e d  

film  o f a c id s  a n d  a lc o h o ls ,  p a r a l l e l  s t r a i g h t  lin e s  a r e  a g a in  o b ta in e d  o v e r  la rg e  

p H ra n g e s ,  t h e  A V M v a lu e s  h e re  b e in g  p o s i t iv e .

W e m a y  a p p ly  th e  H e lm h o l tz  e q u a t i o n  a n d  w r i te

A Y  =  4  nn[L (1)

w h ere  g. is  t h e  t o t a l  v e r t i c a l  c o m p o n e n t  o f  t h e  p o ly p o le  s y s te m  p r o d u c e d  a t  t h e  

a i r  l iq u id  in te r f a c e  b y  t h e  p re s e n c e  o f  o n e  m o le c u le  in  t h e  film .

W h e re  t h e  A  V/ngr a p h  is  l in e a r  wTe m a y  f u r t h e r  w r i te

A V  =  an +  

“  a ”  a n d  “  b ”  b e in g  c o n s t a n t s .

C o m b in in g  e q u a t io n s  (1) a n d  (2 ), w e  o b t a i n

4  7i n\L — a +  

o r
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i.e., g. c a n  b e  r e g a r d e d  a s  c o m p o s e d  o f  tw o  p o r t io n s  :—

(i) a / 47i  i n d e p e n d e n t  o f “  n ”  a n d  in d e p e n d e n t  o f  t h e  p H o f t h e  s o lu t io n  in  

a n y  o n e  s t a t e  o f t h e  film  ( th e  jx o f p re v io u s  p a p e r s ) .

(ii) b/iizn v a r y in g  in v e r s e ly  a s  “  n” a n d  d e p e n d e n t  o n  t h e  

(b =  AVm o f p re v io u s  p a p e r s ) .

T h u s  (a ) if  “  b” is  p o s i t iv e ,  t h e n ,  a s  “ n ” in c re a s e s ,  g, d e c re a s e s  (c o n d e n se d  

s t a t e ) ; b u t

((3) if  “  b” is  n e g a t iv e ,  a s  “  n ”  in c re a s e s  g, in c re a s e s  ( e x p a n d e d  s t a t e ) .

T h u s  t h e  s im p le s t i n t e r p r e t a t i o n  o f th i s  a n a ly s is  is  t h a t  in  a n y  o n e  s t a t e  o f  

th e  film  th e  t o t a l  g. c o n s is ts  o f a  p o r t io n  g. o r  w h ic h  is  t h a t  o f  t h e  f ilm ­

fo rm in g  m a te r ia l  i t s e lf ,  a n d  is  c o n s t a n t  fo r  t h a t  s t a t e  ; a n d  o f a  p o r t io n

2 G 2
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438 J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

b/Ann, w h ic h  r e p re s e n ts  t h e  m a n n e r  i n  w h ic h  th e  c o n t r ib u t io n  d u e  to  th e  

u n d e r ly in g  s o lu tio n  is  a ff e c te d  b y  c o m p re ss io n  o f t h e  film . A s h a s  a l r e a d y  been  

n o tic e d , t h e  o rd e r  a n d  s ig n  o f t h e  v a lu e  o f A V M a re  c h a r a c te r is t ic  o f th e  s ta te  

o f th e  film , b u t  to o  g r e a t  s t r e s s  m u s t  n o t  b e  p la c e d  o n  th e  n u m e ric a l v a lu es  of 

A V m, s in c e  th e s e  a re  o b ta in e d  b y  e x t r a p o la t io n  o f th e  A V Jn c u rv e s .

I t  is  c le a r , h o w e v e r , t h a t  in  c o m p re ss io n  o f t h e  e x p a n d e d  s t a t e  th e  c o n tr ib u ­

t io n  o f t h e  u n d e r ly in g  s o lu t io n  is  increasing in  t h e  m a n n e r  g iv e n  b y  th e  te rm  

b/4nn w h e n  “  b ”  is  n e g a t iv e .

W h e th e r  w e  m a y  c o n s id e r  “  b” a s  b e in g  d u e  t o  

m o lec u les  in  t h e  n e ig h b o u rh o o d  o f  t h e  p o la r  h e a d ,  to g e th e r  w i th  a  r e s u l ta n t  

d ip o le  m o m e n t ,  o r  d u e  to  p r e f e r e n t ia l  a d s o r p t io n  o f  t h e  io n s  in  t h e  G ib b s ’ lay er , 

is  a t  p r e s e n t  d if f ic u lt  t o  d e c id e  ; t h e  l a t t e r  e f fe c t is  d e f in ite ly  p re s e n t,  a s  show n 

b y  th e  e ffe c t o f d i f f e re n t s a l t  s o lu tio n s  o n  th e  f ilm  p o te n t ia ls .

F u r th e r ,  o n  c o m p re ss io n  o f t h e  c o n d e n s e d  s t a t e  th e  c o n t r ib u t io n  o f th e  u n d e r­

ly in g  s o lu tio n  is  decreasing, s in c e  “  6 ”  is  n o w  p o s it iv e . T h is  m a y  b e  a sc rib e d  

e i th e r  to  a n  e x p u ls io n  o f o r ie n te d  s o lv e n t  m o le c u le s  f ro m  th e  v ic in i ty  o f th e  

h e a d  g ro u p s  w h e n  th e s e  b e c o m e  c lo se  p a c k e d  in  t h e  c o n d e n se d  s t a t e ,  o r  to  a 

m a r k e d  c h a n g e  in  t h e  d i s t r i b u t io n  o f t h e  io n s  in  t h e  G ib b s ’ la y e r .

R e fe r r in g  o n ce  m o re  t o  figs. 1, 2 a n d  3, in  r e g a r d  t o  t h e  e ffe c t o f h y d ro c h lo r ic  

a c id  so lu tio n s  o n  th e  film , a n  in c re a s e  o f t h e  a c id  c o n c e n t r a t io n  a b o v e  N /1 0  

r e s u l ts  fo r  t h e  a c id ,  a lc o h o l o r  e th e r  in  a  g r a d u a l  e x p a n s io n  o f t h e  ra n g e  of 

h o m o g e n e i ty  o f t h e  film s, to g e th e r  w i th  a  g e n e ra l r is e  o f p o te n t ia l .  T he 

c h a n g e  of g  is , h o w e v e r ,  n o t  la rg e , in c re a s in g  f r o m  2 * 5 . 1 0 ~ 19 e .s .u . fo r  m y ris tic  

a c id  in  t h e  e x p a n d e d  s t a t e  o n  N /1 0  o r  N /1 0 0  HC1 t o  3 • 0 . 1 0 “ 19 e .s .u . o n  4  N  H C 1; 

a n d  f ro m  1 • 9 . 10 -19 e .s .u . o n  N /1 0  o r  N /1 0 0  HC1 t o  2 • 1 . 10 -19 e .s .u . o n  4 N  HC1 

fo r  d o d e c y l a lc o h o l, a lso  in  t h e  e x p a n d e d  s t a t e .  F o r  t h e  e th e r  th e  ra n g e  of 

e x is te n c e  o f t h e  c o n d e n s e d  f ilm  is  so  s m a l l— a b o u t  21 sq . A . t o  19 sq . A. 

t h a t  t h e  s lo p es  c a n n o t  b e  e s t im a te d  w i th  a c c u ra c y .

T h is  g e n e r a l  b e h a v io u r  o n  s o lu tio n s  o f h y d ro c h lo r ic  a c id  m a y  b e  in te rp re te d  

a s  b e in g  d u e  t o  t h e  f o r m a t io n  o f a n  io n is a t io n  c o m p le x  o n  th e  p o la r  h ead -g ro u p . 

I n  th e  e x tr e m e  c a se  o n e  m ig h t  p o s tu la te  t h e  fo r m a t io n  o f o x o n iu m  com pounds 

o f t h e  ty p e  :—
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On the Surface Potentials of . 439

fo r  th e  e th e r ,  a lc o h o l  a n d  a c id  r e s p e c t iv e ly .  T h is  r e s u l t s  in  a n  in c re a s e  o f t h e  

d ip o le  m o m e n t  o f  t h e  f ilm  if  c a r r ie d  to  c o m p le t io n , a n d  a  d e f in ite  a l t e r a t io n  b o th  

in  m o m e n t  a n d  in  d i s t r i b u t io n  o f  t h e  io n s  in  t h e  G ib b s ’ l a y e r  if  t h e  f o r m a t io n  

of th is  ty p e  o f  c o m p le x  is  o n ly  p a r t i a l .  T h e s e  e f fe c ts  a r e  o b s e rv e d . T h e  

g re a te r  th e  c o n c e n t r a t io n  o f H C1 in  t h e  u n d e r ly in g  s o lu t io n , t h e  g r e a t e r  t h e  

c h a n g e  in  m o m e n t .  I t  m u s t  b e  e m p h a s is e d  t h a t  t h e  v a lu e s  h e re  o b ta in e d  fo r  

th e  d ip o le  m o m e n t  r e f e r  o n ly  t o  t h e  vertical component o f t h e  p o ly p o le  s y s te m . 

I t  is  im p o ss ib le  t o  s p e c ify  t h e  t o t a l  c h a n g e  w h ic h  m a y  o c c u r  in  t h e  h e a d  g ro u p  

a n d  i t s  s u r r o u n d in g  io n  a tm o s p h e r e .

F o r  t h e  e th e r ,  a lc o h o l a n d  t h e  a c id  h e a d  g r o u p ,  t h e  d is s o c ia t io n  o f t h e  HC1 

c o m p le x  a p p e a r s  t o  b e  c o m p le te  w h e n  t h e  H C 1 c o n c e n t r a t io n  in  t h e  s o lu t io n  

h a s  s u n k  t o  N /1 0 . T h e n c e  o n w a rd s ,  w i th  in c r e a s in g  pH, t h e  e t h e r  sh o w s  n o  

fu r th e r  c h a n g e  in  t h e  h e a d  g r o u p  o r  t h e  u n d e r ly in g  s o lu t io n .  F o r  th e  a lc o h o l 

n o  c h a n g e  is  o b s e rv e d  u p  t o  a  p n o f  a b o u t  10, b u t  b e y o n d  t h i s

se ts  in ,  a n d  c a n  b e  fo llo w e d  b y  t h e  s h a r p  f a l l in g  o ff in  t h e  f ilm  p o te n t i a l s  ; a n d  

fo r  t h e  a c id  t h i s  f a l l in g  o ff o c c u rs  a t  a  m u c h  s m a l le r  v a lu e ,  s e t t i n g  in  a t  

a b o u t  p H 4.

T h e  g e n e r a l  f o rm  o f  io n i s a t io n  c u r v e  is  v e r y  s im i la r  t o  t h a t  f o u n d  in  a n  

e le c t ro m e tr ic  t i t r a t i o n  in  t h e  b u lk  p h a s e ,  fig . 4.

T h e  b e h a v io u r  o f  t h e  a lc o h o l in d ic a te s  t h a t  i t  is  a c t i n g  a s  a n  a c id  w i th  a  

d is s o c ia tio n  c o n s t a n t  o f  a b o u t  1 0 “ 13. I t  is  i n t e r e s t in g  t o  c o m p a r e  th i s  r e s u l t  

w i th  th o s e  o b ta in e d  b y  M ic h a e lis  a n d  R o n a *  fo r  t h e  a c id  d is s o c ia t io n  c o n s t a n t s  

o f s u g a r s ,  w h ic h  w e re  f o u n d  t o  g iv e  K a .  =  1 0 ~13.

I t  w o u ld  b e  o f  g r e a t  i n t e r e s t  in  t h i s  c o n n e c t io n  t o  e x a m in e  t h e  c a ta p h o r e s is  

o f th e s e  a c id s  a n d  a lc o h o ls  o v e r  a  la rg e  r a n g e  o f a n d  a lso  in  t h e  p re s e n c e  o f 

d if f e re n t t y p e s  o f io n s .

T h e  w o rk  o f G . K o h le r f  o n  t h e  e le c t r ic  e n d o sm o s e  o f  l iq u id  t h r o u g h  a  

p a lm it ic  a c id  d i a p h r a g m  h a s  s h o w n  t h a t  t h e r e  is  n o  r e l a t i v e  m o v e m e n t  a t  

p H 3*6 , b u t  a t  g r e a t e r  pn v a lu e s  io n is a t io n  a n d  m o v e m e n t  t a k e s  p la c e . N o  

w o rk  a p p e a r s  t o  h a v e  b e e n  c a r r ie d  o u t  o n  t h e  a lc o h o ls , o r  o n  th e  a c id s  o n  m o re  

s t r o n g ly  a c id  s o lu tio n s .

T h e  re s u l t s  w e  h a v e  o b ta in e d  o n  t h e  g e n e r a l  e ffe c t o n  t h e  s u rf a c e  p o te n t i a l  

o f t h e  f ilm  d u e  t o  t h e  p re s e n c e  o f v a r io u s  s a l t s  in  t h e  u n d e r ly in g  s o lu tio n , 

sh o w  t h a t  s m a l l c h a n g e s  in  t h e  v a lu e s  o f  A V  c a n  b e  e ffe c te d , c a u s in g  a  s m a l l 

p a ra lle l d is p la c e m e n t  t o  t h e  A Y /n  c u rv e . F o r  t e t r a d e c y l  a lc o h o l  t h e  c h a n g e s  

w ere  in  n o  c a se  g r e a t e r  t h a n  a b o u t  35  m v . (o n  N /1 0 0  a lu m in iu m  s u lp h a te ) ,  a n d

* ‘ B iochem . Z .,’ vol. 49, p. 232 (1913). 

t  ‘ Z . phys. Chem .,’ A , vol. 157, p. 134 (1931).
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a lw a y s  in  t h e  sa m e  se n se , n a m e ly , a n  in c re a s e  in  th e  o r ig in a l p o te n t ia l  o b ta in e d  

o n  d is ti l le d  w a te r .

T h e  s ig n  o f t h e  p o te n t ia ls  o f th e s e  film s sh o w s  t h a t  th e  d ip o le  m o m e n t is 

p o s it iv e  a b o v e  a n d  n e g a t iv e  below". I t  is  r e a s o n a b le  t o  su p p o se  t h a t  a d so rp tio n  

o f  io n s  in  a n  o r ie n te d  la y e r  u n d e r  t h e  f ilm  w ill  t a k e  p la c e  b y  e le c tro s ta tic  

a d s o r p t io n ,  g iv in g  a  se c o n d  la y e r  p o s i t iv e  a b o v e  a n d  n e g a tiv e  be low . T h is  

r e s u l ts  in  a n  in c re a s e  o f t h e  o b s e rv e d  v a lu e s  o f A V .

T h e se  sm a l l v a r ia t io n s  in  p o te n t ia l  a r e  c o m p a ra b le  in  m a g n itu d e  to  th e  

v a lu e s  o b ta in e d  fo r  z e ta  p o te n t ia l s  in  c a t a p h o r e t i c  e x p e r im e n ts ,  a s  d is tin c t 

f ro m  th e  o rd e r  o f m a g n i tu d e  o f t h e  c h a n g e s  o c c u r r in g  w h e n  io n is a tio n  of th e  

film  is  t a k in g  p la c e , w h ic h  m a y  a m o u n t  t o  20 0  o r  300  m v .

I t  is  c le a r  t h a t  if  t h e r e  is  n o  o r i e n t a t io n  o f d is so lv e d  s u b s ta n c e s  in  t h e  u n d e r­

ly in g  la y e r , th e s e  w ill h a v e  n o  e f fe c t o n  th e  p o te n t i a l  o f th e  film , e v e n  th o u g h  

th e y  m a y  p ro d u c e  la rg e  c h a n g e s  w h e n  p r e s e n t  a lo n e  a t  th e  a ir - l iq u id  in te rfa ce . 

T h is  is  e x e m p lif ie d  b y  t h e  b e h a v io u r  o f a  lo n g -c h a in  m e th y l  e th e r , th e  film 

p o te n t ia l  o f w h ic h  is  i n d e p e n d e n t  o f t h e  p re s e n c e  o f a  la rg e  n u m b e r  o f su b s ta n c e s  

in  t h e  u n d e r ly in g  s o lu tio n .

T h e se  c o n s id e ra t io n s  p e r m i t  u s  t o  d r a w  a  d i s t in c t io n  b e tw e e n  o r ie n te d  

a d s o r p t io n  in  t h e  G ib b s ’ l a y e r  a n d  a c tu a l  c h e m ic a l c h a n g e s  o c c u rr in g  in  th e  

film .

Tr a n s i t i o n s .

The Vapour I Expanded Transition.

A  m o v in g  e le c tro d e  w a s  e m p lo y e d  in  i n v e s t ig a t in g  th e  lim it in g  a re a s  o f th e  

v a p o u r /e x p a n d e d  t r a n s i t i o n .  I t  w a s  fo u n d  t h a t  t h e  film s a t  a re a s  b ey o n d  

45 A 2 fo r  m y r i s t ic  a c id  o n  N /1 0 0  HC1 w ere  in h o m o g e n e o u s . T h is  f a c t was 

f ir s t  p o in te d  o u t  t o  t h e  a u th o r s  b y  A d a m  a n d  H a r d in g ,  w h o , in  t h e  cou rse  of 

e x p e r im e n ts  o n  s u rf a c e  p o te n t ia l s ,  h a d  fo u n d  t h a t  b y  b lo w in g  o n  th e  su rface  

v e ry  la rg e  f lu c tu a t io n s  o c c u r re d  in  t h e  p o te n t ia l s  o v e r  th is  ra n g e . A s an  

a p p a r a tu s  h a d  a l r e a d y  b e e n  c o n s t r u c te d  w ith  a  m o v a b le  e le c tro d e  fo r  in v e s ti­

g a t in g  th e  l im it in g  a r e a  o f t h e  c o n d e n s e d  s ta t e s ,  w h e re  la rg e  f lu c tu a tio n s  had  

a l r e a d y  b e e n  n o t ic e d  ( P a r t  I I I ) ,  t h e  o b s e r v a t io n  o f D r .  A d a m  w as soon 

c o n f irm e d .

I n  P a r t  I  th e  p o lo n iu m  so u rc e  w a s  f ix e d  s t a t i o n a r y  o v e r  t h a t  e n d  o f th e  tro u g h  

to w a rd s  w h ic h  th e  film  w a s  c o m p re sse d , a n d  in h o m o g e n e ity  w a s o n ly  noticed  

a t  a re a s  g r e a te r  t h a n  a b o u t  100 A 2 p e r  m o l. T h is  w a s fo u n d  to  b e  d u e  to  the  

e x p a n d e d  fo rm  o f th e  m y r i s t ic  a c id  e x is t in g  in  la rg e  is la n d s ,  w h ic h  o n  com pres­

s io n  c o lle c te d  u n d e r  t h e  p o lo n iu m  e le c tro d e  lo n g  b e fo re  th e  su rfa ce  was

440  J .  H . S c h u lm a n  a n d  A . H . H u g h e s .
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On the Surface Potentials of Films. 441

h o m o g e n eo u s . T h e s e  i s la n d s  h a d  a  m a x im u m  p o t e n t i a l  o f 152 m v .,  a n d  th e  

v a p o u r  film  e x is t in g  b e tw e e n  th e m  p o s se s s e d  a  v e r y  lo w  s u rf a c e  p o te n t i a l  o f 

a p p ro x im a te ly  2 m v .

S ince  th e  s u r fa c e  p r e s s u re  r e m a in s  c o n s t a n t  o v e r  t h i s  re g io n  a n d  th e  

p o te n t ia ls  o f t h e  tw o  fo rm s  o f  t h e  f ilm  p r e s e n t  a r e  so  v e r y  d i f f e r e n t , t h e  

lim it in g  a r e a  o f t h e  p h a s e  w i th  t h e  l a r g e r  s u r fa c e  p o t e n t i a l  w a s  e a s y  t o  d e te r m in e  

w ith  a c c u ra c y .

T h e  l im i t in g  a r e a  o f t h e  v a p o u r  film , o n  a c c o u n t  o f i t s  v e r y  s m a l l  s u rf a c e  

p o te n t ia l ,  w a s  m u c h  m o re  d if f ic u l t  to  d e te r m in e .  T h e  m e th o d  e m p lo y e d  w a s  

to  o b se rv e  th e  a r e a  a t  w h ic h  t h e  i s la n d s  o f t h e  e x p a n d e d  f ilm  d i s a p p e a r e d  

a n d  th e  w h o le  s u r fa c e  b e c a m e  a  h o m o g e n e o u s  v a p o u r  film . T h e  p o lo n iu m  w a s  

m o v e d  s y s te m a t ic a l ly  o v e r  t h e  s u r fa c e , a n d  a l l  n o n -u n i f o rm i t ie s  w i th  t h e i r  

p o te n t ia ls  w e re  lo c a l is e d . T h e s e  i s l a n d s  w e re  t h e n  c lo se ly  o b s e rv e d  o v e r  a  

c o n t r a c t io n  a n d  e x p a n s io n  o f  t h e  film .

I t  a p p e a r e d  a t  f i r s t  t h a t  t h e  s u r f a c e  b e c a m e  u n i fo r m  w i th  a  p o t e n t i a l  o f a b o u t  

2 m v . a t  a r e a s  o f 30 0  A 2, a n d  t h e  c u rv e s  s e e m e d  c o n s i s te n t  w i th  th o s e  a l r e a d y  

p u b lis h e d  ( P a r t  I ) . B u t  o n  c lo se r  o b s e r v a t io n  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 ra b le  n o n - u n i f o r m i ty  o f a b o u t  1 0 -2 0  m v . w i th in  1 -2  c m . o f  t h e  e d g e s  

of th e  t r o u g h .  I t  m a y  b e  a d d e d  t h a t  t h e  u n i f o r m i ty  o f  t h e  p o t e n t i a l  o f  t h e  

l iq u id  s u r fa c e  w a s  e x a m in e d  in  t h e  a b s e n c e  o f  t h e  f ilm  a n d  f o u n d  t o  b e  

u n ifo rm  w i th in  2 m v . e v e n  u p  t o  a  fe w  m i l l im e t r e s  f r o m  th e  e d g e s  o f t h e  

t r o u g h .

T h a t  t h e  l iq u id  p o r t i o n  o f  t h e  f ilm  in  t h e  t r a n s i t i o n  re g io n  s h o u ld  t e n d  to  

c o lle c t a lo n g  t h e  e d g e s  o f t h e  t r o u g h  w a s  a p p a r e n t l y  d u e  t o  t h e  s p r e a d in g  o f t h e  

p e tro l  e th e r  s o lu tio n . I t  w a s  n o t ic e d  in  a  b l in d  e x p e r im e n t  u s in g  p u re  p e t r o l  

e th e r  a lo n e , t h a t  a n y  s u r fa c e  c o n ta m in a t i o n  w a s  s w e p t  t o  t h e  e d g e s  o f t h e  

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

c h e c k in g  th e  p u r i t y  o f t h e  s u rf a c e .

N o n -u n if o rm it ie s  w e re  q u i te  d e f in i te ly  p r e s e n t  o n  th e  s u rf a c e  f r o m  a r e a s  o f  

700 A 2 p e r  m o l. t o  4 5 -5  A 2 a t  15° C. A t  a r e a s  o f  1 000  A 2 p e r  m o l. c h a n g e s  o f  

o n ly  1 -2  m v . f r o m  th e  z e ro  v a lu e  w e re  n o t ic e d  o v e r  t h e  w h o le  s u rf a c e . 

A ssu m in g  t h a t  t h e  s u r fa c e  is  u n i fo r m  a t  45  A 2 p e r  m o l. a t  a  p o te n t i a l  o f 152 m v .,  

one  m a y  c a lc u la te  t h e  f r a c t io n  o f t h e  t o t a l  s u r fa c e  a t  a n y  l a r g e r  m e a n  a r e a  p e r  

m o lec u le  w h ic h  s h o u ld  b e  c o v e re d  w i th  th e  152 m v . s p e c ie s  o f film , if  t h e  l a t t e r  

is u n c h a n g e d  o n  e x p a n s io n . T h is  m a y  b e  c o m p a r e d  e x p e r im e n ta l ly  w i th  th e  

a re a  so  c o v e re d , a s  fo u n d  b y  m o v in g  t h e  p o lo n iu m  e le c tr o d e  o v e r  t h e  s u rf a c e . 

T h e  v a lu e s  so  o b s e rv e d  w e re  a lw a y s  w e ll b e lo w  t h e  c a lc u la te d  v a lu e  fo r  a r e a s  

b e y o n d  100 A 2.
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442

T h e  e x p la n a t io n  o f th i s  is  p r o b a b ly  t h a t  th e  is la n d s  of th e  152 m v . e x p a n d e d  

film  a re  b e c o m in g  to o  s m a l l t o  o c c u p y  th e  a r e a  s u b te n d e d  b y  th e  w h o le  so lid  

a n g le  o f t h e  io n is a t io n  re g io n  o f th e  p o lo n iu m  so u rce .

I n  s u m m a ris in g , o n e  m a y  s a y  t h a t  t h e  r a n g e  o f in h o m o g e n e ity  a g re es  v e ry  

wrell w i th  t h e  l im its  o f t h e  t r a n s i t i o n  a l r e a d y  fo u n d  b y  A d a m  a n d  Je s so p *  

fo r  t h e  m y r i s t ic  a c id  v a p o u r /e x p a n d e d  t r a n s i t i o n ,  n a m e ly , f ro m  850 A 2 — 48 A 2 

p e r  m o l. a t  16° C. T h is  in h o m o g e n e i ty  o f t h e  t r a n s i t i o n  sh o w s  th e r e  is no  

n e c e s s ity  fo r  a s s u m in g  th e  p re -H o m a lic  s t a t e  P a r t  I ) .

T h e  lo w  v a lu e s  o f A Y  fo r  t h e  v a p o u r  s t a t e  a t  850  A 2 m a y  b e  c o m p a re d  w ith  

th e  v a lu e s  fo r  t h e  v a p o u r  film s o f so lu b le  s u b s ta n c e s .  T h u s , b u ty r ic  a c id  

g iv e s  a  A Y  o f 22*5  m v . w h e n  “  n ”  d e d u c e d  f ro m  th e  s u rfa c e  te n s io n  d e p res s io n  

is  0 - 3 5 . 1 0 ~ 14 m o ls ./s q . c m ., c o rr e s p o n d in g  to  a n  a r e a  p e r  m o le c u le  o f a b o u t  

300  A 2 p e r  m o l. T h e  v a p o u r  e x p a n d e d  film s o f d o d e c y l a lc o h o l o n  c o n c e n tr a te d  

HC1 a n d  o f e th y l  m y r i s t a t e  o n  N /1 0 0  HC1 g iv e  th e  sa m e  o rd e r  o f A V  (20 m v .) 

a t  th e s e  la rg e  a r e a s .

T h e  m o v in g  a i r  e le c tr o d e  p e r m i t s  o f a n  in te r e s t in g  e x p e r im e n t  in  t h a t  one  

c a n  fo llo w  th e  s u rf a c e  s o lu t io n  o f a  c r y s ta l  o f, s a y , m y r i s t ic  a c id  p la c e d  in  th e  

l iq u id  su rfa c e .

I n  P a r t  I ,  c u rv e s  w ere  s h o w n  o f  t h e  c h a n g e  o f  s u rfa c e  p o te n t ia l  w i th  tim e  

a t  a  f ix e d  p o in t  o n  t h e  s u rf a c e  d u r in g  th e  p ro c e ss  o f s u rfa c e  s o lu tio n . W h e n  a  

la rg e  i s la n d  o f t h e  e x p a n d e d  s t a t e  (w ith  a  p o te n t i a l  o f 152 m v .)  a r r iv e d  u n d e r  

t h e  p o lo n iu m  e le c tr o d e  t h e  s u rf a c e  p o t e n t i a l  r e m a in s  c o n s ta n t  u n t i l  th e  e n d  of 

t h e  t r a n s i t i o n ,  w h e n  t h e  w h o le  o f t h e  s u r fa c e  is  c o v e re d  w i th  th i s  fo rm . T h e n  

th e  p re s s u re  in c re a s e s  a n d  t h e  p o te n t i a l  r is e s  p r o p o r t io n a te ly  u n t i l  th e  

e q u i l ib r iu m  s p r e a d in g  p re s s u re  is  r e a c h e d .

I f  t h e  p o lo n iu m  e le c tr o d e  is  p la c e d  n e x t  t o  t h e  c r y s ta l  im m e d ia te ly  i t  h a s  b een  

p la c e d  in  t h e  s u rf a c e , v io le n t  f lu c tu a t io n s  o f p o te n t i a l  (0 -1 0 0  m v .)  t a k e  p lace  

w i th in  1 -2  c m . o f t h e  c r y s ta l .  B e y o n d  th i s  p o in t  th e r e  is  a  re g io n  o f u n ifo rm  

p o te n t ia l  a t  152 m v . in  t h e  fo rm  o f a  g r a d u a l ly  e x p a n d in g  w a v e  w ith  a  sh a rp  

b o u n d a ry .  I n  f r o n t  o f t h i s  t h e r e  is  a  p o te n t i a l  o f o n ly  1 -2  m v ., i.e., th e  v a p o u r  

film .

T h e  r a t e  o f s p r e a d in g  o f t h e  152 m v . fo rm  ( th e  u n c o m p re ss e d  e x p a n d e d  

film ) c a n  b e  r e a d i ly  fo llo w e d  w i th  t h e  m o v in g  e le c tro d e .  T h is  m e th o d  of 

fo llo w in g  th e  s p r e a d in g  o f film s  c o u ld  b e  m a d e  o f g e n e r a l  a p p lic a tio n .

T h e  f lu c tu a t io n s  o f p o te n t i a l  in  t h e  im m e d ia te  v ic in i ty  o f th e  c ry s ta l  were 

e x p la in e d  b y  o b s e r v a t io n s  w i th  a  d a rk -f ie ld  u lt r a m ic ro s c o p e  o f th e  ty p e

J .  H .  S c b u lm a n  a n d  A . H . H u g h e s .

* ‘ Proc. R oy. Soc.,’ A, vol. 110, p. 423 (1926).
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d e s ig n e d  b y  Z o c h e r  a n d  S tie b e l.*  H e re  c o n c e n tr ic  r in g s  o f  m in u te  c r y s ta l l i te s ,  

s im ila r  t o  th o s e  a p p e a r in g  in  t h e  “  p o in t  s t r u c t u r e , ”  a t  f ilm  c o lla p se , w e re  se e n  

to  s p r e a d  o ff f r o m  t h e  s u r fa c e  o f t h e  c r y s t a l  a n d  d is so lv e  a w a y  w i th in  a  few  

m ill im e tre s .

The Expanded I Condensed Transition.

T h e  m o v in g  e le c t ro d e  w a s  a g a in  o f  u se  in  o b s e rv in g  t h e  t r a n s i t i o n  o f t h e  

film  fro m  th e  e x p a n d e d  in to  t h e  c o n d e n s e d  s t a t e .  O n  c o m p re s s io n  o f a  f ilm  

o f m y r i s t ic  a c id  o n  N /1 0 0  HC1 t o  a r e a s  s m a l le r  t h a n  a b o u t  35 A 2 p e r  m o l.,  t h e  

p o te n t ia ls  b e g in  t o  s h o w  f lu c tu a t io n s  o v e r  t h e  s u r fa c e  t o  t h e  e x t e n t  o f 

so m e 20 m v .

T h e  f ilm  b e c o m e s  u n i f o r m  a g a in  a t  s m a l le r  a r e a s ,  b e lo w  a b o u t  27 A 2 p e r  m o l. ,  

a n d  o n  e x p a n s io n  th e  p ro c e ss  is  r e v e r s ib le .

T h e se  f lu c tu a t io n s  d o  n o t  a lw a y s  o c c u r . T h u s , o n  d e p o s i t in g  t h e  f ilm  o n  t h e  

s u rfa c e  d i r e c t ly  a t  a n  a r e a  o f  a b o u t  30  A 2 p e r  m o l. , t h e  f ilm  is  u n i f o r m  a n d  t h e  

p o te n t ia l  fo llo w s  t h e  r e p e a t a b le  c o u rs e  s h o w n  in  fig . 1. T h e  f lu c tu a t io n s  a p p e a r ,  

h o w e v e r ,  w h e n  t h e  f ilm  is  c o m p re s s e d  f r o m  la r g e r  a r e a s .  W h e th e r  t h e  n o n ­

u n i f o r m i ty  r e a l ly  in d ic a te s  t h e  p re s e n c e  o f  tw o  d i s t i n c t  p h a s e s ,  l iq u id  e x p a n d e d  

a n d  l iq u id  c o n d e n s e d , o r  w h e th e r  i t  is  d u e  t o  lo c a l c o lla p s e  o f  t h e  film , is  

d if f ic u lt  t o  d e c id e . F r o m  t h e  m e a s u r e m e n ts  o f  s u r fa c e  p r e s s u re s  (N . K . 

A d a m f ) ,  a  d e f in i te  b r e a k  in  t h e  F o r c e /A r e a  c u rv e s  is  a lw a y s  f o u n d  a t  a r e a s  o f  

a b o u t  35 A 2 p e r  m o l. a t  15° C.

A t  s m a l le r  a r e a s  t h a n  a b o u t  30  A 2 a  g r a d u a l  c h a n g e  in  t h e  s lo p e  o f t h e  

A Y  In c u rv e  o c c u r s , a n d  th e  v a lu e  o f ] I  d e c re a s e s , t h e  f in a l  p o r t i o n  o f t h e  c u rv e  

c o rr e s p o n d in g  c lo s e ly  w i th  t h a t  o f  t h e  l iq u id  c o n d e n s e d  f ilm s  o f p a lm i t i c  

a c id  u n d e r  t h e  s a m e  c o n d i t io n s .

I t  is  w o r th y  o f  n o te  t h a t  m y r i s t i c  a c id  a t  5° C. g iv e s  a  c u rv e  a t  s l ig h t ly  h ig h e r  

v a lu e s  fo r  A Y  fo l lo w in g  t h e  u p p e r  p o r t i o n  o f t h a t  o b ta in e d  a t  ro o m  t e m p e r a ­

tu r e ,  t h e  l im i t in g  a r e a  n o w  b e in g  28  A 2 ; t h e  c h a n g e  o f s lo p e  ( p )  is  a lso  n o t ic e d  

a s  t h e  f ilm  b e c o m e s  c o n d e n s e d . T h e re  is  t h u s  a  m a r k e d  c h a n g e  in  t h e  

c h a r a c te r  o f t h e  f ilm , a s  s h o w n  b y  t h e  s u r fa c e  p o te n t i a l s  a s  w e ll a s  b y  th e  s u r fa c e  

p re s su re s .

Th e  Va p o u r /Co n d e n s e d  Tr a n s i t i o n .

Transitions in the Condensed State.

I n  P a r t  I I I ,  a n d  in  t h e  p r e s e n t  w o rk , r e fe re n c e  h a s  b e e n  m a d e  t o  t h e  c o n ­

d e n s e d  film s  o f  p a lm i t i c  a c id  a n d  o f t e t r a d e c y l  a lc o h o l.  F u r t h e r  e x p e r im e n ts

* ‘ Z. phys. Chem .,’ A , vol. 147, p. 401 (1930).

f  “ The Physics and Chemistry of Surfaces,” chap. 2, London (1930.)
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444 J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

o n  th i s  ty p e  o f film  h a v e  b e e n  m a d e  w i th  h e x a d e c y l a n d  e ico sy l a lco h o ls  to  

e x a m in e  th e  in f lu e n c e  o f t h e  n a tu r e  o f th e  p o la r  h e a d  a n d  o f th e  c h a in - le n g th  

o n  th e  g e n e r a l  b e h a v io u r  in  t h e  c o n d e n s e d  s ta t e .

T h e  r a n g e  o f e x is te n c e  o f th e  c o n d e n s e d  s t a t e  is r e la t iv e ly  sm a ll— a t  th e  

m o s t  f ro m  a b o u t  23 A 2 to  1 8 -5  A 2 p e r  m o le c u le  in  th e s e  c ase s— a n d  th e  

l im it in g  f a c to r  in  t h e  a c c u ra c y  o f th e s e  e x p e r im e n ts  is  t h e  e s t im a t io n  of th e  

m o le c u la r  a re a s .  T h e se  c a n  b e  m e a s u re d  to  1 p e r  c e n t.

T h e  F o rc e /A re a  c u rv e s  fo r  h e x a d e c y l  a n d  e ic o sy l a lco h o ls  w ere  d e te rm in e d  

fo r  c o m p a r is o n  o f th e  l im i t in g  a r e a s  o f t h e  c o n d e n s e d  s t a t e  o b ta in e d  in  th is  

w a y  w ith  th o s e  o b ta in e d  b y  th e  m e th o d  o f s u rfa c e  p o te n t ia ls .

F o r g e /A r e a  Cu r v e s .

F ig . 5 sh o w s  th e  b e h a v io u r  o f h e x a d e c y l  a lc o h o l o n  N /1 0 0  HC1 a t  ro o m  te m ­

p e r a tu r e ,  a n d  is  ty p ic a l  o f t h e  c o n d e n s e d  s t a t e ,  t h e  g r a p h  b e in g  c lea r ly

30

S  20

£
o

CD

a
C / 2

CD

C

Sq.A .U . p a r  m o le c u le  [A]

Fig . 5.— F o r c e /A r e a  C u rv e . H e x a d e c y l  a lc o h o l  N /100 HC1 15° C.

d iv id e d  in to  tw o  s t r a ig h t  lin e s , A B  a n d  B C , r e p re s e n t in g  a  h ig h  a n d  a  low 

c o m p re ss ib il ity  r e s p e c tiv e ly . T h e  f ilm  is  l iq u id  e v e n  u p  to  t h e  h ig h est 

c o m p re ss io n s , a  p o in t  o f so m e  in te r e s t  t o  w h ic h  re fe re n c e  w ill b e  m a d e  la te r .

F ig . 6 g iv e s  t h e  F o r c e /A re a  c u rv e s  o f e ic o sy l a lc o h o l a lso  o n  N /1 0 0  HC1. A t 

low  te m p e r a tu r e s  t h i s  a lc o h o l  fo rm s  a  d e f in ite ly  so lid  film , a n d  i t s  b eh av io u i 

w as, th e re fo re ,  e x a m in e d  o v e r  a  r a n g e  o f te m p e r a tu r e s  f ro m  4° C. to  31 0 ., 

w i th  a  v ie w  to  c o r r e la t in g  th e  p h a s e  c h a n g e  in  t h e  film , a s  o b se rv e d  b y  th e
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m o tio n  o f t a l c  p a r t i c le s  p la c e d  o n  t h e  s u rf a c e , w i th  a n y  c h a n g e  in  t h e  fo rm  

o f  th e  f o r c e /a r e a  c u rv e s .

A t 4° C. th e  f ilm  is  so lid , a n d  a  n o t ic e a b le  s u r fa c e  p re s s u re  is f i r s t  o b ta in e d  

a t  a n  a r e a  o f 21 * 0 A 2 p e r  m o l.,  a n d  a  l in e a r  in c re a s e  in  p r e s s u re  is  o b ta in e d  d o w n  

to  19*1 A 2 p e r  m o l. in  t h e  A B  fo r m  o f h ig h  c o m p re s s ib i l i ty .  T h e  fo rm  o f lo w  

c o m p re s s ib il ity  a n d  h ig h  p r e s s u re s  is  u n s t a b l e  a t  t h i s  t e m p e r a t u r e ,  a n d  t h e  

film  r e a d i ly  c o l la p s e s  a b o v e  10 d y n e s  p e r  c m .

On the Surface Potentials of Unimolecular Films. 445

=3 10

S q.A .U . p e r  m o le c u le

Fig . 6 .— F o r c e /A r e a  C u rv e s .  E ic o s y l  a lc o h o l  [C 20] N /1 0 0  H C 1.

U p  t o  16° C. t h e  s a m e  t y p e  o f  c u rv e  is  o b ta in e d  a s  o n  h e x a d e c y l  a lc o h o l,  a n d  

t h e  s e c o n d  p o r t io n ,  B C , c a n  b e  fo llo w e d  f r o m  t h e  c h a n g e  p o in t  B , a t  17 d y n e s  

p e r  c m . t o  p re s s u re s  a b o v e  3 0  d y n e s  p e r  c m . T h e  A B  f ilm  is  n o w  l iq u id  a n d  

t h e  B C  f ilm  so lid .

I n  t h e  n e ig h b o u rh o o d  o f 20° C. t h e  f o r c e /a r e a  c u rv e s  show ' a  p e c u l ia r  a r r e s t  

le v e l  f r o m  2 0 * 1 -1 9 * 8  A 2 p e r  m o l . j u s t  b e fo re  t h e  s te e p  r is e  in  p re s s u re  a lo n g  B C . 

A b o v e  22° C. t h e  f ilm  is  l iq u id  t h r o u g h o u t ,  a n d  g iv e s  t h e  u s u a l  t y p e  o f  c u rv e . 

T h e re  is  n o  s h a r p  m e l t in g  p o in t  o f t h e  film . A  g r a d u a l  in c re a s e  o f t h e  m o le c u la r  

a r e a s  w i th  r is in g  t e m p e r a t u r e s  is  o b ta in e d  o f a b o u t  10 p e r  c e n t ,  fo r  a  r a n g e  o f 

27 d e g re s s . T h e  r e s u l t s  o f  A d a m  a n d  D y e r*  o n  th e  a lc o h o ls  a p p e a r  t o  a g re e  

w i th  t h e  r e s u l t s  h e re  g iv e n  a t  r o o m  te m p e r a t u r e .

Su r f a c e  P o t e n t i a l  Cu r v e s .

T h e  s u r fa c e  p o te n t i a l s  ( A Y ) in  t h e  c o n d e n s e d  film s  sh o w  a  s im i la r  c h a n g e  o f  

fo rm , a t  a  d e f in ite  a r e a  p e r  m o le c u le , a s  t h e  f o r c e /a r e a  c u rv e s ,  a n d  p ro v id e  m o re  

* ‘ P r o c .  R o y .  S o c . ,’ A , v o l.  106, p .  6 9 4  (1 9 2 4 ) .
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d e ta i le d  in fo r m a t io n  a s  t o  t h e  n a t u r e  o f t h e  film . I n  t h e  c ase  o f h e x a d e c y l 

a lc o h o l, t h e  e ffe c t o f t h e  u n d e r ly in g  s o lu tio n , a n d  in  th e  case  o f e ico sy l a lco h o l 

t h e  e ffe c t o f a l t e r a t io n  o f t e m p e r a tu r e ,  h a s  b e e n  in v e s t ig a te d .  T h e  v a lu e s  o f 

A V  a r e  p l o t t e d  a s  u s u a l  a g a in s t  “ n,” t h e  n u m b e r  o f m o le c u le s  p e r  sq . c m ., 

in s te a d  o f “  A ,”  t h e  a r e a  p e r  m o le c u le , s in ce  t h e  s lo p e  o f t h e  A V/n  c u rv e  g ives 

in fo r m a t io n  a s  t o  t h e  d ip o le  m o m e n t  o f t h e  m o le c u le . T h e  r e s u l ts  o n  

h e x a d e c y l a lc o h o l a r e  g iv e n  in  fig . 7.

J .  H . S c h u lm a n  a n d  A . H . H u g h e s .

25-0 [Sq.A.U. per m olecu le] 20^0

M o l e c u l e s / s q . c m  [N]

Fig . 7.—H e x a d e c y l  a lc o h o l,  16° C . (i) N /1 0 0  H C 1 ; (ii) N /1 0  N a O H .

A t a r e a s  la r g e r  t h a n  a b o u t  23 A 2 p e r  m o l. t h e  film  is  in h o m o g e n e o u s , th e  

p o te n t ia ls  f lu c tu a t in g  f ro m  5 0 -3 5 0  m v . in  a n  i r r e g u la r  m a n n e r .  T h is  is d u e  

t o  t h e  p re se n c e  o f la rg e  is la n d s  o f c o n d e n s e d  f ilm  in  e q u il ib r iu m  w ith  a  v a p o u r  

film  o f t h e  a lc o h o l. T h is  v a p o u r  f ilm  h a s  a  v e r y  sm a l l tw o -d im e n s io n a l v a p o u r  

p re s su re , a n d  a  v e r y  s m a l l s u rf a c e  p o te n t ia l ,  a s  fo u n d  fo r  t h e  v a p o u r  o f m y r is tic  

a c id .

O n  c o m p re ss io n  o f th e  f ilm  b e lo w  a b o u t  22  A 2 p e r  m o l., a  slow  u n ifo rm  rise  o f 

p o te n t ia l  is  o b ta in e d ,  b u t  a t  a  d e f in ite  p o in t  B  th e  p o te n t ia l  r is e s  s u d d e n ly  

a n d  s te e p ly  t i l l  t h e  f ilm  c o lla p se s . T h is  c h a n g e  p o in t  a g re e s  w ith in  e x p e r im e n ta l 

e r ro r  w ith  th e  p o in t  B  o n  th e  fo r c e /a r e a  c u rv e , a t  2 0 * 0  i  0*1 A 2 p e r  m o l.

A s in  th e  c ase  o f t h e  lo w e r  a lc o h o ls , t h e  c u rv e s  o n  N /1 0  N a O H  a re  som e 50 m v . 

lo w e r  in  p o te n t ia l  t h a n  o n  N /1 0 0  HC1, b u t  t h e  fo rm  o f t h e  c u rv e  is  s im ila r . 

T h e  film  a p p e a r s  t o  b e  s l ig h t ly  c o n t r a c te d  o n  a  s t r o n g ly  a lk a l in e  so lu tio n  ; 

o n  c a re fu l c o m p re ss io n  a n  a r e a  p e r  m o le c u le  a s  lo w  a s  1 8 -6  A 2 m a y  b e  o b t a i n e d  

b e fo re  th e  film  c o lla p se s , t h e  w h o le  c u rv e  b e in g  s lig h t ly  d is p la c e d  to  th e  r ig h t 

a s  c o m p a re d  w ith  t h a t  o n  th e  a c id  s o lu tio n .

 D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
ro

y
al

so
ci

et
y
p
u
b
li

sh
in

g
.o

rg
/ 

o
n
 0

4
 A

u
g
u
st

 2
0
2
2
 



On the Surface Potentials of Unimolecular Films. 447

F ig . 8  g iv e s  t h e  r e s u l t s  fo r  e ic o sy l a lc o h o l.  A t  t h e  lo w e s t t e m p e r a t u r e  t h e  

h ig h  p o te n t ia l  fo rm  is n o t  o b ta in e d ,  o w in g  t o  f ilm  c o lla p se , b u t  i t  a p p e a r s  a s  a  

s ta b le  fo rm  o n  r a is in g  th e  t e m p e r a t u r e  in  e x a c t ly  t h e  s a m e  m a n n e r  a s  t h e  h ig h  

p re s su re  fo rm  o n  t h e  fo r c e /a r e a  c u rv e s  (o f fig . 6). A t  t e m p e r a t u r e s  o f  a b o u t

4-5 5-0

M o l e c u l e s / s q . c m  [N]

F ig . 8 .— E ic o s y l  a lc o h o l  [C 20] N /1 0 0  H C1.

20° C. t h e  in i t i a l  p o r t i o n  A B , p r e v io u s ly  l in e a r ,  sh o w s  a  s m a l l  k in k  o f  in c r e a s in g  

p o te n t ia l  o v e r  t h e  s a m e  r a n g e  o f a r e a  a s  t h e  a r r e s t  le v e l  o b ta in e d  o n  t h e  fo r c e /  

a r e a  c u rv e s  a t  t h e  s a m e  t e m p e r a t u r e .  T h e  f ilm  t h e n  p a s s e s  o v e r  in to  th e  h ig h  

p o te n t ia l  fo rm .

A t  h ig h e r  t e m p e r a t u r e s  t h e  h ig h  p o t e n t i a l  f o r m  is  o b ta in e d  a t  s t i l l  l a r g e r  

a re a s , a n d  t h e  s a m e  g e n e ra l  e x p a n s io n  w i th  t e m p e r a t u r e  a s  o b s e rv e d  o n  th e  

f o r c e /a r e a  c u rv e s .

D i s c u s s i o n .

I n  a  g e n e ra l w a y  i t  m a y  b e  s a id  t h a t  t h e  v a lu e s  o f t h e  l a t e r a l  s u rf a c e  p r e s s u re s  

in d ic a te  t h e  b e h a v io u r  o f  t h e  h y d r o c a r b o n  c h a in ,  w h ile  t h e  s u rf a c e  p o te n t ia l s  

in d ic a te  t h a t  o f t h e  p o la r  h e a d  g ro u p ,  t h i s  b e in g  th e  s e a t  o f t h e  p r e d o m in a n t  

e le c tr ic a l d ip o le  in  t h e  m o le c u le .

I t  a p p e a r s  t h a t  f o u r  f a c to r s  c a n  o p e r a te  in  d e te r m in in g  th e  s t r u c tu r e  o f  t h e  

f i l m :—

(i) T h e  le n g th  o f t h e  h y d r o c a r b o n  c h a in .

(ii) T e m p e r a tu r e .

(iii) T h e  n a tu r e  o f t h e  u n d e r ly in g  s o lu tio n .

(iv ) T h e  n a tu r e  o f t h e  p o la r  h e a d  g ro u p .
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I t  is  w ell k n o w n  fro m  th e  w o rk  o f A d a m  ( cit.) t h a t  in c re a s in g  th e  c h a in  

le n g th  h a s  t h e  s a m e  e ffe c t a s  d e c r e a s in g  th e  t e m p e r a tu r e  ; in  e i th e r  case  th e  

c o h es io n  of t h e  c h a in s  t o  e a c h  o th e r  is  in c re a s e d . T h u s  a  film  o f m y r is tic  ac id , 

w i th  14 c a rb o n  a to m s  a t  20° C. b e h a v e s  s im ila r ly ,  ceteris paribus, t o  a  film  of 

p a lm i t ic  a c id  w i th  16 c a r b o n  a to m s  a t  40° C.

I t  is  c le a r , h o w e v e r , t h a t  in  t h e  g e n e ra l c a se  th e  n a tu r e  o f th e  p o la r  h e a d  a n d  

o f t h e  u n d e r ly in g  s o lu t io n  m u s t  b e  c o n s id e re d .

T h e  g r a d u a l  e x p a n s io n  o f a  f ilm  o f p a lm i t ic  a c id  o n  in c re a s in g  th e  a c id i ty  of 

t h e  u n d e r ly in g  s o lu t io n  h a s  a l r e a d y  b e e n  n o t ic e d . T h e  p r e s e n t  w o rk  show s 

t h a t  t h i s  is  a  p a r t i c u l a r  c a se  o f a  m o re  g e n e ra l b e h a v io u r .

T h u s  o n e  f in d s  t h a t  a n  a lc o h o l b e h a v e s  o n  s l ig h t ly  a c id  s o lu tio n s  in  a  s im ila r  

w a y  to  t h e  a c id  w i th  tw o  m o re  c a r b o n  a to m s .  M y ris tic  a c id  a n d  d o d e cy l 

a lc o h o l  b o th  gi ve e x p a n d e d  film s, p a lm i t ic  a c id  a n d  t e t r a d e c y l  a lc o h o l b o th  g iv e  

c o n d e n se d  f ilm s , a n d  in  a ll  th e s e  c ase s  t h e  l im i t in g  a r e a  in c re a se s  w i th  in c re a s in g  

a c id i ty .

O n  c o n c e n t r a te d  HC1 s o lu tio n s  th e  a lc o h o ls  a re  a ff e c te d  m u c h  m o re  m a rk e d ly  

t h a n  th e  a c id s .  D o d e c y l a lc o h o l is  r a is e d  a b o v e  i t s  c r i t ic a l  p o in t ,  a n d  c h a n g e s  

f ro m  a n  e x p a n d e d  f ilm  t o  a  v a p o u r  e x p a n d e d  f ilm , a n d  t e t r a d e c y l  a lc o h o l f ro m  a  

liq u id  c o n d e n s e d  f ilm  t o  a n  e x p a n d e d  film , w h ile  in  t h e  c a se  o f m y r is t ic  a c id  th e  

film  re m a in s  in  t h e  s a m e  s t a t e  a s  a n  e x p a n d e d  f ilm , b u t  th e  l im it in g  a re a  is 

c o n s id e ra b ly  in c re a s e d , f r o m  45 A 2 p e r  m o l. (N /1 0 0  HC1) t o  55 A 2 p e r  m ol. 

(4 N  HC1).

W i th  r e g a r d  to  t h e  c o n d e n s e d  f ilm s  i t  w as  a t  o n e  t im e  th o u g h t  t h a t  th e  tw o  

b ra n c h e s  o f t h e  ty p ic a l  fo rc e  / a r e a  c u rv e  ( ., A B , B C , fig . 5) c o u ld  b e  id e n tifie d

w ith  a  “  l iq u id  ”  c o n d e n s e d  a n d  a  “  s o lid  ”  c o n d e n s e d  film  re sp e c tiv e ly .

T h is  v ie w  is  c o n t r a d ic t e d  b y  th e  p a r t i c u l a r  c a s e  in  p o in t ,  h e x a d e c y l a lcoho l, 

w h e re  th e  c o n d e n s e d  film  is  d e f in ite ly  l iq u id  th r o u g h o u t .

A s n o t ic e d  b y  A d a m  (loc. cit., p .  60), p a lm i t ic  a c id  a n d  h e x a d e c y l a lcoho l, 

u n d e r  p r e c is e ly  th e  sa m e  c o n d it io n s  (o n  w a te r  a t  15° C .), g iv e  a  so lid  c o n d en sed  

a n d  a  l iq u id  c o n d e n s e d  f ilm  r e s p e c t iv e ly  a lo n g  B C . T h is  sho w s t h a t  th e  h e ad  

g ro u p  e x e r ts  a  c o n s id e ra b le  in f lu e n c e  o n  th e  b e h a v io u r  o f t h e  h y d ro c a rb o n  

c h a in  fo r  t h e  sa m e  c h a in  le n g th ,  t h e  s a m e  t e m p e r a tu r e  a n d  th e  sa m e  u n d e r ­

ly in g  so lu tio n .

I t  is  t h u s  in c o r r e c t  t o  d e sc r ib e  th e  tw o  ty p e s  o f c o n d e n se d  film  (A B , BC) as 

so lid  a n d  liq u id  a s  a  c o m p re h e n s iv e  n o m e n c la tu r e .  T h e y  w ill h e re  b e  d e s ig n a te d  

fo r  c o n v e n ie n c e  b y  “  a  ”  a n d  “  (3 ”  c o n d e n s e d  film  re s p e c tiv e ly .

A  sec o n d  v ie w  t h a t  h a s  b e e n  p u t  fo rw a rd  t o  e x p la in  th e s e  tw o  s ta te s  is th a t  

t h e  “  a  ”  fo rm  r e p re s e n ts  c o m p re ss io n  o f th e  h e a d -g ro u p s  a n d  th e  “  (3 form

J .  H . S c h u lm a n  a n d  A . H . H u g h e s .
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On the Surface Potentials o f Films. 4 4 9

th e  c o m p re ss io n  o f  t h e  c lo s e -p a c k e d  h y d r o c a r b o n  c h a in s .  I t  is  a s s u m e d  t h a t  

th e  p o la r  h e a d  g ro u p  o c c u p ie s  a  l a r g e r  a r e a  o f  s u r fa c e , a n d  is  m o re  e a s ily  

c o m p re ss ib le  t h a n  th e  n o n - p o la r  c h a in  (A d a m , loc. cit.). F r o m  a  s t u d y  o f 

th e  f o r c e /a r e a  c u r v e s  a lo n e  th i s  c o n c lu s io n  is  ju s t i f ia b le ,  b u t  t h e  r e s u l t s  

o b ta in e d  o n  s u r fa c e  p o te n t ia l s  i n d ic a te  t h a t  a  r e c o n s id e r a t io n  o f  t h e  c a se  is  

n e c e ssa ry .

I n  th e  “  a  ”  fo rm  t h e  d ip o le  m o m e n t  j l ,  d e r iv e d  f r o m  t h e  s lo p e  o f  t h e  A V /n  

c u rv e , is sm a ll, a p p r o x im a te ly  1 * 1 . 1 0 “ 19 e .s .u .  p e r  m o l. fo r  t h e  a lc o h o ls  o n  a c id  

o r  a lk a l in e  s o lu t io n s , a n d  a p p r o x im a te ly  1 * 5 . 1 0 ~ 19 e .s .u . p e r  m o l. fo r  th e  a c id s  

( P a r t  I I I ) .  T h a t  is , t h e  m o m e n t  o f  t h e  h e a d  g ro u p  i t s e l f  is  n o t  c h a n g in g  

a p p re c ia b ly  o n  c o m p re s s io n  o f  th e  f ilm , a s  w o u ld  b e  e x p e c te d  if  t h e  h e a d  g ro u p s  

th e m s e lv e s  w e re  b e in g  c o m p re s s e d . T h e  f a c to r  w h ic h  is  a l t e r in g ,  h o w e v e r , 

is t h e  c o n t r ib u t io n  t o  t h e  t o t a l  d ip o le  m o m e n t  f r o m  th e  u n d e r ly in g  s o lu tio n , 

t h e  t e r m  b/inn  in  e q u a t i o n  (3), w h e re  b is  n o w  p o s i t iv e .  T h is  c o n t r ib u t io n  is  

d e c r e a s in g  o n  c o m p re s s io n  o f t h e  film , a  s im p le  in t e r p r e t a t i o n  o f  w h ic h  is  t h a t  

t h e  s o lv e n t  m o le c u le s  o r ie n te d  b e tw e e n  t h e  p o la r  h e a d  g ro u p s  a r e  b e in g  

e x p e lle d  in to  t h e  u n d e r ly in g  s o lu t io n .

O n  f u r th e r  c a r e fu l  c o m p re s s io n  o f  t h e  f ilm  in t o  t h e  “  (3 ”  fo rm  th e r e  is a  v e ry  

m a r k e d  c h a n g e  in  t h e  A V /n  c u rv e s ,  b o t h  in  t h e  c a s e  o f t h e  a c id s  ( P a r t  I I I )  a n d  

of t h e  a lc o h o ls . T h e  p o t e n t i a l  r i s e s  s h a r p ly  o v e r  a  v e r y  s m a l l  r a n g e  o f  a r e a ,  

th e  p o r t io n  B C  in  fig . 7 , p r io r  t o  f ilm  c o lla p s e .

T h is  c h a n g e  m u s t  b e  a s s o c ia te d  w i th  a  r e - o r i e n ta t io n  o f t h e  C H 2O H  o r  C O O H  

g ro u p s  w h e n  t h e y  a r e  b r o u g h t  i n to  c lo se  p r o x im i ty .  T h is  r e - o r i e n ta t io n  is  

a s s is te d  b y  a  r is e  o f t e m p e r a t u r e ,  o c c u r r in g  a t  l a r g e r  a r e a s  a s  t h e  t e m p e r a t u r e  

is r a is e d .

A s n o te d  b y  A d a m  a n d  D y e r  (loc. cit.), a s  t h e  c h a in  le n g th  is  in c re a s e d  th e  

c o n d e n s e d  film s  sh o w  a  s l ig h t ly  c lo se r  p a c k in g .  T h is  o b s e r v a t io n  is  c o n f i rm e d  

in  th i s  w o rk  o n  t h e  a lc o h o ls . F o r  h e x a d e c y l  a lc o h o l a t  15° C. t h e  t r a n s i t i o n  

p o in t  B , b e tw e e n  t h e  “  a  ”  a n d  “  (3 ”  c o n d e n s e d  s t a t e s  o c c u rs  a t  19*8  A 2 ; f o r  

e ico sy l a lc o h o l  t h i s  h a s  d e c r e a s e d  t o  19*5  A 2.

A t  t h e  s a m e  t im e  i t  m u s t  b e  n o t ic e d  t h a t  t h e  t o t a l  p o t e n t i a l  in  t h e  c o n d e n s e d  

film s is  c a . 40  m v . h ig h e r  in  t h e  c a s e  o f e ic o sy l a lc o h o l t h a n  fo r  h e x a d e c y l a lc o h o l .  

N o  s im p le  e x p la n a t io n  o f t h i s  p h e n o m e n o n  se e m s  a v a ila b le .

T h e  a u th o r s  a re  g r a te f u l  to  D r . N . K .  A d a m  fo r  th e  g i f t  o f p u r e  sp e c im e n s  

o f r a y r is t ic  a c id , h e x a d e c y l  a lc o h o l  a n d  e ic o sy l a lc o h o l . T h e y  a lso  w ish  to  

e x p re s s  t h e i r  th a n k s  t o  t h e  D e p a r t m e n t  o f S c ie n tif ic  a n d  I n d u s t r i a l  R e s e a r c h  

( J .  H .  S. a n d  A . H . H .) ,  t h e  G o v e rn in g  B o d y  o f T r in i ty  H a l l ,  C a m b rid g e , a n d
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450 R . T . H a m il to n  a n d  J .  A . V. B u tle r .

T h e  M e rc h a n t T a y lo r s ’ C o m p a n y  (A . H . H .)  fo r  g r a n t s  w h ic h  h a v e  e n a b le d  th e  

in v e s t ig a t io n  t o  b e  c a r r ie d  o u t .

T h e ir  v e r y  g r e a t  th a n k s  a re  d u e  t o  P ro fe s s o r  E . K . R id e a l,  F .R .S .,  th e  

in s t ig a to r  o f th i s  w o rk , fo r  h is  c o n t in u e d  a d v ic e  a n d  v a lu a b le  c r it ic is m .

Su m m a r y

(J )  T h e  e ffe c t o f t h e  u n d e r ly in g  s o lu t io n  o n  th e  s u rfa c e  p o te n t ia ls  of 

u n im o le c u la r  film s  o f lo n g  c h a in  a l ip h a t ic  c o m p o u n d s  h a s  b e e n  e x a m in e d  over 

a  la rg e  r a n g e  o f  pH, a n d  fo r  t h e  sp ec ific  e ffe c ts  o f v a r io u s  io n s  in  th e  u n d e r ly in g  

so lu t io n .

(2) A  d is t in c t io n  is  d r a w n  b e tw e e n  io n is a t io n  o f t h e  f ilm -fo rm in g  m a te r ia l 

a n d  a d s o r p t io n  o f io n s  o n  t h e  film .

(3) T w o - d im e n s io n a l t r a n s i t i o n s  o f  s t a t e  a re  d is c u s s e d  in  d e ta i l .

The Behaviour of Electrolytes in Mixed Solvents. Part I V .— The 

Free Energy of Zinc Chloride in Solutions.

B y  R . T . H a m i l t o n , P h .D . ,  a n d  J .  A . V . B u t l e r , D.Sc ., U n iv e r s i ty  of

E d in b u r g h .

(C o m m u n ic a te d  b y  J .  K e n d a l l, F .R .S .— R ec e iv e d  J u n e  25, 1932.)

I n  P a r t  I  o f th i s  s e r ie s*  w e re  d e s c r ib e d  m e a s u re m e n ts  o f t h e  f ree  e n e rg y  a n d  

h e a t  c o n te n t  o f h y d ro g e n  c h lo r id e  in  a  s e r ie s  o f w 'a te r-a lc o h o l m ix tu r e s .  I t  

a p p e a re d  t o  b e  v e r y  d e s ir a b le  t o  f in d  if  t h e  b e h a v io u r  sh o w n  b y  h y d ro g en  

c h lo r id e  is  ty p ic a l  o f t h a t  o f s t r o n g  e le c t ro ly te s  in  g e n e ra l . F o r  th is  p u rp o se  

a n  a t t e m p t  w a s  m a d e  in  t h e  f i r s t  p la c e  t o  d e te r m in e  th e  f ree  e n e rg ie s  o f li th iu m  

c h lo r id e  in  th e s e  s o lv e n ts ,  u s in g  a m a lg a m  e le c tro d e s . P r e l im in a r y  m e asu re ­

m e n ts  sh o w e d  t h a t  e v e n  U n d er r ig id ly  a ir - f re e , c o n d it io n s  re p ro d u c ib le  va lues 

o f t h e  e le c tr o m o tiv e  fo rce s  o f  c e lls  c o n ta in in g  l i th iu m  a m a lg a m s  c o u ld  n o t be 

o b ta in e d  in  a lc o h o l s o lu tio n s .  S im ila r  e x p e r ie n c e s  w i th  so d iu m  a m alg am s  

h a v e  b e e n  r e p o r te d  f r o m  th e  B a ll io l C o llege  L a b o r a to r y , !  w h ile  S c a tc h a rd J  has 

a lso  e x p e r ie n c e d  s im ila r  d if f ic u ltie s  w i th  c a lc iu m  a m a lg a m s . I t  a p p e a re d  th a t

* Butler and Robertson, ‘ Proc. R oy. Soc.,’ A, vol. 125, p. 694 (1929).

f  W olfenden, W right, Rose K une, and Buckley, ‘ Trans. Faraday Soc.,’ vol. 23, p. 491 

(1927).

J Private communication.
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