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T H E  E L E C T R I C A L  D O U B L E  L A Y E R .

G E N E R A L  D IS C U S S IO N .*

D r .  M . H . G o r in  (New York) (w ith  reg ard  to the p ap e r of T is e liu s  
a n d  Svensson, page 1 6 ) : I n  co m p arin g  the procedures of o b ta in in g  the 
net charge of p ro te in s b y  m em brane p o te n tia ls  a n d  t itra t io n  c u rve s  tw o 
p o in ts  arise. T it r a t io n  c u rv e s  p r im a rily  g ive  in fo rm a tio n  ab o u t acid  
a n d  base b in d in g  an d  ca n n o t w ith o u t fu rth e r a ssu m p tio n s be used to 
fu rn ish  in fo rm a tio n  ab o u t sp ecific  in te ra ctio n  of th e  p ro te in  w ith  other 
ion s in  the system . O n th e  o th e r hand', in  th e  id e a l sense, m em brane 
p o te n tia ls  sh o u ld  g ive  th is  in fo rm a tio n  an d, therefore, sh o u ld  y ie ld  a n  
u n e q u iv o c a l v a lu e  of the n e t charge. H o w e ve r, in  the presence of co n 
sid erab le  e le ctro ly te  a n d  p ro te in  som e u n ce rta in tie s  are p resen t in  the 
in te rp re ta tio n  an d  co rrectio n s in v o lv e d  in  the c a lc u la tio n  of th e  net 
charge fro m  m em brane p o te n tia ls. T it r a t io n  d ata, o n th e  o th e r hand , 
o b tain e d  in  regio ns n o t fa r  rem o ve d  fro m  n e u tra lity  y ie ld  defin ite  in 
fo rm a tio n  ab o u t changes in  a c id  an d  base b in d in g , fo r the t itra t io n  
co rre ctio n  in  th e  change in  h y d ro g e n  io n  o f th e  s o lv e n t is  u s u a lly  n e g lig ib ly  
sm a ll u n d e r these co n d itio n s.

T h e  m ethod in tro d u c e d  b y  A b ra m so n  1 fo r d eterm in in g  the net charge 
fro m  t itr a t io n  cu rve s in  th e  neighb ourhood  o f the iso e lectric  p o in t in v o lv e s  
th e  a ssu m p tio n  t h a t  in  th is  reg io n the b in d in g  of io n s o th e r th a n  h y d ro x y l 
a n d  h y d ro g e n  is  a p p ro x im a te ly  in d e p en d e n t of pil. T h is  assu m p tio n  
ap p e a rs  to  be o rd in a r ily  ju s tif ia b le  sin ce  the non-sp ecific in te ra c tio n  of 
io n s w ith  p ro te in  sh o u ld  be expected  to d epend  o n th e  to ta l charge o f the 
p ro te in  ra th e r th a n  u p o n it s  n e t charge. I n  a d d itio n , th is  a ssu m p tio n  
also  h as ju s tific a tio n  because of it s  success in  c o rre la tin g  e xp e rim e n t w ith  
th eo ry .

T h e  tw o m ethods (t itra tio n  c u rv e  a n d  m em brane p o te n tia l) ca n n o t be 
d ire c t ly  com pared  in  th e  case o f th e  v e ry  v a lu a b le  d a ta  o f T is e liu s  a n d  
Svensson fo r the m easurem ents are  so fa r  rem oved fro m  th e  iso e lectric  
p o in t  th a t  the a ssu m p tio n  in v o lv e d  in  a p p ly in g  th e  t itra t io n  c u rv e  a n a ly s is  
w o u ld  be open to  q uestio n. I n  co m paring, how ever, the co n clu sio n s of 
T is e liu s  a n d  Svensson based on th e  p resen t d a ta  a n d  the co n clu sio n s of 
M o y er a n d  A b e ls  2 on som e of T is e liu s ’ o ld er d a ta  in  th e  neig hb ourhood  
of th e  iso e lectric  p o in t, there rem ain s a  d iscre p a n cy  of 2 0  % . I t  w as sh o w n 2 
th a t in  o rd er to get agreem ent w ith  th e  e q u a tio n

Qf(xy)
67T7jr(l -f- Kf)

th a t a v a lu e  of the ra d iu s  o f 3 2 ^ 6  a .  h a d  to be assum ed. O n the other 
hand , T is e liu s  an d  Svensson w ere able to  get agreem ent u sin g  m em brane 
p o te n tia l d ata  b y  assu m in g  a v a lu e  of 2 7 - 5  a .  for th e  ra d iu s. T h is  am ounts 
to a b o u t a  2 0  %  difference in  the p red icted  m o b ility  fro m  the sam e d ata.

* On papers published in  this volum e at pages x et seqq.
1 H . A. Abramson, / .  Gen. Physiol., 1 9 3 2 , 15, 5 7 5  ; Electrokinetic Pkenomena, 

New York, 1 9 3 4 , Chapter V.
5 Moyer and Abels, / .  Biol. Chetn., 1 9 3 7 , 1 2 1 , 3 3 1 .
2 H. A. Abramson, M. H. Gorin, and L . S. Moyer, Cheni. Reviews, 1 9 3 9 ,  2 4 ,  3 4 5 .

2 6  7 i r
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T h e  com p arison above, of course, is  m ade a t  io n ic  stre n g th  of 0 -0 2 . T h e  
d iscre p an cy  betw een the tw o m ethods w o u ld  u n d o u b te d ly  d isa p p e a r a t  
in fin ite .

I t  w o u ld  be of in te re st to  a p p ly  the m ore com plete e q u a tio n  3

v =  Qf(*r)(I +  *
6 w y [ i  +  k(y +  r , ) ] ’

w here rt is  the “  average ”  ra d iu s  of e lectro ly te  io n s in  the so lu tio n , to 
the d ata  of T is e liu s  an d  Svensson. T h e  term  (1  4 - nr,) w o u ld  be of co n 
sid erab le  im p o rtan ce  a t  the h ig h e r io n ic  stren g th s (for r ,  =  3 - 0  a . ,  
1 -j- Kr, =  1 - 4 3 7  a t  /x =  0 -2 0 ).

P ro f. G . S . A d a ir  (Cambridge) : D r. G o rin  has expressed d o u b t as to  
the v a lu e s of the vale n ce  of egg a lb u m in  quoted b y  T is e liu s  an d  Svenson 1 
on th e  g round s t h a t  th e  co n d itio n s are u n fa v o u ra b le  fo r th e  a p p lic a tio n  
of A b ra m so n 's  m ethod of c a lcu la tio n . I t  w o u ld  ap p e ar th a t he has o v e r
looked the fa c t th a t  these v a lu e s fo r the vale n ce  o f egg a lb u m in  are su p 
ported  b y  an e xte n siv e  series of m easurem ents of m em brane p o te n tia ls  
w ith  different co n ce n tratio n s of p ro te in , d ifferen t io n ic  stren g th s o f buffers 
an d  v a ry in g  p ro p o rtio n s of b iv a le n t  a n d  u n iv a le n t phosphates. M o re 
over, co n firm a to ry  evidence has been ob tained  from  d e term in atio n s of 
osm otic pressures and the d is tr ib u tio n  of ion s across the m em bran es . 5

N o c o llo id a l e le ctro ly te  is k n o w n  to  me fo r w h ich  the evidence fo r the 
v a lu e  o f the vale n ce  (z„) is  b ette r e stab lished.

P ro f. H . A . A b r a m s o n  (New York) (on the sam e paper) : I t  is  a lw a y s 
a p leasu re to  h e a r fro m  P ro fe sso r T ise liu s. T h e re  are se v e ra l p o in ts  in  
h is  p aper w h ich  are o f in te re st to me a t  th is  tim e. P ro f. T is e liu s  m entions 
th a t  M o y er an d  I  h a ve  stu d ied  th e  re la tio n  between the m ig ra tio n  v e lo c ity  
of pro te in-co ate d  p a rtic le s  an d  the t itra t io n  cu rve s  of the resp ective  
pro te ins. I  w o u ld  lik e  to  ad d  th a t  we h a ve  no t o n ly  stu d ie d  the m ig ra 
t io n  v e lo c ity  of pro te in-co ate d  p a rtic le s b u t w e also h a ve  com pared  the 
ele ctric  m o b ility  of dissolved p ro te in  w ith  th e  t itra t io n  c u rve s  of the 
p ro te in . E x a m p le s  of th is  ty p e  of com parison on the e lectric  m o b ility  
of d isso lved  p ro te in  an d  th e  t itra t io n  cu rve s of d isso lved  p ro te in  were 
g ive n  a t  the sym p o siu m  an d  h a ve  also  been p u b lish e d  elsew here. T h e  
d ata fo r the d isso lved  p ro te in s w ere those ta k e n  fro m  T is e liu s ’ o w n  w o rk. 
I n  a d d itio n , the effects of g e latin  a n d  d eam in ized  g e latin  coated q u a rtz  
p a rtic le s  in  aq u eous m edia an d  in  a lco h o lic  m ed ia h a ve  been d efin ite ly  
co rrelate d  w ith  th e  t itra t io n  cu rve s. In d e e d , the t itra t io n  c u rve  of 
deam in ised  g e la tin  ha s been p red icted  fro m  e le ctric  m o b ilities. A ll of 
these data, b oth fo r d isso lve d  pro te ins an d  adsorbed p roteins, fit in  w ith  
the n o tio n  th a t the t itra t io n  cu rve s are c e rta in ly  very’- u sefu l in  h a n d lin g  
prob lem s d ea lin g  w ith  the net charge o f p ro te in s a n d  th a t  th e  t itra t io n  
cu rve s  w ith in  th e  lim its  of e xp e rim e n ta l e rro r a n d  w ith in  b o u n d arie s of 
reaso nab le a ssu m p tio n s s t ill  m a y  fu n c tio n  to  a id  in  the e xp la n a tio n  of 
e le ctro k in e tic  d a ta .5

In v e s tig a to rs  w ho p u b lish  d ata  on the m icro sco p ic m ethod o f e lectro 
pho re sis sh o u ld  g ive  a v a lu e  fo r som e s ta n d a rd  p a rtic le  ob tained  b y  th e ir  
techn iq u e. I n  th is  w a y  a b ette r b asis for d iscu ssin g  the th e o ry  of e lectro 
pho re sis w ill  be obtained.

M a n y  m easurem ents ap p e a rin g  in  th e  lite ra tu re  are no t q u a n tita tiv e , 
a lth o u g h  q u a n tita tiv e  co n clu sions are fre q u e n tly  d ra w n . M a y  I  therefore 
suggest th a t  th e  h u m a n  red  ce ll be adopted as a  s ta n d a rd  w hen suspended 
in  M /1 5  phosphate b u ffer a t  p i\  7 - 4  ? T h is  so lu tio n  has a  specific resistance

1 Tiselius and Svenson, Trans. Farad. Soc., 1 9 4 0 , 3 6 , 1 6 .
5 A d a ir and A dair, ibid., 2 3 .
5 See, for example : H . A- Abramson, / .  Gen. Physiol., 1 9 3 2 , 1 5 , 5 7 5  ; J. 

Daniel, ibid., 1 9 3 3 , 1 6 , 4 5 7  ; L . S. Moyer and J . C. Abels, J. Biol. Client., 1 9 3 7 , 
1 2 1 , 3 3 1  ; L . S. Moyer and H . A. Abramson, ibid., 1 9 3 8 , 1 2 3 , 3 9 1  ; M. H . Gorin, 
L . S. Moyer, and H . A. Abramson, Chcm. Rev., 1 9 3 9 , 2 4 , 2 .
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of a p p ro x im a te ly  1 2 6  ohm s. T h e  v a lu e  fo r the e le ctrica l m o b ility  of the 
red  ce ll w h ic h  I  o b tain e d  a b o u t ten  ye a rs ago has been confirm ed b y  M o yer 
an d  also b y  other in ve stig a to rs a t the G en eral E le c t r ic  C o m pan y.

D r .  J .  J .  B ik c r m a n  (Glasgow) : on the papers of A b ra m so n  a n d  of 
P o w n e y  an d  W oo d  (pp. 1 5 , 5 9 ) : T h e  charge- 
co n ce n tra tio n  c u rv e s  of A b ra m so n  (p. 1 5 ) are 
c a lcu la te d  neglectin g  the effect of th e  surface 
con d uctan ce  on m o b ility . I n  o rd er to show  
th e  m ag n itu d e  of th is  effect F ig . i  opposite 
h as been d ra w n . I t  is based on F ig . 1 in  
th e  p a p e r of P o w n e y  an d  W oo d  (p. 5 9 ), and 
refers to  th e ir  c u rv e  fo r N a C l. T h e  n o rm a lity  
o f N a C l is  p lo tte d  o n the abscisse. C u rv e  2 
show s the £ p o te n tia l ca lcu la te d  fro m  e q u a 
t io n  (8 ) on page 1 5 7 , a n d  has to be co m 
p ared  w ith  c u rv e  1 w h ich  represents the 
un co rrecte d  v a lu e s  of £ a n d  is id e n tic a l w ith  
th e  N a C l c u rv e  of P o w n e y  an d  W o o d . I t  is  
seen t h a t  £ in  w a te r (whose c o n d u c tiv ity  w as 0-05
2 - io _c ohm - 1  cm .-1 ) w as a b o u t 0 - 0 9 3  v o lt ;  
a cco rd in g  to S m o lu ch o w ski th is  v a lu e  w o u ld  
correspond  to  th e  m o b ility  of 7 - 4  ¿¿/sec. per 
v o lt ./c m . C o n se q u e n tly  the in tro d u c tio n  of 
th e  su rface  con d uctan ce  le ts d isa p p e a r th e  *4
m a x im a  of £ fo r N a H C O a an d  N a 2C O , ; 
o n ly  N a O H  c o n sid e ra b ly  increases th e  poten - .5
t ia l  o f p a ra ffin  o il d ro p lets. T h e  lit t le  p re- 
c is ió n  o f the c a lc u la tio n  does n o t w a rra n t a 
d ecisio n 011 th e  m a x im a  of th e  c u rve s  fo r ^
N a 2S i0 3 a n d  N a JP jO ,. ^

C u rv e  3  represents th e  su rface  charge 
d en sities a ((in  a r b itr a r y  u n its) based on 
c u rv e  1  a n d  sta rtin g , lik e  A b ra m so n ’s  cu rve s, 
fro m  n o th in g  a t  co n ce n tra tio n  =  o. W h e n  
the corrected  v a lu e s  o f £ are used a n d  the 
io n s presen t in  w a te r are ta k e n  in to  acco un t, cu rv e  4  re su lts. I t  is  seen 
th a t  th e  increase of charge o n a n  a d d itio n  of e lectro lyte s is  less p ro 
nounced th a n  F ig . xo on page 1 5  w o u ld  le t one believe.

P r o f. A . F r u m k in  (Moscow) (on th e  p ap e r of P o w n e y  and W oo d) : I t  
is  o f in te re st to  m en tio n the p ap e r of A . G ilm a n  an d  N . B a c h ,’  w ho ob 
served  th a t a  gas b u b b le  a c q u ire s a negative e le ctro k in e tic  charge in  a 
so lu tio n  of so d iu m  p a lm ita te  a n d  a p o sitiv e  one in  a  so lu tio n  of te tra - 
iso am y l-am m o n iu m  chlo rid e.

P ro f. H .  A . A b ra m s o n  (New York) (in  re p ly  to  D r. B ik e rm a n ) : T h e  
charge co n ce n tratio n  c u rv e s  ca lcu la te d  b y  D r. J .  J .  B ik e rm a n  are of great 
in te re st, a n d  I  am  v e ry  pleased to see t h a t  the general shape of B ik e rm a n 's  
a-c c u rv e  agrees w ith  t h a t  a lre a d y  p u b lish e d . U n q u e stio n a b ly , D r. 
B ik e rm a n ’s co rrectio n  in  the low er co n ce n tratio n  range is  of im m ed iate 
im portan ce . A lso , p e rtin e n t to o u r d iscu ssio n  is  the fa c t  th a t the shape 
of D r. B ik e rm a n ’s c u rv e  app roaches o u r c u rve s  a t  h ig h e r con ce ntratio n s 
of sa lt  w here the co rrectio n  fo r surface con d uctan ce  becomes v e ry  sm all. 
T h e re  is  one p o in t  w h ich  I  b elieve  sh o u ld  be cla rifie d . D r. B ik e rm a n  has 
stated  t h a t  m y  cu rve s s ta rt  fro m  zero w here the co n ce n tratio n  is  e qu al to 
zero. A s a  m atte r of fact, a ll of th e  o-c c u rve s  w h ich  I  h a ve  p u b lish e d  here 
a n d  elsewhere h a ve  been corrected  as fa r  as  possible  fo r th e  io n s presen t 
in  th e  w a te r itse lf. T h is  is  done in  th e  fo llo w in g  w a y  : I t  is  assum ed 
th a t a t room  tem p eratu re  there are a b o u t 1 x  xo - 5  m oles per litre  of 
ca rb o n ic a c id  d isso lved . Since k 'a of ca rb o n ic a c id  is  o f th e  o rd er of

F i g . i.

7 Acta Physicochimica, U .R .S .S .,  1 9 3 8 ,  9 ,  2 7 .
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3  x  i o - ’ , a so lu tio n  in  e q u ilib r iu m  w ith  th e  ca rb o n  d io x id e  of the a ir  has 
a p p ro x im a te ly  2  x  i o - 0  m oles of H +  an d  H C 0 3- . I n  o rd er to  ca lcu la te  
th e  change of the net charge due to added salts, th e  v a lu e  of th e  n e t charge 
in  th is  e q u ilib riu m  w a te r sh o u ld  be first  estim ated . Therefore, if  oT is  the 
charge due to  the ion s of d isso lve d  ca rb o n ic  a c id  a n d  th e  added salt, a n d  
c w  th a t due to  th e  io n s of th e  ca rb o n ic  a c id  alone, th e  charge due to  the 
s a lt  is  e v id e n tly  a =  aT — T h is  re la tio n sh ip  h as been used to  c a lc u 
late  th e  v a lu e s  of a g iv e n  in  a ll  of m y  cu rves, both in  th e  p a p e r presented 
a t  th is  m eeting a n d  elsew here. O f course, it  is  possible t h a t  th e  effect of 
the ca rb o n ic  a c id  io n s v a rie s  w ith  th e  io n ic  stre n g th  b u t t h a t  effect sh o u ld  
be q u ite  u n im p o rta n t com pared  w it h  o th e r co rrectio n s w h ich  are proposed 
b y  D r. B ik e rm a n . I  sh a ll lo o k  fo rw a rd  to  seeing c a lcu la tio n s  m ade b y  
D r. B ik e rm a n ’s e q u a tio n  a n d  the s im p le r fo rm  w it h  co m p ariso n  of the tw o 
ty p e s of cu rve s. I n  th is  case th e  co rre ctio n  fo r the io n ic  stren g th  of w a te r 
should  be the sam e.

D r .  J .  P o w n e y  an d  D r .  L .  J .  W ood (London) (in  re p ly  to  P rofessor 
F ru m k in ) : A lth o u g h  we h a ve  no d ata  for ca ta p h o re tic  m o b ilitie s  in  so lu 
tio n s  of te tra -iso a m y l am m o n iu m  ch lo rid e, i t  is  p e rh a p s w o rth  m en tio n in g  
th a t we h a ve  re ce n tly  fo u nd  t h a t  0 -2  %  te tra -m e th y l am m o niu m  iod id e 
prod uces no re v e rsa l of charge o n N u jo l dro plets, the sm a ll decrease in  
m o b ility  (tow ards th e  anode) b ein g  co m p arab le  w it h  t h a t  p ro d u ce d  b y  
the a d d itio n  of sod iu m  ch lo rid e . T h e  in te rfa c ia l a c t iv it y  of 0 - 2  %  te tra - 
m e th y l am m o niu m  iod id e is  o n ly  s lig h t (y  x y le n e  =  3 4  d yn e s/cm . a t  2 0 o C . ) .

D r .  S . R .  C r a x f o r d  (London) (on H a m  an d  D e a n ’s p ap er, p. 5 2 ) : T h e  
G o u y -D e b y e -H iic k e l e q u a tio n  fo r th e  d iffuse p a rt  of the double la y e r

_  0:4 irr
4 D ( i  +  xr)

allo w s th e  charge d e n sity  a  e ith e r to  increase o r to  decrease as £ decreases, 
a cco rd in g  to  how  k is  changing, b u t D rs. H a m  a n d  D e a n  ap p e a r to  re je c t 
the th e o ry  as u n n a tu ra l w hen it  allo w s a  to  increase w h ile  £ decreases. 
F ro m  th e ir  re su lts  in  T a b le  I  therefo re, th e y  co n sid e r the th e o ry  to  b re a k  
dow n ab ove a co n ce n tratio n  of ab o u t o-ooooi, b u t y e t  acco rd in g  to the 
re su lts  in  T a b le  I I  i t  h olds good u p  to  0 - 0 0 5  m - A c t u a lly  fo r these exceed
in g ly  sm a ll p o te n tia ls  there is  no reaso n fo r the D e b y e -H iic k e l-G o u y  
e q u a tio n  to b re a k  d ow n se rio u sly  belo w  ab o u t o-oor m . T h e y  also  sa y  
t h a t  as th e  am o u n t of L a C l3 added increases a n d  oc increases w h ile  £ becom es 
v e ry  sm all, th e n  i f  th e  L a C l3 had  been a  lit t le  m ore a c tiv e  £ w o u ld  h a ve  
becom e zero an d  hence a  w o u ld  h a ve  h a d  s u d d e n ly  to  decrease fro m  a 
h ig h  v a lu e  to  zero, w h ic h  w o u ld  be im p ro b a b le . H e re  it  seem s th a t it  is 
th e  su pp o sitio n w h ich  is  itse lf im pro bable, because £ is  o n ly  a p p ro a ch in g  
zero a s y m p to tic a lly  an d  w ill  n e ve r reach it . H en ce  a m a y  go on s te a d ily  
in cre asin g  (up to  th e  lim it  o f a p p lic a b ilit y  of th e  th e o ry ). F in a lly ,  H a m  
an d  D e an  r ig h t ly  accept the Stern  th e o ry  of the d oub le  la y e r  in  spite  of 
the fa ct th a t  it  co n ta in s th is  G o u y  e q u a tio n  fo r the diffuse p a rt  of the 
la y e r, a n d  degenerates to it  fo r v e ry  d ilu te  so lu tio n s a n d  v e ry  sm a ll p o ten
t ia l differences.

D r .  J .  J .  B ik e rm a n  (Glasgow) (on the sam e paper) : P a ra ffin  o il e m u l
sions coag u late w hen th e ir  £ p o te n tia l fa lls  belo w  a b o u t 0 - 0 3  v o lt . I s  a n y  
e xp la n a tio n  fo rth co m in g  o f w h y  the octadecane sols w ere sta b le  a t  £ =  o-oox 
v o lt  ? I t  is  tru e  th a t the m easurem ents w ere ca rrie d  o u t som e degrees 
below  th e  freezing p o in t  o f octadecane, b u t th is  fa ct alone ca n n o t acco u n t 
fo r the e x tra o rd in a ry  difference of sta b ilitie s.

D r . A . J .  H a m  (Liverpool) in  r e p ly : T h e  experience of th is  la b o ra to ry  
is th a t th e  c r it ic a l £ p o te n tia l of 0 - 0 3  v o lt  cla im e d  b y  P o w is 8 has lit t le  
significance fo r m uch w o rk  on h y d ro ca rb o n -w a te r em ulsion s. O th er 
h y d ro carb o n s h a ve  g iv e n  re su lts  c lo se ly  analogous to those w h ic h  we 
q u oted  fo r octadecane, an d  it  appears th a t the tim e fa cto r is a ll im p o rta n t.

8 Z . p h y s ik .  Chem ., 89, 186.
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A ll  su ch  e m u lsion s w ill  coagulate e v e n tu a lly , a n d  P o w is ’ d a ta  refer to a p 
p re cia b le  changes in  t u r b id it y  o ve r a  m atte r of d a y s  as ‘ ‘ ra p id  co a g u la tio n .’ ’

In  o u r e xp e rim e n ts e m u lsion s were p repared  a n d  le ft  fo r 2 4  ho u rs 
w hen p a rtic le s  of a p p ro x im a te ly  u n ifo rm  size rem ained, coarser p a rtic le s 
le a v in g  th e  em ulsion . V a rio u s  sa lts  were th e n  added to su ch em ulsions 
— in  some cases re n d e rin g  £ as lo w  as o-ooi v o lt — an d  a  m o b ility  deter
m in a tio n  m ade ; th e  sa lts  d id  n o t affect th e  s ta b ility  of the em ulsions in  
the tim e  d u rin g  w h ic h  tem p eratu re  e q u ilib r iu m  w as being reached and 
d e term in atio n s of m o b ility  ca rrie d  out, w h ich  in  no case exceeded one h o u r.

D r . J .  J .  B ik e r m a n  (Glasgow) (on the p a p e r of P ro f. G o rtn er, p. 6 6 ) : 
I  agree w it h  P ro fe sso r G o rtn e r th a t th e  h ig h  strea m in g  p o te n tia ls  o b 
served  in  h is  la b o ra to ry  “  ca n  o n ly  be accounted  fo r b y  assu m in g  a  tra n sfe r 
of io n s fro m  one electrode to  th e  o th e r.”  I  w o u ld  o n ly  su ppress the 
w o rd  "  h ig h  ”  as i t  is  d iffic u lt  to  envisage a  co n stan t c u rre n t prod uced  b y  
d isplace m e n t of d ipoles o n ly . I f  we a d m it th a t  stream in g p o ten tia ls  
(and the £ p o te n tia ls  d e rive d  fro m  them ) are due to ions, then the ions 
presen t in  the o rg an ic liq u id s  (as d is tin c t  fro m  the liq u id s  them selves) 
w ill  be resp o n sib le  fo r th e  observed  effects. Some io n s m a y  h a v e  co n ta m 
in a te d  th e  liq u id  before it  has been p laced  in  the strea m in g  cell, some 
others m a y  enter th e  liq u id  fro m  the cellu lose or a lu m in a  m e m b ra n e s; 
in  a few  cases th e  e le c tro ly tic  d isso cia tio n  of th e  liq u id  m a y  also  produce 
io n s. T h e  re la tiv e  im p o rtan ce  of these v a rio u s  sources of io n s can be 
estim ated  w hen the sp ecific  c o n d u c tiv it y  of th e  liq u id  b o th  outsid e and 
in  th e  d ia p h ra g m  is  kno w n .

T a b le  1 is  o b v io u s ly  m isp rin te d  as the ra tio  £ : Se is no t a lw a y s the 
sam e fo r cellu lose an d  A L 0 3.

P ro f. R .  A .  G o rtn e r  [Minnesota), in  re p ly  to D r. J .  J .  B ik e rm a n  : T he 
o rig in  of the p o te n tia ls  is u n q u e stio n a b ly  due to  ”  the transfe ren ce  of 
io n s fro m  one electrode to the o th e r,”  b u t  the re a l pro b lem  is  w h y  there 
are sig n  re v e rsa ls  in  a g iven so lid -liq u id  hom ologous series. W it h  such 
re v e rsa ls  th e  sign of the p o te n tia l ca n  h a rd ly  be due to  io n s d e riv e d  from  
th e  so lid  phase. S in ce su ch  re v e rsa ls  are show n w here b o th  cellulose 
a n d  A 12O s are the so lid  phase an d  sin ce  ce rta in  system s g ive  rise  to  a differen t 
sign ag a in st a  cellulose su rface th a n  is  the case fo r a n  A130 3 surface, it  w o u ld  
ap p e ar fro m  o u r stu d ies t h a t  th e  s o lid  su rface  h a s a  sp ecific  influ ence u p o n 
th e  “  d isso cia tio n  ”  of the liq u id . I t  w as t h is  p o s s ib ility  w h ic h  le d  m e to 
suggest "  th a t a  specific su rface forces a  d isso cia tio n  of these organ ic m ole
cu le s.”

I  d o u b t v e ry  se rio u sly  w h e th e r the io n ic  b e h a v io u r ca n  be estim ated 
b y  co m p arin g  o n ly  the specific c o n d u c tiv it y  of the liq u id  o utsid e a n d  in  
the d iap h rag m . C e rta in ly  su ch  stu d ies w o u ld  n o t re v e a l the sign of the 
p o te n tia l n o r a p p a re n tly  the m agnitude of the p o te n tia l. “  Surface 
con d uctan ce  "  • is  r e la tiv e ly  im 
p o rta n t in  ce llu lo se -o rg anic liq u id  
system s, i.e., the con d uctan ce in  
th e  d ia p h ra g m  is m uch larg e r than 
con d uctan ce  of the liq u id  in  b u lk .
On the o th e r h a n d  su rface  co n 
d u cta n ce  in  A l 20 3-o rgan ic liq u id  
system s is no t an im p o rta n t factor.

I  am  indeed g ra te fu l to  D r.
B ik e rm a n  fo r c a llin g  attention to 
ce rta in  gross e rro rs in  the c a lc u la 
t io n  of some of the d a ta  in  the 
tab le  on page 6 6 . T h e  v a lu e s for 
ac o f a ll  of th e  a lco h o ls in  co n ta ct w ith  cellulose, w ith  th e  e xcep tio n  of 
h e p ty l alcohol, are in  e rro r b y  a  m isplacem ent of the d ecim a l p o in t  an d  
sh o u ld  be ten  tim es as great as p rin te d . I  h a v e  re ca lcu la te d  the o rig in a l 
d a ta  w ith  th e  re su lts  show n in  T a b le  1 .

8 CcHoid Symposium Monograph, V I,  4 1 - 5 2 ,  1 9 2 S .

T A B L E  1.

Cellulose-liquid In terface 
Organic L iquid . öe (e.s.u. X ro*).

Methyl alcohol . 464-1
E th y l alcohol . 136-3
«-propyl alcohol 101-3
¿so-propyl alcohol 112-8
«-butyl alcohol . 265-2
¿so-butyl alcohol 6 6-4
«-hexyl alcohol . 118-4
«-heptyl alcohol . i8 -S
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I n  re ca lcu la tin g  the o rig in a l tab le  tw o other e rro rs were found . 5s 
fo r «-p ro p io n ic  a c id  : A 1 ,0 , sh o u ld  be i 6 -o x  i o - 6  in stea d  o f 1 6 - 7  x  io~° 
as p rin ted , a n d  th e  {-p o te n tia l fo r e th y l « -p ro p io n a te  : A120 3 sh o u ld  be 
— 1 9 - 1  m v. instead  of — io-S m v. as p rin te d .

W it h  the ab ove co rrectio n s th e  ra tio s  of {  to  Se are a ll  w it h in  sa tis 
fa cto ry  agreem ent. M in o r differences in  th e  ra tio s  are  accounted  fo r b y  
no rm al e xp e rim e n tal errors.

D r .  J .  J .  B ik e rm a n  {Glasgow), to the p ap e r of R u tg e rs, pp. 7 1 , 7 6 : 
E q u a tio n  (8 ) on p. 7 1  assum es th a t  the w a lls  of th e  c a p illa ry  a rc  p e rfe ctly  
sm ooth. I n  re a lity  e v e ry  glass surface, an d  e sp e cia lly  th a t  cleaned b y  
stro n g  acids, etc., is rough, a n d  th e  ra tio  Q : S  of the c ircum ference o f the 
c a p illa ry  to  it s  cross-section is  la rg e r th a n  2 /r, r  being the ra d iu s  of the 
c a p illa ry . F o rtu n a te ly  a  reaso nab le  increase of th e  fa cto r 2 jr  a lte rs  the 
v a lu e  of £ (see e q u a tio n  ( 1 5 )) b y  a  few  p e r cents, o n ly , b u t i t  s tro n g ly  re 
duces th e  v a lu e  of the su rface co n d u ctan ce  a„ (see e q u a tio n  ( 1 4 )). I f  
th e  re a l su rface  area of th e  ca p illa rie s  w a s 4  t im e s as larg e  as th e ir  geo
m e tric a l area th e n  the v a lu e s  of fo r v e ry  d ilu te  K C 1 so lu tio n s w o u ld
agree w ith  the th e o re tic a l valu e s. B u t  there is  c e rta in ly  no agreem ent 
between the th e o ry  an d  the h ig h  v a lu e s  of (t„, in  m ore co n ce n trate d  K C 1 
solu tions. M aybe the m ore d e taile d  acco u n t of the e xp e rim e n ts b y  
M r. V e rle n d e  w ill  help  to c le a r u p  th is  d iscre p a n cy . I t  is, of course, 
o b vio u s t h a t  th e  e rro r m ade w h e n  c a lc u la tin g  fro m  e q u a tio n  ( 1 4 ) is 
the h ig h e r the nearer are the valu e s o f a n d  £t.

P ro f. A . J .  R u tg e rs  [Ghent], in  r e p ly : I  do no t t h in k  th a t  E q n . (8 ) 
assum es th a t  th e  w a lls  of the c a p illa r y  are p e rfe ctly  sm ooth. F ro m  
E q n . (8 ) i t  fo llo w s t h a t  is  the su rface co n d u ctan ce  p e r cm . of c irc u m 
ference of th e  c a p illa ry , this circumference being measured with the ordinary 
macroscopic means. T h e  o n ly  su p p o sitio n  m ade is, t h a t  th is  a w w ill  be 
th e  sam e fo r w a lls  of ca p illa rie s  of d ifferen t diam eters, w h ich  seems a  
v e ry  p la u sib le  a ssu m p tio n . A s  a consequence of th is  I  t h in k  t h a t  E q n . 
(1 4 ) an d  E q n . ( 1 5 ) need no co rrectio n .

T h e  p o in t  ra ised  b y  D r. B ik e rm a n  becom es im p o rta n t as soon as we 
t r y  to  com pare e xp e rim e n ta l a n d  th e o re tica l v a lu e s o f a N eve rth eless 
I  t h in k  t h a t  th e  b ig  ra t io  of ca lcu la te d  an d  th e o re tica l v a lu e s  of (Xu, can 
o n ly  p a r t ia lly  be e x p la in e d  b y  th e  la c k  of sm oothness of the w a l l ; th is  
ra tio , e.g., depends s tro n g ly  o n  th e  co n ce n tratio n  of e lectro lyte , a n d  it  
is  d iffic u lt  to  u n d e rsta n d  w h y  the correction facto r, p ro v id e d  b y  th e  la c k  
of sm oothness— w h ich  is  of a  geom etrical n a tu re — sh o u ld  depend so 
s tro n g ly  on co n ce n tratio n .

D r .  J .  J .  B ik e rm a n  {Glasgow), to  the p ap e rs of C ra x fo rd , F ru m k in , and 
B a r c la y  a n d  B u tle r, p p . 8 9 , 1 2 5 , an d  1 2 9  : T h e  c a p a c ity  of th e  d oub le la y e r  
ca lcu la te d  fro m  the th e o ry  o f G o u y  is 2 5 0  ¿xF/sq. cm . a cco rd in g  to  C ra x fo rd  
(p. 8 9 ), 2 4 0  f iF /s q . cm . acco rd in g  to  B a r c la y  a n d  B u tle r  (p. 1 2 9 ), an d  2 - 3 6  
p F /s q . cm . acco rd in g  to F r u m k in  (p. 1 2 5 ). I  find  in  agreem ent w ith  
F ru m k in  2 - 3  /xF/sq . cm . fo r the m in im u m  o f th e  c a p a c ity  c u rve  in  a 
i o ~ 4 x  so lu tio n  a t 2 0 °. A t  the p o te n tia l 0 - 2 3 3  v ° l t  (the p o te n tia l a t  the 
m in im u m  is  assum ed to  be zero) G o u y ’s c a p a c ity  is  2 4  /xF/sq . cm . w h ils t  
th e  low est c u rv e  o f F ig . 4  (p. 1 2 4 ) g ive s 1 5  a n d  2 7  « F /s q . cm . I n  v ie w  of 
the fa c t  th a t G o u y ’s th e o ry  is  p e rfe ctly  general an d  co n ta in s no a d ju sta b le  
co n stan ts th e  agreem ent is  ra th e r co n v in cin g . I t  w o u ld  be fu tile  to 
e xp e ct a  closer agreem ent here o r a n  agreem ent a t  s t il l  h ig h e r p o te n tia ls  
o r  h ig h e r co n ce n tratio n s as G o u y ’s d e riv a tio n  neglects the in te r-io n ic  
forces ; a lre a d y  a t  0 - 2 3 3  v o lt  in  i o ~ 4 n  so lu tio n s th e  co n ce n tra tio n  of 
"  co u n te r-io n s ”  a t  the m e rcu ry -so lu tio n  b ound ary' is  ab o u t 1 x , t h a t  is 
so large t h a t  in d iv id u a l p ro p e rtie s o f io n s (th e ir a p p a re n t ra d iu s, etc.), 
ca n  no longer be neglected. A n  e xte n sio n  o f G o u y ’s theory' so as to 
in c lu d e  th e  in te r-io n ic  forces w o u ld  be m ore satisfacto ry" th a n  the 
cu ttin g  of th e  p o te n tia l field  in  tw o ind epen dent p a rts  lik e  those assum ed 
b y  the theory- o f Stern.
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M a y  I  also co rrect a  statem ent repeated in  seve ra l papers ? H e lm h o ltz ’s 
double la y e r  does no t co n sist of tw o  condenser p late s ; th a t  is  the p ic tu re  
suggested b y  L a m b . T h e re  is  no co n trast betw een H e lm h o ltz ’s a n d  G o u y ’s 
theories, b u t  G o u y  determ ined the re la tio n  betw een p o te n tia l a n d  distan ce 
w h ich  w as in d e fin ite  in  H e lm h o ltz ’s equations.

P ro f. A .  F r u m k in  (Moscow), o n  th e  p ap er b y  C ra x fo rd , p. 9 3  : D r. 
C ra x fo rd  q u otes m y  p ap e r in  Z. physikal. Chem., 1 9 2 3 , as su p p o rtin g  the 
co n ce n tratio n  p o la risa tio n  th e o ry  of c le c tro c a p illa rity  w h ic h  he rejects.
I  t h in k  th is  in d ica tio n  is  in co rre ct. I  n e v e r expressed th e  o p in io n  th a t 
th e  su rface co n d itio n s of m e rcu ry  in  the c a p illa ry  electrom eter are d eter
m ined in  a k in e tic  sense b y  the vo lu m e  co n ce n tratio n  of m ercuro us ion s 
regard less of the v a lu e  of th is  latter. T h e  k in e tic  m ech anism  is  n o t d is 
cussed in  the p ap e r quoted, b u t con sid e ring  in an o th er p ap e r the m echanism  
of th e  d ro p p in g  electrode , 10 I  m ake ju s t  the sam e d is tin c tio n  betw een the 
b e h a v io u r o f m e rcu ry  in  so lu tio n s co n ta in in g  h ig h  a n d  lo w  con centration s 
of m ercu ro us io n s as D r. C ra x fo rd .

T h e  use of th e rm o d yn a m ic sym b o ls re la tin g  to  m ercu ro us io n s in  the 
so lu tio n  in  th e  d e riv a tio n  of L ip p m a n n ’s equatio n ap p e ars to  me legitim ate 
as fa r  as an id ea lised  e q u ilib riu m  system  is  concerned ; th e  re su lts  obtained 
m u st be c e rta in ly  co rre ct in d e p e n d e n tly  of th e  p h y sic a l m eaning of the 
co n ce n tra tio n s in v o lv e d . B esides, th e  d iffic u lty  encountered in  d e riv in g  
L ip p m a n n ’s e q u a tio n  fro m  th e  e q u a tio n  o f G ib b s if  there is  a n y  ca n  be 
a vo id e d  i f  th e  m e rcu ro u s io n  is  con sidered  as a  com ponent of the m etallic  
phase. T h e  e q u ilib r iu m  co n d itio n s are c e rta in ly  n o t s t r ic t ly  re a lise d  in  
the c a p illa r y  electrom eter, a n d  it  is  im possib le  to s a y  a priori w ith o u t 
fu rth e r e xp e rim e n ts w h e th e r th e  re su lt  of th e  th e rm o d yn a m ic th e o ry  ca n  
be ap p lie d  to  th e  e xp e rim e n ta l e le c tro c a p illa ry  cu rve , b u t  th e  sam e can 
be said  if  L ip p m a n n ’s equatio n is  d e riv e d  fro m  th e  con cep tio n of a  com 
p le te ly  p o la risa b le  electrode.

D r .  S . R .  C r a x f o r d  (London), in  r e p ly :  I t  is  v e ry  g ra tify in g  to rece ive  
P rofessor F r u m k in ’s u n a m b ig u o u s statem ent t h a t  he also re je cts  th e  co n 
ce n tra tio n  p o la risa tio n  th e o ry  as th e  k in e t ic  b asis of th e  b e h a v io u r of a 
p o la rise d  m e rcu ry  so lu tio n  in te rp h a se . B u t  in  sp ite  o f th is  he is  s t ill  
prep are d  to  use th is  a d m itte d ly  false  a ssu m p tio n  as the b a sis  of the th e rm o 
d y n a m ic a l th e o ry  of the in terphase, "  as fa r  as a n  id ea lised  e q u ilib riu m  
system  is  concerned ” . Since th e rm o d yn a m ics is  m erely  a n o th er w a y  of 
w rit in g  th e  re su lts  of the k in e tic  th eo ry , it  ca n n o t be sound  to  a p p ly  th e rm o 
d y n a m ic  e q u a tio n s to  system s o f su ch  lo w  co n ce n tra tio n  t h a t  th e  u su a l 
k in e t ic  th e o ry  e q u a tio n s becom e m eaningless. H is  use of the th e rm o 
d y n a m ic  th e o ry  of co n ce n tra tio n  p o la risa tio n  fo r su ch  cases m ade i t  not 
unreaso nab le  to  suppose th a t he also b elieve d  th e  assu m p tio n s u n d e rly in g  
those e q u a tio n s to  be tru e.

D r .  S . R .  C r a x fo r d  (London), in  re p ly  to  D r. B ik e rm a n  : I  h a d  no t 
stressed the p o in t  a b o u t th e  h ig h  ca p a citie s  o b tain e d  fro m  G o u y ’s th e o ry  
of th e  diffuse la y e r, since t h a t  th e o ry  is
o n ly  im p o rta n t n o w ad ays as a  sp ecia l case T A B L E  2 .
of S te rn ’s th e o ry . B u t  since D r. B ik e rm a n  
has questioned  the figure I  quoted, I  w il l  JS g g S fcS ffi 
su pp le m en t it  b y  T a b le  2  re ca lcu la te d  fro m  Q Q
G o u y 11 fo r n / i o  so lu tio ns. F o r  s im ila r  0 - 1 7 6
su rface  charges these ca pa cities are a ll  v e ry  3 -3 I
m uch bigg er th a n  the e xp e rim e n ta l v a lu e  12 -8
o f 1 9 - 5  m icro farad s. I t  is  n o t s u rp ris in g  2 6 -0
t h a t  D r. B ik e rm a n ’s re su lts  in  0 - 0 0 0 4  N 41 '3
so lu tio n s agree w it h  G o u y ’s th e o ry  because i 3 I- ° 
fo r  su ch  d ilu te  s o lu tio n s  S te rn ’s e q u a tio n  
a p p ro x im a te s to G o u y ’s. B u t  h o w ever G o u y ’s th e o ry  is  e lab o rated  b y  
ta k in g  in te r-io n ic  forces in to  acco u n t, i t  w il l  s t i l l  be im possib le  to m ake

1 0  Erg. ex. Naturwiss.,  1 9 2 8 ,  7 ,  2 4 3 .  1 1  A nn. Physique,  1 9 1 7 ,  7 ,  1 6 3 .

C apacity /cm .3
m icrofarads.

74
77
8 5

1 3 1
2 0 2
2 7 2
590
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it  in to  a general th e o ry  of the double la y e r, as it  ca n  g ive  no in fo rm a tio n  
a b o u t the one in te g ra tio n  lim it  re q u ire d  fo r its  com pletion, i.e., the n u m ber 
of io n s in  co n ta ct w ith  th e  interface. S te rn ’s assu m p tio n  as to th is  m a y  
no t be p erfect b u t it  is  th e  o n ly  one p ro d uced  so far.

D r .  J .  J .  B ik e rm a n  (Glasgow), in  re p ly  to  D r. C ra x fo rd  : A cco rd in g  to 
G o u y ’s e quatio ns th e  co n ce n tra tio n  o f "  cou n te r-io ns ”  near the surface, 
w hen th e  su rface  in  a  n / i o  so lu tio n  is  charged to  131  m icro co u lo m b s/cm .2, 
is  some 5 0 0  n . I t  is  e v id e n t th a t  the equ atio ns are n o t a p p lica b le  in  su ch 
cases, w h a te ve r the e xp e rim e n ta l v a lu e  fo r th e  c a p a c ity  m ig h t be.

I t  seems n a tu ra l to  a tte m p t an a d a p ta tio n  o f th e  th e o ry  of G o u y  to 
h ig h e r co n ce n tratio n s an d  h ig h e r p o te n tia ls  w ith o u t sa crific in g  (as S te rn ’s 
th e o ry  does) the sound  b asis of G o u y ’s reasoning.

I n  a d d itio n  to in te r-io n ic  forces there m u st be con sidered  the com 
p e titio n  betw een ions a n d  th e  m olecules o f s o lv e n t fo r th e  space ne ar the 
inte rface. I f  th e  field in t e n s ity  in  th e  d istan ce  x  fro m  the inte rface  is  X  
(tow ards the b o u n d a ry ), th e  force o n the charge e is  X e.  I f  the m olecule 
of th e  s o lv e n t ha s the m om ent ¡i the force p u sh in g  the m olecule to the 
b o u n d a ry  is  — nd X /d x .  B o th  "  cou n te r-ions ”  a n d  dipoles ten d  to crow d  
in to  the su rface  la y e r. A s  th e  co m p re ssib ility  of liq u id s  is  v e ry  sm a ll, an  
io n  ca n  m ove ne are r to the in te rfa ce  o n ly  b y  d isp la c in g  (a p p ro x im a te ly ) 
one m olecule fro m  it s  p o sitio n . T h e  re s u ltin g  e le ctric  force on th e  io n  is, 
therefore, X e  —  ( — ¡idX /dx) in ste a d  of X e  as  before. W h e n  the double 
la y e r is  v e ry  diffuse d X /d x  is sm a ll, a n d  the o rig in a l e q u a tio n s of G o u y  
are v a lid  ; a t  h ig h  densities of charge an d  h ig h  co n ce n tratio n s d X /d x  is 
larg e a n d  reduces the a ttra c tio n  of “  co u n te r-io n s ”  to  th e  in te rface  q u ite  
co n sid e rab ly. T h u s, th e  term  ¡xdX/dx  m akes the diffuse d oub le la y e r  
m ore d iffu s e ; its  “ t h ic k n e s s ”  increases and, co n seq uen tly, its  c a p a c ity  
d im inishes.

I f  X e  w ere e q u a l to  — fid X /d x  th e  re su ltin g  e le ctric  force on th e  io n  
w ere =  o. A s  ¡x/e is  a b o u t 4 - io - 8  cm ., th is  w o u ld  o cc u r if  the ch ie f d ro p  
of the p o te n tia l to o k  p lace in  a  la y e r  q - io - 5  cm . deep. T h e  "  e q u iv a le n t 
th ickn e ss of the double la y e r  ”  corresp o n d in g  to the c a p a c ity  o f 5 9 0  fii'/sq . 
cm . is  ab o u t cm . T h e  term  ¡xdX/dx  in  th is  case is of th e  sam e
ord er of m agnitu de as Xe.

A  detailed  discussion o f the ab ove th e o ry  w ill  be p u b lish e d  late r. T h e n  
S te rn ’s assu m p tion w ill cease to  be "  th e  o n ly  one prod uced  so fa r .”

D r. C ra x fo rd  m a in ta in s t h a t  G o u y ’s th e o ry  g ive s no in fo rm a tio n  
re g a rd in g  th e  n u m b e r of ions in  co n ta ct w it h  th e  in te rface. I f  th e  co n 
ce n tra tio n  of ion s fa r fro m  th e  in te rface  is  C, a n d  the p o te n tia l difference 
betw een the w ate r side o f th e  in te rface  an d  the so lu tio n  fa r fro m  it  is  £, 
th en  the average co n ce n tratio n  of ions in  co n ta ct w ith  the interface is  
C ^ F i/ R r .

D r .  S . R .  C r a x fo r d  (London), on the p a p e r of K r u y t  an d  O verbeek, 
p. n o  : P ro fe sso r K r u y t ’s system  o f s ilv e r  io d id e  p a rtic le s in  a  so lu tio n  of

sod iu m  iodide w h ich  also co n ta in s 
a A g /A g I electrode to m easure 
the iod id e io n  a c t iv it y , m a y  be 
represented as in  T a b le  3 .

W h e n  considered in  th is  w a y  
it  is  d ifficu lt  to see a n y th in g  in  
the arg u m e n t on p p . 1 1 3  an d  
1 1 4  m ore profou nd  th a n  the b ald  
a ssu m p tio n  th a t th e  change in  
‘ A 111 <f> on ad d in g  excess o f a 
fo reig n electro lyte  is e q u a l to the 
p o te n tia l difference across the 

p a rt  of the double la y e r. B e fo re  a d d in g  the foreign sa lt

IA m =  const. +  In  at— 
r

T A B L E  3 .

I. II. I I I .

Solution 
of N a l

Na +
N a +  
Na +

N a T
Na +

I  -

Ï  ~  Solid 
ï _  A g i 
I  -

Solid
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A fte r the addition, the double la y e r  changes as in  T a b le  4 , an d  

!A m <f>' =  const. +  ^ l n  a\~ .
jT

T h e  fo llo w in g  fa cto rs co n tro l ax-  :—
(i) I t  is  decreased b y  ad d in g  fo reign electrolyte, q u ite  a p a rt  from  a n y  

interch ange of 1 “  w ith  th e  double la y e r.
(iia) I t  is  increased  b y  the suppression of the diffuse la y e r, the iodide 

io n s fo rm in g  th is  la y e r  m o vin g  
o u t in to  th e  b u lk  of th e  so lu tio n.

(iife) I t  m a y  be incre ase d  or 
decreased b y  su bsequ ent a d ju s t 
m en t of th e  adsorbed la y e r.

(iii)  I t  is  decreased b y  specific 
a d so rp tio n  of the fo reign e le c tro 
ly te , m ore I -  h a v in g  to  enter the 
la y e r fro m  th e  b u lk  o f th e  so lu 
t io n  to  m a in ta in  th e  p o ten tia l.

P rofessor K r u y t  neglects (i) 
a n d  (iii), a n d  then, in  o rd er to  e x p la in  th e  e xp e rim e n ta l fa c t  t h a t  a \-  is  
less th a n  ax-  he assum es t h a t  ( ii6) out-w eigh s (iia ). T h is  is  e q u iv a le n t to 
s a y in g  t h a t  th e  e lectro sta tic  c a p a c ity  of th e  diffuse la y e r  is  less th a n  th a t 
of th e  ad sorbed  la y e r, w h ic h  is  in co rre ct. (See m y  re p ly  to  D r. J .  J .  
B ik e rm a n  in  th is  d iscussion .)

D r .  J .  J .  B ik e r m a n  {Glasgow), on sam e p a p e r : I  am  u n a b le  to u n d e r
sta n d  th e  m ethod of D e  B r u y n , a n d  hope h is  ow n p u b lic a tio n  w ill  co n ta in  
a  m ore d etailed  ju s t if ic a t io n  o f e quatio n (4 ). In  th e  m eantim e I  w o u ld  
lik e  to  h a ve  a  c le a r p ic tu re  of th e  e xp e rim e n ta l sid e. T h e  e.m .f. of a ce ll 
A g l(so lid )/su s p e n sio n  o f A g l  +  som e N a l/ l iq u id  ju n ctio n /re fe re n ce  elec
tro d e  is  m easured ; th e n  to  th e  suspension a  larg e excess o f a  n itra te  is  
ad d ed , a n d  the e.m .f. determ ined  ag a in . T h e  difference betw een both 
v a lu e s  o f the e.m .f. is  supposed to  be e q u a l to  the £ p o te n tia l of th e  A g l 
su sp e n sio n  before a d d itio n  of th e  n itra te . Is  th is  a f a ir  a c co u n t of D e 
B r u y n 's  m ethod ?

P ro f. A .  F r u m k in  [Moscow), on p a p e r b y  B a r c la y  a n d  B u tle r, p. 1 3 2  : 
T h e  significance of th e  tw o fla t stages on th e  c u rv e  e xp re ssin g  th e  re la 
t io n  betw een the p o te n tia l a n d  th e  charge o f th e  electrode in  presence of 
a m y l alco h o l ca n  be re a d ily  e xp la in e d . A s  it  is  k n o w n  fro m  e le ctro 
c a p illa ry  data, a m y l alco h o l is  not adsorbed w it h  su ffic ie n tly  h ig h  p o sitive  
charges o f the m e rcu ry  su rface. I f  the p o s itiv e  p o te n tia l is  decreased 
th e  ad so rp tio n  sets in  a t  a  f a ir ly  defin ite  v a lu e  o f the p o te n tia l a n d  a 
u n im o le cu la r la y e r  of a m y l a lco h o l is  form ed. W it h  fu rth e r ne g ative  
p o la ris a tio n  we ca n  re a ch  a n o th e r lim it  of th e  existen ce of t h is  la y e r, the 
tra n s itio n  being in  th is  case less s h a rp ly  p ro n o un ced  as on the p o sitiv e  
b ra n ch . A  m o le cu lar th e o ry  o f t h is  tra n s itio n  ha s been g ive n  elsew here . 12 
A s  th e  tra n s itio n s  fro m  a  su rface co vered  o n ly  b y  a n  io n ic  d oub le la y e r  
to  one covered  b y  a  la y e r  of a m y l a lco h o l m olecules a n d  v ice  v e rsa  
necessitate a  large change o f th e  su rface  charge a n d  a  corresp o n d in g  
co n su m p tio n  of the p o la ris in g  cu rre n t, tw o fia t stages on th e  o scillo g ra m  
m ust ap p e ar. I n  th e  first  stage a  large p a rt  o f the in it ia l p o sitiv e  charge 
of th e  m e rc u ry  is  rem oved  a n d  in  th e  second a  p a rt  o f th e  n e g a tiv e  charge 
is  com m un icated. I f  in stea d  of m ea su ring  the charge of th e  electrode 
we m easure th e  c a p a c ity  as a  fu n c tio n  of th e  p o te n tia l tw o m a x im a  m ust 
a p p e ar on the re su ltin g  cu rves, co rrespon din g to  the tw o fia t stages on 
th e  o scillo g ram  g iv e n  o n p. 1 3 2 . S u ch  m easurem ents h a v e  been ca rrie d  
o u t w ith  o c ty l a lco h o l so lu tio n s b y  P ro s k u rn in  a n d  F r u m k in  13 a n d  w ith

1 2  F r u m k i n ,  Z. Physik,  1 9 2 6 ,  3 5 ,  7 9 2 .

1 2  Trans. Faraday Soc., 1 9 3 5 ,  3 1 ,  1 1 5 .

2 6  *
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b u y t l alco h o l so lu tio n s b y  Ivsenofon to v, P ro s k u rn in  a n d  G o ro d e tz k a ja .14 
F ig . i ,  ta k e n  fro m  th e  la tte r  p aper, show s t h a t  t h is  m a x im a  o cc u r indeed 
a t  p o te n tia ls  w h ic h  correspon d  to  th e  lim its  of the a d so rp tio n  reg io n of 
the org an ic m olecules m arke d  on the e le c tro c a p illa ry  c u rv e s  b y  w e ll 
prono un ced  b re aks.

D r .  J .  J .  B ik e rm a n  (Glasgow), on  p ap e r of A u d u b e rt, p . 1 4 6  : T h e  
eq u a tio n s used b y  P ro fe sso r A u d u b e rt  are ra th e r e m p iric a l th a n  theo re t
ic a l since th e  th e o ry  u n d e rly in g  th em  does n o t a p p ly  to  co llo id s. A s  I  
h a v e  a lre a d y  p o in te d  o u t 16 th e  im p o s s ib ility  of tra n s fe rrin g  D e b y e ’s e qua
tio n s to  sols I  w ill  re s tr ic t  these re m a rk s  to  a  co m p ariso n  betw een th e  
observed m o b ilitie s  a n d  those g ive n  b y  e q u a tio n  (3 ).

F ro m  F ig . 6  a n d  7  i t  is  seen t h a t  i/a A  is  ab o u t 5 0 . xo- 3 ; hence 
a A V  p  >  1 w h e n  y 'x 1 >  5 °  ■ i ° " 3- A t  th e  co n ce n tratio n s in v o lv e d  a A V  ¡j. 
o b v io u sly  is  less th a n  1 . E q u a t io n  (3 ) re q u ire s th e n  a n  alm o st lin e a r 
increase of m o b ility  w ith  th e  ra d iu s  a o f th e  p a rtic le . T h is  is  in  c o n tra 
d ictio n  w it h  exp e rim e n ts. I f  a  is  larg e  a n d  a A  is  o ve r 1 0 0 0  (see T a b le  IV )  
eq u a tio n  (3 ) show s t h a t  th e  m o b ility  is  a lm o st in d e p en d e n t o f th e  co n 
ce n tra tio n  above, say , v V  =  o - o i ; t h is  is  n o t confirm ed b y  e xp e rim e n ts.

T h e  v a lu e s  reco rd e d  in  T a b le  I  are n o t co n v in cin g . T h e  p a rtic le s  
of the A s sS 3 sol used b y  F re u n d lic h  a n d  Zeh w ere in v is ib le  in  u lt r a 
m icroscope a n d  therefo re v e r y  p ro b a b ly  less t h a n  1 - 4 3  . xo - 0  cm . O n th e  
other h a n d  m astic  sols u s u a lly  h a ve  la rg e r p a rtic le s  of th e  o rd er of 
m agnitu de of 1 0 —1 cm . (see T a b le  4 ).

P ro f. R .  A u d u b e rt  (Paris), in  r e p l y : ( 1 ) I n  agreem ent w ith  th e  
re m a rk  o f B ik e rm a n , th e  d ata reco rd e d  in  T a b le  I  are  n o t in te n d e d  to  
represent re a l r a d ii o f th e  p a rtic le s  of th e  system s in ve stig a te d . In d e e d , 
the c a lc u la tio n  g ive s o n ly  average r a d ii  s in ce  th e  liste d  sols a n d  suspensions 
are heterodisperse.

(2 ) E q u a t io n  (3 ) questioned  b y  B ik e rm a n  is  confirm ed o n ly  in  th e  case 
w hen the hypotheses on w h ic h  it  is  based are v a lid  (E  =  4  na-o). T h a t  is 
th e  reaso n w h y  it  w a s p referred  to  ta k e  fo r th e  v a ria b le , in stea d  o f the 
m o b ility  u, th e  re la tiv e  change u /u 0 of th e  m o b ilitie s, see e q u a tio n  (4 ). 
T h is  re la tio n  is  n o t e x p e rim e n t a l; i t  is  a n  e xp a n sio n  o f th e  theo ries of 
D e b ye  to  disperse system s. E x p e rie n ce  show s t h a t  i t  is  ind eed  confirm ed 
in  the rang e of sm a ll c o n c e n tra t io n s ; th e  agreem ent is  th e  b e tte r the 
sm a lle r is  th e  v a le n c y  o f the ions. E q u a t io n  (4 ) assum es t h a t  th e  charge 
E  is  co n stan t. T h e  observed  disagreem ent betw een the re la tiv e  m o b ilities  
ca lcu la te d  fro m  (4 ) a n d  those m easured c a n  be in te rp re te d  as due to  a 
v a r ia t io n  of E .  W h e n  ap p lie d  to  m a stic  g ra n u le s th is  h y p o th e sis  is  con
firm ed  b y  e xp e rim e n ts (e q u a tio n  ( 1 3 ), T a b le  IV ) .

W e  believe, therefore, t h a t  th e  th e o ry  of D e b ye  a n d  H u e c k e l in  its  
sim ple fo rm  is  a p p lic a b le  to  disperse system s a t  v e ry  large d ilu tio n s  o n l y ; 
a t  sm a lle r d ilu tio n s  it  is  ne ce ssary  to  assum e a v a r ia t io n  of E  w ith  the 
io n ic  stre n g th  of th e  in te rm ic e lla r liq u id . I n  th e  range o f h ig h  co n ce n tra
tio n s  the c la ss ica l th e o ry  o f D e b ye  ca n n o t be used, as i t  is  n o t allow ed, 
then, w h e n  d eve lo p in g  th e  e xp o n e n tia l fu n ctio n , to  neglect th e  te rm s of an 
o rd er h ig h e r th a n  u n ity .

Prof. L. S. Moyer (Minnesota), on p a p e r of B ik e rm a n  p . 1 5 7 : I n  re 
gard  to th e  statem ent o f B ik e rm a n  t h a t  th e  v a lu e s  p re v io u s ly  ob tained  
b y  M o yer an d  B u l l ia fo r the charge d e n sity  a t  cellu lose su rfaces w ill  be 
altered  b y  co n sid e ratio n  of th e  su rface  cond uctance, i t  m a y  be w e ll to 
m en tio n th a t o u r c a lcu la tio n s  w ere based o n  strea m in g  p o te n tia l d a ta  of 
B u ll  a n d  G o rtn e r .17 I n  th e ir  d ata, co rrectio n s fo r the influe nce  of su rface

11 Acta Physicochimica, U.R.S.S., 19 3 8 , 9 , 4 1 .
15 J. J. Bikerm an, Z. Electrochem., 1 9 3 3 , 39> 5 ~&-
10 L . S. Moyer and H . B. B u ll, J. Gen. Physiol., 1 9 3 5 , 1 9 , 2 3 9 .
17 H . B. B u ll and R . A. Gortner, J. Physic. Chem., 1 9 3 1 , 3 5 , 3 0 9 , 4 5 6 , 7 0 0 .
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con d uctan ce  h a d  been in tro d u c e d  b y  m easurem ent of th e  specific con
d u cta n ce  w it h in  th e  pores of the d iap h rag m . T h e  p ro cedure used was. 
t h a t  of B r ig g s .18

D r . S . R .  C r a x fo r d  {London), on G u ggenheim ’s p aper, p. 1 3 9  : F o r  
a  d oub le la y e r  o f unspecified io n ic  d is tr ib u t io n  the e q u a tio n  fo r e lectro 
osm osis, fo r exam ple, is  o b tain e d  b y  co m b in in g  th e  P o isso n  equation., 
w it h  th e  S to k e s-N a v ie r law , an d  is

«  -  7 ^ - W i ~  ’ * ' ’ ’ ' W47rV

T h is  in v o lv e s  a  n u m b e r of assu m ptions, one o f w h ic h  is  th a t D, the 
d ie le ctric  con stan t, is  co n sta n t th ro u g h o u t t h a t  p a rt  of th e  double la y e r 
t h a t  is  resp on sib le  for e lectro kine sis. I f  D  w ere n o t co n sta n t there is  no 
reaso n to suppose th a t the electro-osm otic equation w o u ld  ta k e  the above 
form . D r. G u ggenheim  con sid e rs the e q u iv a le n t condenser, w ith  c a p a c ity

• ■ ■ ■ <*>

a n d  assum es in  h is  t u r n  f ir s t ly  t h a t  the electro-osm otic e q u a tio n  has the 
fo rm  of ( 1 ) in  sp ite  of the v a ria b le  D, a n d  seco n d ly  t h a t  D  in  ( 1 ) is  the sam e 
as D i  in  (2 ). H e  is  th u s  enab led  to  e lim in ate  D  a n d  £ a n d  replace th em  b y  
th e  m om ent of a  condenser e q u iv a le n t to t h a t  p a rt  of th e  double la y e r  
respon sib le  fo r  e lectro kin e sis. H is  e qua tio n , therefore, seems to  be no 
fre e r fro m  a ssu m p tio n s th a n  ( 1 ), a n d  it  w o u ld  be d ifficu lt  to  m a in ta in  th a t 
th e  m om ent of th e  e q u iv a le n t cond enser g ive s a  cle arer p ic tu re  o f electro- 
k in e t ic  phenom ena th a n  the p o te n tia l difference across th e  diffuse a n d  
s lip p in g  double la y e r.

T h e  arg u m e n t t h a t  th e  m om ent com es in  d ire c t ly  a n d  n a tu r a lly  if  
the e le ctro kin e tic  e q u a tio n s are  d e riv e d  fro m  the concept of a  p a r a lle l 
p la te  condenser a t  th e  in terphase, as  w as done first  b y  H . L a m b , is  n o t 10 
v a lid , because th e  fa c t  t h a t  th e  co rre ct e q u a tio n  ca n  be d e riv e d  fro m  a 
false  a ssu m p tio n  does n o t m ake th e  d e riv a tio n  co rrect. I t  is  therefore 
w ith o u t im p o rtan ce  t h a t  in  th is  erroneous d e riv a tio n  D r . G ug gen heim 's 
equatio n o ccurs first  an d  e q u a tio n  (1 ) ca n  su b se q u e n tly  be o b tain e d  fro m  it .

D r .  E .  A . G u g g e n h e im  (London) : I t  seem s to  m e t h a t  C ra x fo rd  has 
p u t  th e  c a rt  before th e  horse. T h e  m a in  p o in t  o f m y  p a p e r is  t h a t  m y  
fo rm u la  (3 -1 ) does n o t in v o lv e  P o isso n 's  e q u a tio n , w hereas C ra x fo rd ’s 
fo rm u la  ( 1 ) does.

T h e  d e riv a tio n  of m y  fo rm u la  (3 -1 ) is  a c tu a lly  e x tre m e ly  sim p le. 
D e n o tin g  v e lo c ity  p a ra lle l to  th e  fie ld  b y  « , an d  co n sid e rin g  a t h in  s tr ip  
of liq u id , we h a ve  as a  c o n d itio n  o f s te a d y  m otion

i]du =  X d r . . . . . (A)

In te g ra tin g  fro m  the w a ll to  the in te rio r, we o b ta in  fo r th e  v e lo c ity  u  in  
th e  in te rio r  of th e  liq u id

«  =  X r / v ........................................................... (B )

I n  a  tub e  of c irc u la r  cross-section the flow  /  expressed as vo lu m e  p e r u n it  
tim e  is  g iv e n  b y

/  =   (C)

w here r  is  in te rm ed ia te  betw een th e  ra d iu s  r ,  of th e  tub e  an d  th e  ra d iu s  r { 
o f the c y lin d e r of liq u id  w hose v e lo c ity  d iffers in a p p re c ia b ly  fro m  u. In  
p ra ctice  th e  d is tin c tio n  betw een r„ r { a n d  r  is  t r iv ia l.  S u b stitu tin g  (B ) 
in to  (C), w e re co v e r m y  fo rm u la  (3 -1 )

/  =  ity-X r/  77........................................................(3 -1 )

18 D . R . Briggs, J . Physic. Chem., 1 9 2 8 , 3 2 , 6 4 1 . 
16 Phil. Mag., 1 8 8 8 , 2 5 , 3 2 .
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T o  tra n sfo rm  fo rm u la  (B ) in to  C ra x fo rd ’s fo rm u la  ( i )  we ha ve  to  use 
m y  fo rm u la  (3 -3 )

£ =  4 7tt / D , .................................................. (3 -3 )

w h ich  is  th e  in te g ra l of P o isso n ’s e qua tio n . I  t h in k  t h a t  C ra x fo rd  agrees 
w ith  me th a t th is  s u b s titu tio n  is  m eaningless u nless D  is  co n stan t across 
th e  la y e r.

D r .  J .  W . W r z e s z in s k i [London], o n  V e rw e y ’s p aper, p . 1 9 2  : I  h a ve  
been in v e stig a tin g  th e  role of e m u lsifiers fo r som e tim e. I  d iffer fro m  
V e rw e y ’s co n clu sio n s on a  few  p o in ts.

H e  states t h a t  e m u ls ify in g  agents ca n  be cla ssifie d  in to  tw o  m a in  
grou ps—

(a) co llo id a l e lectro ly te s an d  ly o p h ilic  co llo id s ; *
(b) f in e ly  d iv id e d  so lid s ;

an d  fu rtherm ore, th a t b o th  h a ve  th e  effect of g iv in g  th e  d ro p s p ro p erties 
co m parab le  w ith  those of so lid  p artic le s, a n d  of s h iftin g  th e  d oub le  la y e r  
p o te n tia l d ro p  to w a rd s the o u ter phase.

W h ile  i t  is  c e rta in ly  co rrect to  s a y  t h a t  fin e ly  d iv id e d  so lid s a c tin g  
a s  e m u ls ify in g  agents h a ve  th e  effect of im p a rtin g  to th e  dispersed  globules 
p ro p e rtie s co m parab le  to those of solids, i t  is  in  m y  v ie w  less c le a r w hether 
th e  sam e ca n  be s a id  re g a rd in g  th e  s ta b ilis in g  a c tio n  o f c o llo id a l e lectro 
ly te s, e.g., soaps, an d  of ly o p h ilic  collo id s, su ch  as sap o n in  a n d  ag a r ag a r 
(for O /W  e m u lsion s).

F ro m  re su lts  o b tain e d  in  t h is  la b o ra to ry  i t  w o u ld  a p p e ar t h a t  the 
action of a g ive n  e le ctro ly te  on a n  e m u lsio n  depends v e r y  m u ch  on 
w hether the e m u lsion h as been p rep are d  w it h  th e  a id  of a  fin e ly  d iv id e d  
so lid  o r a  substance w h ic h  g ive s a  c o llo id a l so lu tio n  in  th e  d isp e rsio n  
m edium . U s in g  f a ir ly  co n ce ntrate d  O /W  em ulsions, th e  a c tu a l c o n 
ce n tra tio n s w ere k e p t betw een 8 0  a n d  9 0  p e r cent, of o il,— I  observed th a t 
e m ulsion s sta b ilise d  b y  su bstances lik e  sod ium  oleate a n d  sa p o n in  rem ain ed  
unaffected b y  th e  a d d itio n  of the su lp h ates of the a lk a li  m etals, b u t w ere 
b ro ken  b y  th e  corresp o n d in g  th io cy a n a te s a n d  iodides, w h ile  e x a c tly  the 
reverse w as tru e  of em ulsion s sta b ilise d  b y  fin e ly  d iv id e d  solids, e.g., 
a lu m in a , ben to nite. T h e  effect of these sa lts  on th e  so lu tio n s o r d isp e r
sions of the e m u ls ify in g  agents w as n e x t  stu d ied , a n d  w as fo u n d  to c o r
respon d  e x a c tly  to  the a ctio n  of th e  salts on th e  em ulsion s p rep are d  w ith  
th e  a id  of the e m u lsify in g  agents u n d e r in v e stig a tio n . These ob servatio n s 
show  t h a t  th e  s ta b ility  of sta b ilise d  em ulsion s is  v e ry  c lo se ly  rela te d  to  
the state of the so lu tio n  (or dispersion) of th e  e m u ls ify in g  agent used, and, 
m oreover, t h a t  the resistance to  in o rg a n ic  sa lts  is  d ifferen t w ith  em ulsion s 
prep are d  w ith  c o llo id a l so lu tio n s 011 th e  one hand , a n d  those sta b ilise d  
b y  (solid) suspensions on the other.

T h e  second fu n c tio n  of e m u ls ify in g  agents is  sa id  to  be to s h ift  the 
double la y e r  p o te n tia l d ro p  to w a rd s th e  o u te r phase. I  fin d  it  som ew hat 
d ifficu lt to a ttrib u te  a  change in  th e  s ta b ility  of a  sta b ilise d  em ulsion to  
a  change in  th e  p o te n tia l drop, h o w e ve r d e te rm in a tiv e  th is  be fo r the 
s t a b ility  of a n  o il-h y d ro so l. I  in ve stig a te d  th e  influ ence of e lectro lyte s on 
the ca tap h o re tic  m o b ility  of th e  dispersed p a rtic le s  in  sta b ilise d  O /W  e m u l
sions. U sin g  v a rio u s  e m u ls ify in g  agents, I  o b tain e d  re su lts  w h ich  clo se ly  
resem bled those p u b lish e d  b y  D r. L im b u r g . 20 L ik e  L im b u rg  I  found  
th at, a lth o u g h  th e  influ ence of e lectro lyte s on th e  e le ctro kin e tic  p ro p erties 
of a sta b ilise d  em ulsion m a y  be fre q u e n tly  v e ry  s im ila r  to  th e ir  influence 
on th e  ca tap h o re tic  v e lo c ity  o f o il-h yd ro so ls, there w as no s im ila r ity  in  
the change of s ta b ility  on th e  a d d itio n  of e lectrolytes. N o  m in im u m  of 
s ta b ility  w a s observed a t the iso e le ctric  po in t.

I  h a ve  been led  to the co n clu sio n  th a t w ith  a su ffic ie n tly  h ig h  co n ce n tra
t io n  of e m u ls ify in g  agent— 0 - 6  to 0 - 7  p e r cent, (calcu lated  on th e  in te rn a l

* See Corrigenda, p. 7 3 2 .
20 Lim burg, Rec. trav. chitn., 1 9 2 6 , 4 5 , 7 7 2 , 8 5 4 .
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phase) in  a great m a n y  cases— the e le ctrica l b e h a v io u r of a n  em ulsion 
w il l  b ea r a  r e la tiv e ly  in s ig n ifica n t re la tio n  to  it s  s ta b ility . T h is  is  also 
exem plified  b y  th e  h ig h  resistance su ch  em ulsion s are ab le  to offer to  the 
ad d itio n  of e lectrolytes. I t  is  und e rsto o d  th a t  there is  no ch e m ical rea ctio n  
betw een th e  e m u ls ify in g  agent a n d  the e lectro ly te  added. I f  th is  h app e ns 
th e  e m u lsio n  is  im m e d ia te ly  rendered un sta b le, irre sp e ctiv e  of th e  co n 
ce n tra tio n  of e m u ls ify in g  agent. T h is  q u estio n  h a s been considered 
before in  greate r d e ta il. 21 E x c lu d in g  ch e m ical in te ra ctio n , em ulsion s w ill  
be sta b le  if  th e  agent used is  p resen t in  su fficien t co n ce n tratio n . I f  the 
co n ce n tra tio n  o f e m u ls ify in g  agent is  low ered the m ech an ical r ig id ity  
of th e  p ro te ctiv e  film  is  m a te ria lly  decreased, a n d  the sm a lle r the co n 
ce n tra tio n  becomes, th e  m ore w ill  the pro p erties of the e m ulsion resem ble 
those of a  ly o p h o b ic  c o llo id  w hose s t a b ilit y  is  m a in ly  determ ined  b y  the 
charge on th e  p a rtic le s.

D r .  E. J .  W. V e rw e y  (Eindhoven), in reply : The object of my paper 
was to point out first of all that in order to understand completely the 
action of emulsifying agents, w e must understand the fact that emulsions 
without emulsifiers are never stable. In this respect the emulsions differ 
fundamentally from other lyophobic colloids. It seems to me that this 
fundamental problem is for the main part solved by the considerations 
in my paper on the stability of emulsions.

I  do n o t c la im  t h a t  th e  few  re m a rk s  a t  the end of the p ap e r are more 
th a n  p ro v is io n a l suggestions ab o u t the phenom ena u n d e rly in g  the a ctio n  
of em ulsifiers. I  u n d e rsta n d  t h a t  D r. W . d istin gu ish e s betw een O /W  
em u lsio n s a n d  o il-h y d ro so ls, the la tte r  being the m ore d ilu te d  system s. 
I t  m a y  be t h a t  in  som e ty p e s of h ig h ly  co n ce ntrate d  em ulsions, e sp e cially  
w hen sta b ilise d  b y  a  s u ffic ie n tly  h ig h  am o u n t of em ulsifiers, th e  s ta b ility  
co n d itio n s  are  ra th e r co m p licate d . I t  m a y  be th a t, a p a rt  fro m  the double 
la y e r, also a n o th e r s ta b ility  fa cto r p la y s  a p a rt, su ch  as so lva ta tio n , lik e  
in  th e  case of ly o p h ilic  co llo id s. W r it in g  ab o u t em ulsions, how ever, I  h a d  
in  m in d  th e  w o rk  o f E llis ,  P o w is, L im b u rg , a n d  others, ab o u t w h ic h  has 
been rep o rted  a g a in  in  th e  p a p e r b y  E ile r s  a n d  K o rff. H e re  w e are d ealing 
w it h  system s w here th e  s t a b ility  of th e  o il d ro plets w ith  respect to  co 
a g u la tio n  an d  th e  e lectro p h o re tic  m o b ility  are c le a r ly  co rrela te d . E v e n  
if  no sp ecia l em ulsifiers h a d  been added d e lib e ra te ly  to  these system s, the 
v e ry  fa c t of th e  h ig h  ze ta -p o ten tia ls o f th e ir  p a rtic le s  proves, a cco rd in g  to 
th e  arg u m e n ts g iv e n  in  m y  p aper, th a t  th e ir  p a rtic le s  w ere sta b ilise d  b y  
som e e m u ls ify in g  agent. T hese su b sta n ce s h a d  u n d o u b te d ly  the effect 
t h a t  the d o u b le  la y e r  assum ed p ro p e rtie s as a t  s o lid  p a rtic le s, and the 
double la y e r  p o te n tia l d ro p  w as s h ifte d  to w a rd s th e  o u te r phase.

P ro f. L .  S . M o y e r (M innesota), on p a p e r b y  M c F a rla n e , p p . 2 5 8  an d  
2 6 1  : I  w as m u ch  in te re ste d  in  th e  o b se rvatio n s o f M c F a rla n e  o n the 
re m a rk a b le  b e h a v io u r of th is  u n u su a l v ir u s . H o w e v e r I  am  u n w illin g  to 
agree w it h  M c F a rla n e  t h a t  “  the w o rk  o f A b ra h a m so n  (should be A b ram so n ) 
an d  M o yer suggests th a t  th e  m o b ility  of th e  p ro te in s is  accou nted  for 
so le ly  b y  th e  io n isa tio n  p o te n tia l, a n d  co n seq u en tly  th a t th e  ad so rp tio n  
of s a lt  io n s m u st be n e glig ib le  in  a m o u n t ” . A s  a  m a tte r o f fa c t  in  o u r 
pap e rs w e h a ve  been ca re fu l to  state, re fe rrin g  to  th is  cita tio n , t h a t  "  th is  
w il l  p ro b a b ly  be fo u n d  to  be n o t tru e , in  general, fo r som e process ta n ta 
m o u n t to  ad so rp tio n  of io n s o f th e  s a lt  m a y  occur, th e  shape o f th e  v m — c 
c u rv e  re m a in in g  e sse n tia lly  th e  sam e b u t  sh ifte d  because of th e  effect of 
sa lts  o n the iso e lectric  p o in t  ” .22- 23 T o  assum e t h a t  “  in  n o rm a l w o rk in g  
co n d itio n s the m olecules o f so lu b le  p ro te in s in  general m a y  n o t associate 
w ith  th e  w a ll of the T is e liu s  U -tu b e  "  is  n o t su p p o rted  b y  w h a t w e kno w  
of th e ir  b e h a v io u r. A b ra m so n  a n d  I ,  am ong m a n y  others, h a ve  p oin ted

21 King and Wrzeszinski, Trans. Faraday Soc., 1 9 3 9 , 3 5 , 7 4 1 .
22 H. A. Abramson, J .  Gen. Physiol., 1 9 3 3 , 1 6 , 5 9 3 .
23 L. S. Moyer and J. C. Abels, J .  Biol. Chem., 1 9 3 7 , 1 2 I> 33 1-
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o u t rep e ated ly  M . 25 th at, w ith  th e  possible  excep tio n  of re d  c e lls 21 or p a rtic le s  
alread}"- coated w it h  ce rta in  p ro te in s , 20 su rfaces (in c lu d in g  glass o r q u a rtz) 
r e a d ily  ad so rb  a ll  so rts of solu b le  p ro te in s : egg a lb u m in , th e  serum  
pro te ins, casein, in s u lin , g elatin, g lia d in , etc., u p o n  im m e rsio n  of the 
su rface  in  th e ir  solutions, a n d  there upo n becom e endow ed w ith  th e ir  
e le ctro k in e tic  properties. I  b elieve  t h a t  a n o th er e x p la n a tio n  m ust be 
loo ked  fo r to  e x p la in  th e  an om alou s b o u n d arie s observed  w it h  v a c c in ia  
v iru s .

D r .  A .  S . M c F a rla n e  (London), c o m m u n ica te d : B y  c o n tra st w ith  
M o y e r’s above q u o ta tio n  re la tin g  to  th e  effect of ad sorbed  sa lt  io n s on the 
m o b ility  of p ro te in s there is  th e  re ce n t sta te m e n t b y  A b ram so n , G o rin  an d  
M o yer 27: “  F o r  if, a t  co n stan t io n ic  stren g th  in  s im p le  system s, the
average charge of the m olecule is  k n o w n  to  be a lm o st co m p le te ly  d eter
m ined b y  the average n u m b e r o f e q u iv a le n ts  of h y d ro g e n  o r h y d ro x id e  
io n s bound, it  fo llo w s t h a t  changes in  th e  iso e le ctric  p o in t in c id e n ta l to  
su rface film  fo rm a tio n  m u st be d ire c t ly  co rrela te d  w ith  changes in  the 
re la tiv e  stren g th s of th e  am in o  an d  c a rb o x y l groups ” . I  am  therefore 
g ra te fu l to P ro f. M o y e r fo r n o w  m a k in g  it  q u ite  c le a r t h a t  he a n d  h is  
co llab o rato rs a ccep t th e  v ie w  t h a t  ad sorbed  s a lt  io n s co n trib u te  to  the 
m o b ility  of pro te ins. T h e ir  c la im , how ever, t h a t  the c o n trib u tio n  of these 
io n s is a co n stan t o ve r th e  pH ran g e  in  w h ic h  p ro te in  m o b ilitie s  are u s u a lly  
determ ined, affecting n e ith e r th e  slope n o r th e  shape of th e  ^ n -m o b ility  
c u rv e  is  d ifficu lt  to  accept. I t  is  based on the fo llo w in g  p roce du re  27 : 
“  I n  a p lo t w ith  th e  n u m b e r of e q u iv a le n ts  o f a c id  (base) b o u n d  p e r g ram  
of p ro te in  as o rd in ate  a n d  the pH as abscissa, the zero p o in t  on the o rd in ate  
is  found  b y  s h iftin g  in  co -ordin ates v e rt ic a lly  u n t il th e  c u rve  goes th ro u g h  
zero a t the iso e lectric  p o in t  as d eterm ined  b y  electrophoresis. T h e  
m o b ility  d ata  are th en  com pared  w ith  the t itra t io n  d a ta  b y  t a k in g  a n y  
single  p o in t  o n  th e  sm oothed m o b ility  c u rv e  a n d  m u ltip ly in g  th e  m o b ility  
b y  a fa cto r th a t w ill  m ake th e  tw o c u rv e s  correspon d. I f  w hen a ll  the 
e xp e rim e n ta l p o in ts  are m u ltip lie d  b y  th is  sam e facto r, th e y  fa ll on the 
t itra tio n  c u rv e  w it h in  th e  lim its  of e rro r, th is  p ro p o rtio n a lity  is  to be 
considered as d e m o n stra te d ." T h e  m o b ility  c u rve  is  th u s  ro ta te d  a b o u t 
th e  iso e lectric  p o in t  u n t il  its  m ean slope is  a r b it r a r ily  m ade to  co incid e  
w ith  the m ean slope of the t itra t io n  cu rve , a n d  the presence of a n y  facto rs 
(other th a n  a c id  o r base io n isa tio n ) w h ic h  affect th e  m o b ility  of a  p ro te in  
in  a lin e a r m an n er w it h  ch a n g in g  p n  co u ld  n o t be detected b y  e x a m in a tio n  
of these superim po sed  cu rve s. A t  presen t there seem s to  be as m u ch  
evidence fo r th e  v ie w  th a t th e  ab so rp tio n  of s a lt  io n s o n  p ro te in s v a rie s  
p ro g re ssive ly  w ith  pH as fo r the v ie w  t h a t  th ere  is  a  fix e d  degree o f s a lt  
ad so rp tio n  o ve r a  w id e  p n range. T h e  presence o f n o n -lin e a r changes of 
sa lt  ad so rp tio n  w ith  pn w o u ld  p re su m a b ly  be d em on strated  b y  d e v ia tio n s  
o f th e  m o b ility  c u rv e  fro m  the su perim po sed  t itra t io n  c u rv e  b u t th e  s ig n i
ficance of su ch  d e v ia tio n s ca n  o n ly  be assessed in  re la tio n  to  th e  e x p e ri
m en tal e rrors in v o lv e d  in  th e  d e te rm in a tio n s of m o b ility  a n d  a c id  (base) 
b in d in g  c a p a c ity  and these are  n o t d iscussed  b y  the au th o rs.

I  note w ith  in te re st M o y er is  n o t in  fa v o u r o f the suggestion th a t  
in  n o rm a l w o rk in g  co n d itio n s solub le  p ro te in s m a y  n o t associate w ith  
the w a ll of the T is e liu s  U -tu b e . I t  w o u ld  be in te re stin g  to  k n o w  w h a t 
a lte rn a tiv e  e xp la n a tio n  ca n  be offered fo r the com plete absence of a n y  
signs of endosm otic flow  a t  th e  w a lls  of th e  U -tu b e  c o n ta in in g  p ro te in  
m ate rials, in c lu d in g  the v e ry  large p la n t  v ir u s  m olecules, o th e r th a n  
v a c c in ia .

27 H . A. Abramson, Electrokinetic Phenomena, New York, 1 9 3 4 .
25 L . S. Moyer, Cold Spring Harbor Symposia on Quantitative Biology, 1 9 3 8 , 6 ,

2 2 8 .
20 L . S. Moyer and E . Z. Moyer, / .  Biol. Chem., 1 9 4 0 , 1 3 2 , 3 5 7 , 3 7 3 .
27 H . A. Abramson, M. IT  Gorin, and L . S. Moyer, Chem. Rev., 1 9 3 9 , 

24. 345-
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D r .  S . L e v in e  on th e  p ap e rs o f H a m a k e r, p. 1 8 8 , D e rja g u in , p p . 2 0 8 - 1 0 , 
L e vin e , a n d  G . P . D ub e, p p . 2 1 5 - 1 9  (C o a g u la tio n  of H y d ro p h o b ic  S o ls  an d  
m in im u m  in  E le c t r ic a l E n e r g y ). O b je ctio ns of a n  a p p a re n tly  serious 
n a tu re  to o u r exp re ssio n  fo r the in te ra ctio n  of tw o co llo id a l p a rtic le s  h a ve  
been ra ise d  b y  H a m a k e r a n d  D e rja g u in . T hese rela te  to o u r m in im u m  
w h ic h  I  believe is  of p a ra m o u n t im p o rtan ce  in  h y d ro p h ilic  sols, so t h a t  it  
becom es necessary to  an sw er th e ir  critic ism s. T h e  q uestio n  arises as to 
w hether the m in im u m  influences the co a g u latio n  process of h y d ro p h o b ic  
sols. I  s h a ll t r y  to  show  t h a t  a t  le ast fo r sm a ll p artic le s, the m in im u m  
ca n n o t be th e  p o sitio n  w here the p a rtic le s  coalesce, a lth o u g h  it  does affect 
th e  ra te  of co a g u latio n . F irs t ly ,  in  order to  e x p la in  slow  coag ulation, it  
seem s e sse n tial t h a t  there e xists  a n  e nerg y b a rrie r o v e r w h ich  th e  c o llid in g  
p a rtic le s  m u st pass before fo rm in g  se co n d ary  p a rtic le s. Secondly, the 
p o sitio n  of the m in im u m  smin (in  u n its  o f th e  ra d iu s) is  in  m a n y  cases too 
fa r  ou t. A s  exam ples, if  w e con sider th e  c r it ic a l co a g u latio n  p o in ts 
illu s tra te d  in  F ig s . 1 a n d  4  (pp. 2 1 8  an d  2 2 3 ) fo r the three e lectro ly te  types 
x-x, 2 - 1  a n d  3 - 1 , th e  ra d iu s  being a — 1 5  m ^, th e n  r  =  kci — xo-o, 2 - 7 4  
a n d  x -2 2  a n d  .smin =  2 -1 3 , 2 - 6  a n d  3 - 5  re sp e c tiv e ly . T h ese v a lu e s are 
re a d ily  o b tained  fro m  th e  form ulse a n d  n u m e rica l re su lts  g ive n  in  o u r 
e a rlie r  papers. F o r  la rg e r p a rtic le s  of ra d iu s  5 0  m/x, a t the sam e c r it ic a l 
p re c ip ita tio n  v a lu e s  fo r th e  three electrolytes, th e  correspon din g v a lu e s of 
t  are 3 2 -9 , 9 - 0 0  a n d  4 -0 3 , a n d  those of smin, 2 -0 4 , 2 -1 4 , a n d  2 - 3 6  re sp e ctiv e ly . 
I n  t r u ly  h y d ro p h o b ic  sols, su ch  as gold a n d  p la tin u m , v e ry  lit t le  w ate r is 
ca rrie d  d o w n  b y  th e  p re cip ita te , a n d  i t  is  u n lik e ly  t h a t  th e  p a rtic le s are 
separated  b y  d istan ce s of th e  o rd er 2 - 5  t im e s the ra d iu s. F o r  th e  sm a ller 
p artic le s, therefore, th e  m in im u m  ca n n o t be the p o sitio n  of flo cculatio n, 
a lth o u g h  fo r th e  la rg e r p a rtic le s  th e  s itu a tio n  is  n o t so clear.

H o w e v e r, th is  la s t  p rob lem  is  p a r t ia lly  solved  b y  e xa m in in g  th e  d ep th 
of the m in im u m  F m[D in  th e  e le ctrica l energy, w h ic h  m a y  n o t be large 
enough to y ie ld  a  sta b le  p o sitio n  p e rm ittin g  co a g u latio n . T h u s, re tu rn in g  
to th e  tw o sets of exa m p le s refe rred  to  above, a n d  assu m in g  the sam e 
c r it ic a l p o te n tia ls  as  in  F ig . 1 , p. 2 1 8  (4 5  m .v. fo r the 1 - 1  ty p e  a n d  2 5  m .v. 
fo r  th e  2 - 1  a n d  3 - 1  typ e s), F min/k T 0 is  e q u a l to  4 -5 , 0 - 9 3  a n d  0 - 4 4  w hen 
a — 1 5  m ¡I a n d  to  2 0 , 4 - 6  a n d  4 - 0  w hen a =  5 0  m ¡j. fo r th e  three electro 
ly te s  i- x ,  2 - 1 , a n d  3 - 1  re sp e c tiv e ly . T h e  o n ly  v a lu e  o f Fmin t h a t  seems 
to  cause tro u b le  is  th a t fo r th e  1 - 1  ty p e  w it h  a — 5 0  m ¡x. One m a y  com pare 
the effect of a m in im u m  e ven of d epth 5 IcT 0 in  d ilu te  sols to  t h a t  o f the 
v a n  der W a a ls  a ttra c tiv e  energy betw een m olecules in  a  gas. I t  sh o u ld  
be noted t h a t  tw o atom s fo rm in g  a  sta b le  m olecule h a ve  a n  e nergy of 
b in d in g  of th e  o rd er of 1 e lectro n  v o lt  m  4 0 k T 0.

W h e n  w e com e to large p a rtic le s  there a rises a  d iffic u lty  w h ich  is  
p oin ted  o u t b y  H a m a k e r an d  w h ich  w as a lre a d y  kno w n to  us. F o r  large 
r, i t  ca n  be show n t h a t  smin ^  2  +  i - i 6 / t  a n d  Fmin f&— 0 - 0 8 5 £2Da 
(a sy m p to tica lly ) w h ic h  is  d ire c t ly  p ro p o rtio n a l to th e  ra d iu s, as il lu s 
tra te d  b y  H a m a k e r in  F ig . 2 , p. 1 8 8 . A t  D  =  8 0 , a =  5 0  m ^  a n d  £ — 1 0 0  
m v., fo r exam ple, F min = —  g ^ k T a. T h is  im p lie s th a t a ll  large sp h e rica l 
p a rtic le s sh o u ld  coagulate r a p id ly  in  th e  p o sitio n  of the m in im u m  an d  
indeed ca n n o t form  sta b le  sols (suspensions o r em ulsion s), a t  v a ria n ce  
w ith  e xp erim ent, as re m a rk e d  b y  H a m a k e r. F u rth e r, th is  appears to 
c o n tra d ic t  o u r co n clu sio n  o n p. 2 2 0  co n ce rn in g  the absence of an  u p p er 
l im it  to th e  p a rtic le  ra d iu s  in  sta b le  sols, w h ic h  w as based o n th e  p ro p erties 
o f the e nergy a t co n ta ct an d  o f th e  e nerg y m axim u m . T h u s  it  becom es 
n e cessary  to  rem ove th is  d iscre p a n cy  betw een o u r th e o ry  an d  exp e rim e n t.

I t  m ig h t be th o u g h t a t  f irs t  t h a t  the a p p ro x im a tio n  used here, w h ic h  is 
re lia b le  fo r s m a ll v a lu e s  o f r, leads to  a  co n siderab le  e rro r fo r larg e r, b u t  
th e  fo llo w in g  illu s tra t io n  suggests t h a t  t h is  does n o t so lve  th e  d ifficu lty . 
C o n sid e r tw o sp h e ric a l p a rtic le s, fro m  w h ich  we h a v e  c u t a w a y  sp h e rica l 
caps o f d epth 1  /«, so p laced  t h a t  th e  tw o c irc u la r  p la n e  se ctio n s (discs) 
a re  p a ra lle l to  one a n o th er a t  a d istan ce  i / k  a p a rt  (F ig . i i) .  N e g le ctin g  
the influ ence o f the rest o f th e  spheres, we w il l  assum e th is  m odel to
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a p p ro x im a te  to tw o large p a rtic le s alm ost in  co n ta ct (the ra d iu s  a i  /« ). 
I n  one of th e  e a rlie r p ap e rs 26 we ap p lie d  o u r m ethod to  ca lcu la te  the 
e le ctrica l e nergy p e r u n it  area associated w ith  tw o  in fin ite  p a ra lle l p late s 
a n d  fo u nd  i t  to be a lw a y s negative, assu m in g  t h a t  th e  su rface  charge d en
s it y  o n the p late s rem ain s con stan t. N o tin g  t h a t  th e  angle 9 in  F ig . i i  
is  g iv e n  b y  a cos 9 -j- i / k  =  a, i.e., b y  cos 6  — (r  —  x )/r, th e  area o f each 
d isc is  ira2 s in 3 0 on 27ra2/ r  fo r r > i .  S u b stitu tin g  th is  e xp re ssio n  fo r 
the area a n d  also x /«  fo r th e  d istan ces betw een th e  tw o p late s in to  formulae 
(4 0 ) an d  (3 8 ) in  the ab ove m entioned paper, the e le ctrica l in te ra ctio n  
energy o f o u r m odel becom es — 0 - 0 3 6  t?Da y ie ld in g  the sam e o rd er of 
m agnitu de as o u r asy m p to tic  form  fo r th e  m in im u m  e nerg y fo r tw o 
p artic le s.

U sin g  th e  o rig in a l D e b y e -H iic k e l e qu atio n, C o rk ill an d  R osen h ea d  28 
re ce n tly  com puted the e le c tric a l forces betw een tw o p a ra lle l p lates, and 
fo u n d  t h a t  there w as a n  a ttra c tio n  w hen e ith e r th e  charge o r p o te n tia l on 
the p lates is  k e p t co n stan t. O n ly  w hen th e  difference o f p o te n tia l betw een 
the surface o f the p late s an d  the m ed ian  plan e  is  k e p t co n sta n t do th e  
e le ctrica l forces becom e re p u ls iv e . T h is  suggests one source of e rro r in  
o u r resu lts, n am ely, th a t th e  charge on th e  p a rtic le s  sh o u ld  n o t be co n 
sta n t, in d ep en dent o f the sep a ra tio n . H o w e ve r, w hereas in  th e  case of 
tw o p a ra lle l p lates, i t  is  n o t d ifficu lt  to  suggest other con d itio ns, th is  is  
n o t so s im p le  in  th e  case o f tw o sp h e rica l p artic le s. A  d iscu ssio n  of th is  
p rob lem  ha s a lre a d y  been g iv e n  b y  us 1 a n d  its  so lu tio n  appears d ifficu lt.

Models for large particles.

E ffe ct of S u rfa c e  Ir r e g u la r it ie s .

I  w ish  to suggest a n o th e r so lu tio n  to th is  d ilem m a. I t  is w e ll kn o w n  
th a t th e  su rface  o f a  c ry s ta l ha s irre g u la rit ie s  w h ich  are a t  le ast o f the 
ord er of 1 m /i in  d epth (and le n g th ). P a rt ic u la r ly , c ry s t a l g ro w th  p ro 
ceeds in  a  ra n d o m  fa sh io n  w hen there are im p u ritie s, w h ic h  is  u s u a lly  the 
case d u rin g  th e  fo rm a tio n  o f co llo id a l p a rtic le s. I f  the u n e ve n  c h a r
acte r of th e  p a rtic le  su rface is  ta k e n  in to  accou nt, c o llid in g  p a rtic le s  w ill 
u s u a lly  to u ch  a t  th e  p ro je ctin g  p o in ts. T h is  receives co n firm a tio n  fro m  
th e  s u rp ris in g ly  s m a ll v a lu e s  o f th e  v a n  d er W a a ls  co n sta n t A  t h a t  we 
ob tained  in  o u r p ap e r. F u rt h e r  th e  charge w ill ten d  to  concentrate a t  
these pro tub e ran ce s on the su rface , 50 w h ich  indeed are the a c tiv e  spots 
proposed b y  K r u y t  a n d  V e rw e y .51

T o  illu s tra te  the influence of these a c tiv e  spots o n the fo rm  of the 
e le ctrica l energy fo r large p a rtic le s  we re t u rn  to  the m odel in  F ig . i i  for 
tw o  p a rtic le s o f sa y  1 0 0  m /t in  ra d iu s, a n d  co v e r each d isc  w ith  a  la y e r  
of sm a ller p a rtic le s  o f ra d iu s  1 m/t, su ch  t h a t  n e ig h b o u rin g  p a rtic le s  are 
ab o u t 1 0  m /t ap a rt, y ie ld in g  a b o u t 6 0  p a rtic le s  on each d isc (F ig . ii i) .  
(T he follo w ing arg u m e n t does n o t h o ld  if  th e  d e n sity  of sm a ll p a rtic le s  
is  so h ig h  th a t  th e y  are, say, 4  m/t a p a rt, b u t th is  w o u ld  im p ly  an

28 Levine and Dube, 1'rans. Faraday Soc., 1 9 3 9 , 3 5 , 1 1 2 5 .
20 Corkill and Rosenhead, Proc. Roy. Soc. London, (A), 1 9 3 9 , 1 7 2 , 4 1 0 .
80 According to Jeans, Electricity and Magnetism, p. 1 9 4 , this is the case for a 

hemispherical boss on a plane conducting surface.
81 Verwey, Chem. Rev., 1 9 3 5 , 1 6 , 3 6 3 .
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e xtre m e ly  ro u g h  su rface.) A ssu m in g  a n  e le ctro ly te  co n ce n tra tio n  of 
1 m M o l./l., so th a t r  =  1 0  a n d  o -i fo r th e  larg e  a n d  sm a ll p a rtic le s  r e 
sp e ctiv e ly , an d  talcing £ =  1 0 0  m v., w e re a d ily  ca lcu la te  t h a t  the m in im u m  
ele ctrica l e nergy of p a irs  of larg e  a n d  sm a ll p a rtic le s  are — 1 5 0  k T 0 an d  
— 0 - 0 2 3  k T 0 re sp e ctive ly , w hereas the corresp o n d in g  v a lu e s of th e  energy 
a t  co n ta ct are 2 1 0  k T 0 an d  xo /cT„. I f  th e  charge is  a ll  co n ce ntrate d  on 
th e  a d h e rin g  sm a ll p a rtic le s  in  o u r m odel, th is  im p lie s t h a t  th e  e q u iv a le n t 
of 6 5 0 0  p a irs  of sm a ll p a rtic le s  (say  8 1  on each d isc) m u st s im u lta n e o u sly  
be in  th e ir  p o sitio n  of m in im u m  e le c tric a l e nergy in  ord er to  a t ta in  a  
to ta l m in im u m  e nergy of — 1 5 0  k T 0, w h ich  is  n o t possible. O n the o th e r 
h a n d , o n ly  2 1  p a irs  of sm a ll p a rtic le s  in  co n ta ct g iv e  th e  co n ta ct e nerg y 
fo r th e  sp h e rica l larg e  p a rtic le s. Since th is  m odel is  a n  e x tre m e ly  cru d e  
one w e ca n  o n ly  reach a  v e ry  q u a lita t iv e  co n clusio n, n a m e ly  t h a t  th e  
presence of a n  u n e v e n  su rface m a y  reduce the m in im u m  e le ctrica l energy 
b y  as m uch as a fa cto r of 5  o r  1 0 , w hereas th e  change in  the e le c tric a l energy 
a t  co n ta ct is  ra th e r u n ce rta in .

T h e  im p lic a t io n  of th is  d iscu ssio n  is  ra th e r fa r  reaching , na m e ly , th a t 
no  larg e  p a rtic le s  w h ic h  are t r u ly  s p h e rica l can fo rm  sta b le  sols, suspension s 
o r em ulsion s. I t  is  w e ll kn o w n  t h a t  e m ulsion s w h ich  co n ta in  large p a rtic le s  
(and often coarse suspension s also) are sta b le  o n ly  w hen pro te cted  b y  a 
la y e r  o f sm a lle r p a rtic le s, w h ic h  m a y  be e ith e r colloids, c e rta in  o rg an ic 
io n s su ch  as a lk a li  soaps o r v e ry  fin e ly  d iv id e d  p a rtic le s. T h is  is  the 
ty p e  of m odel fo r larg e  co llo id a l p a rtic le s  t h a t  w e h a ve  p o stu la te d  above. 
I n  th e  case of a soap em u lsifier th e  su rface w o u ld  h a rd ly  be u n e ve n  if  a 
c lo se ly  p acke d  m o n o la y e r o f th e  soap m olecules h a d  form ed  o n th e  p a r 
tic le s. H o w e ve r, th ere  is  no re a l evid e nce  to  d isp ro v e  th e  assu m ption 
t h a t  before th is  ta k e s  p la c e  an  a p p re cia b le  p a r t  of a  second la y e r has a l
re a d y  been deposited, p ro d u c in g  a n  irre g u la r  su rfa ce .32 Vervvey cla im s 
th a t  a n  u n p ro tected  e m u lsio n  is  u n sta b le  because a  su ffic ie n tly  h ig h  £ 
p o te n tia l ca n  n e v e r be reached. L a c k  of space p re v e n ts  m e fro m  com 
p a rin g  in  g reater d e ta il h is  e x p la n a tio n  w ith  the a lte rn a tiv e  one p u t  
fo rw a rd  here.

T h e  general effect of su rface  in d e n ta tio n s w o u ld  be to  d im in is h  the 
r a p id it y  w ith  w h ic h  th e  v a n  d er W a a ls  e nergy a n d  (to a lesser e xte n t) 
th e  e le ctrica l e nergy f a ll  off w ith  p a rtic le  sep a ra tio n , com pared  to  the 
case o f tw o  h y p o th e tic a l t r u ly  sp h e ric a l p a rtic le s, w hose ra d iu s  is  e q u a l 
to  th e  averag e ra d iu s  of the re a l p a rtic le s. T h is  w o u ld  te n d  to  m ove 
b o th  th e  m a x im u m  and m in im u m  fa rth e r o u t fro m  p a rtic le  con tact, an d  
w o u ld  accou nt, fo r e xam ple, fo r th e  d iffic u lty  m en tio ned  in  o u r p a p e r in 
footnote 1 4  on p. 2 2 5 . W e  s h a ll d iscu ss th is  phenom ena in  m ore d e ta il 
in  a n o th e r p aper.

On first  s ig h t th e  p reced ing a n a ly s is  ap p e ars to  in v a lid a t e  th e  e x 
p la n a tio n  in  o u r p ap e r fo r the dependence o f th e  s t a b il it y  p ro p e rtie s of 
sols on th e  p a rtic le  ra d iu s. H o w e ve r, i t  ap p e ars t h a t  fo r larg e  p a rtic le s  
th e  change in  the o le ctric a l in te ra c tio n  e ne rg y a t  th e  m a x im u m  as a 
re s u lt  of su rface im p erfectio n s is  m uch less th a n  t h a t  in  th e  m in im u m , 
a n d  w e h a ve  based o u r co n clu sio n s on th e  p ro p e rtie s o f th e  form er. 
F u rth e rm o re  th e  fa c t  t h a t  we are ge tting  q u a lita t iv e  agreem ent w ith  e x 
p e rim en t suggests t h a t  we ca n n o t be fa r  w rong. I t  m u st be rem em bered 
th a t  a  m ath e m a tica l tre a tm e n t of p a rtic le s  of ir re g u la r  shape w o u ld  be 
q u ite  d iffic u lt  a n d  th e  b est t h a t  w e ca n  do is  to  w o rk  w ith  id e a lise d  cases, 
a t  le ast in  th e  in it ia l stages of the in ve stig a tio n .

Mutual Free Energy of Particles.
T h e re  is  a n o th er source o f e rro r in  o u r ca lcu la tio n s  w h ic h  is  the o b ject 

of a tta c k  b y  D e rja g u in , n a m e ly  th a t  th e  free e nergy a n d  n o t th e  o rd in a ry  
in te rn a l e le ctrica l e nergy associated  w ith  th e  d oub le  la y e rs  sh o u ld  be

32 I  am indebted to D r. A . S. C. Lawrence for this suggestion, and also for 
lengthy discussions on the properties of gels.
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ca lcu lated . D e rja g u in  asserts t h a t  th e  free e ne rgy of an e le ctro ly te  sh o u ld  
be o b tain e d  b y  ch a rg in g  a ll  th e  io n s p ro p o rtio n a lly  w h e n  D e b y e 's  m ethod 
is  used. H o w e ve r, O nsager 33 a n d  H a lp e rn  34 h a ve  show n t h a t  one can 
charge th e  ion s in  a n y  m anner, p ro v id e d  th e  so lu tio n  is  k e p t e le c tr ic a lly  
n e u tra l a n d  c e rta in  co n d itio n s of self-co n siste n cy  are satisfied, -which is 
th e  case w ith  th e  a p p ro x im a te  D e b y e -H iic k e l so lu tio n . W h e n  the 
o rig in a l D e b y e -H iic k e l is  used, th is  is  no lo n g er tru e , b u t  M u lle r  35 show ed 
th a t tw o sim p le  m ethods of c h a rg in g  th e  ions, n a m e ly  those o f D e b ye - 
H iic k e l a n d  of G untelb e rg , le ad  to  io n ic  a c t iv it y  coefficients w h ic h  w ere 
o n ly  s lig h t ly  differen t. T h e  m ethod of ch a rg in g  th e  io n s a n d  co llo id a l 
p a rtic le s  d escrib ed  o n p. 1 7 9 , in  th e  second of o u r p ap e rs , 33 to  w h ich  
D e rja g u in  is  re fe rrin g  w a s chosen as a n  illu s tra t io n  to  show  t h a t  k m a y  
be k e pt co n stan t d u rin g  th e  c h a rg in g  process. H o w e ve r, w e m a y  also  
use D e b y e ’s m ethod of c h a rg in g  a n d  s t il l  o b tain  a term  e xp re ssin g  the 
w o rk  of ch a rg in g  th e  io n ic  atm o sph eres o f th e  co llo id a l p a rtic le s, w h ich  
D e rja g u in  w ishes to  om it.

T h e  p ro b lem  is  to  fin d  the m u tu a l free e nerg y of the co llo id a l p a rtic le s  
w h ich  are  a ll assum ed  to  h a ve  fixed  p o sitio n s. T h e  p a rtic le s  m a y  th e n  
be con sidered  as external fields a c tin g  o n  th e  io n s o v e r w hose p o sitio n s 
w e m u st average. T h e n  the free e nergy of su ch  a system  is  o b tain e d  b y  
ch a rg in g  b o th  th e  p a rtic le s  a n d  ions. T h e  fa c t  t h a t  the m acro sco p ic 
state  of th is  system  is  in d e p en d e n t of th e  p o sitio n s of th e  io n s does no t 
im p ly  t h a t  w e m u st n o t charge th e  io n s ; otherw ise we co u ld  n o t charge 
th e  io n s in  a n  o rd in a ry  e le ctro ly te  to o b ta in  it s  free energy. S in ce the 
e x te rn a l fie ld  e xe rte d  b y  th e  p a rtic le s  changes w ith  th e  re la tiv e  p o sitio n  
of th e  p a rtic le s, th e  w o rk  of ch a rg in g  th e  io n s w ill  v a r y  w ith  these p o si
tio n s, so th a t w e m u st h a ve  a  c o n trib u tio n  to  th e  in te ra ctio n  e nergy of 
th e  p a rtic le s  w h ic h  com es fro m  ch a rg in g  th e  io n s. T h is  is  s t il l  tru e  w hen 
th e  D e b ye  m ethod of c h a rg in g  is  em ployed. T o  a v o id  th e  d iffic u lty  of 
d e a lin g  w it h  a so l w h ic h  is  n o t e le c tr ic a lly  n e u tra l, in  h is  th e rm o d y n a m ic 
arg u m e n t D e rja g u in  is  com pelled to  in tro d u c e  a  h y p o th e tic a l larg e  co n 
d u cto r w h ic h  w o u ld  change th e  th e rm o d y n a m ic  syste m  u n d e r co n sid e ra 
tio n . N o  su ch  co n d u c to r e x ists  in  a c tu a l sols. F in a lly  I  h a ve  n o t been 
ab le  to  v e r ify  D e r ja g u in ’s equatio n ( 1 9 ), th e  G ib b s-H e lm h o ltz  re la tio n .

O u r d e riv a tio n  of th e  w o rk  fu n ctio n  e xp re ssin g  th e  in te ra c tio n  o f the 
p a rtic le s  is  b ased on ke ep in g  k co n sta n t w h ic h  ca n n o t be v a lid  for 
co n ce n trate d  sols [e.g. gels). I t  t u rn s  o u t t h a t  t h is  a ssu m p tio n  leads to 
th e  o rd in a ry  ave ra g e  e le c tric a l e nerg y w h e n  th e  a p p ro x im a te  D e b ye - 
H iic k e l e q u a tio n  is  used. O n u sin g  th e ir  o rig in a l e quatio n, how ever, there 
is  an a p p re cia b le  difference betw een the in te rn a l e n e rg y  a n d  o u r w o rk  
fu n ctio n , as show n in  an  e a rlie r p a p e r .37 I t  sh o u ld  be in s tru c t iv e  to  re co n 
sid e r the w o rk  of C o rk h ill a n d  R osen h ea d  fro m  th is  p o in t  o f v ie w . A lso , 
i t  w o u ld  be d e sira b le  to  in ve stig a te  the e rro r in v o lv e d  in  a ssu m in g  K 
co n stan t. T h e  re la tio n  o f o u r th e o ry  to  th a t  o f L a n g m u ir  38 ha s a lre a d y  
been d iscu ssed . 32

R o le  o f M in im u m  in  H y d r o p h ilic  S o ls  ; G e la tio n .

N o  co n clu siv e  evid e n ce  co u ld  be fo u n d  to p ro ve  th a t th e  m in im u m  
need e x ist  a t a ll  in  o rd e r to e x p la in  th e  s t a b il it y  p ro p e rtie s of h y d ro p h o b ic  
sols. C o n seq u en tly  it  becom es im p e ra tiv e  to  seek fo r p ro p e rtie s of h y d ro 
p h ilic  sols w h ic h  suggest the e xisten ce  o f the m in im u m . I  b elieve t h a t  th e  
phenom ena of g e latio n  a n d  in  p a r t ic u la r  o f th ix o tr o p y  ca n  be a ttrib u te d , 
a t  le ast p a rt ia lly , to  th e  m in im u m  in  th e  e le c tric a l energy. N o w  gels

33 Onsager, Chem. Rev., 1 9 3 3 , 1 3 , 7 3 .
34 H alpern, J .  Chem. Physics, 1 9 3 4 , 2 , S5 .
35 Muller, Physik. Z., 1 9 2 7 , 2 8 , 3 2 4 .
33 Levine, Proc. Roy. Soc. A, 1 9 3 9 , 1 7 0 , 1 6 5
37 Levine, J .  Chem. Physics, 1 9 3 9 , 7 , S3 1 .
33 Langm uir, ibid., 1 9 3 S, 6 , 8 7 3 .



GENERAL DISCUSSION 729

u s u a lly  co n sist o f n o n -sp h e rica l p a rtic le s  an d  are  q u ite  con centrated, so 
t h a t  the co m p u ta tio n  of th e  m u tu a l e nergy of tw o s p h e rica l p a rtic le s  can 
h a rd ly  lead to  a  d e taile d  th e o ry  of gel stru c tu re . H e n ce  o n ly  a  b rie f  a n d  
q u a lita t iv e  d iscu ssio n  ca n  be presented here.

A t  present, th e re  are  three theo ries o f gelation, th e  first  b ased o n th e  
existen ce of la y e rs  of b o u n d  w ater, th e  second on a  n e tw o rk  of p a rtic le s 
in  a c tu a l co n ta ct, a n d  th e  t h ird  on lo n g  range forces betw een th e  p a rtic le s. 
T h e  first  th eo ry , t h a t  o f so lv a tio n , is n o t su p p o rted  b y  both e xp e rim e n tal 33 
a n d  th e o re tic a l 40 w o rk  on th e  change of d ie le c tric  co n sta n t of w a te r w ith  
fie ld  stren g th  (a m easure o f th e  sa tu ra tio n  o r so lv a tio n  effect) w h ich  is  
show n to be q u ite  w eak, because of th e  stro n g  co u p lin g  betw een the w ate r 
m olecules, p re v e n tin g  o rie n ta tio n  in  a n  e x te rn a l e lectric field. T h is  does 
n o t refe r to th e  w a te r ab sorbed  b y  sh o rt range forces in sid e  the p a rtic le s  
o r in  th e  c ra c k s  on th e  su rface  of th e  p a rtic le s, b u t to  th e  la y e rs  of w ate r 
su rro u n d in g  th e  p a rtic le . T h e  absence of b o u n d  w a te r receives fu rth e r 
co n firm a tio n  fro m  rece n t w o rk  on v isco sity , w h ic h  show s t h a t  th e  an om alous 
v is c o s ity  of d ilu te  h y d ro p h ilic  sols is  m a in ly  due to  the asy m m e tric  shape 
of the p a rtic le s .41

I t  is  proposed th a t fo r h y d ro p h o b ic  sols, w hose p a rtic le s  h a ve  “  h a rd  ”  
surfaces, th e  v a n  d er W a a ls  energy of in te ra c tio n  b rin g s a b o u t coalescence 
a t  co a g u latio n , w hereas in  h y d ro 
p h ilic  sols, w hose p a rtic le s  are p e r- 5
m eated w ith  w ater, the v a n  d er 
W a a ls  e n e rg y  is  q u ite  sm all, a n d  th e  ^
o n ly  "  coalescence ’ ’ w h ich  ca n  o cc u r '*«
is  a t  th e  m in im u m  (process o f gela- 
t io n ), u nle ss th e  w a te r is  rem oved  ^
fro m  th e  in te rio r  of th e  p a rtic le s  b y  ®
th e  a d d itio n  o f su fficien t e le ctro ly te  ^
(sa ltin g  o u t). I  therefo re assum e b
w ith  H a m a k e r 42 th a t  the fu n d a - §
m e n ta l difference betw een h y d ro - "g
p h o b ic  a n d  h y d ro p h ilic  so ls ca n  be 
represented  b y  th e  m u tu a l e n e rg y  ^  
cu rv e s  fo r tw o p artic le s, as sh o w n in  
F ig . iv ,  the in te n s ity  o f the v a n  der 
W a a ls  a ttra c tio n  b ein g  the d eter
m in in g  facto r. T h is  p e rm its  o f a 

g ra d u a l tra n s it io n  fro m  t r u ly  h y d ro p h o b ic  to  t r u ly  h y d ro p h ilic  sols, de
p e n d in g  o n th e  am o u n t of w a te r im b ib e d  b y  th e  p artic le s.

One o f th e  ch ie f d ifficu ltie s  of the second th e o ry  o f gelation, th e  lin k  
o r scaffold in g  th e o ry ,43 is  to  reco n cile  the fa ilu re  of th e  (h y d ro p h ilic ) 
p a rtic le s  to  coalesce in  d ilu te  sols w ith  th e ir  a p p a re n t a b ilit y  to  m ake 
co n ta ct in  th e  m ore con centrated  state (gelation), th e  e le ctro ly te  con cen
t ra t io n  b ein g th e  sam e in  th e  cases. T h e  scaffo ld in g  th e o ry  w a s proposed 
ch ie fly  to e x p la in  w h y  ro d -lik e  p a rtic le s  in  re la t iv e ly  d ilu te  co n ce n tra tio n s 
ca n  fo rm  gels m o re  re a d ily  th a n  p a rtic le s  o f o th e r shapes, w hereas sp h e rica l 
p a rtic le s  seldom  fo rm  gels. H o w e ve r, th e  th e o ry  of lo n g  range forces 
(based o n o u r m in im u m ) can also e x p la in  t h is  p ro p e rty  in  th e  fo llo w in g  
m ann er. S in ce h y d ro p h ilic  p a rtic le s  are  u s u a lly  q u ite  sm a ll, a n d  the 
energy m in im u m  is  ro u g h ly  p ro p o rtio n a l to  th e  m in im u m , i t  is  n o t  easy 
to  fo rm  a  sta b le  la tt ic e  o f s m a ll s p h e rica l p a rtic le s. H o w e ve r, a  ro d 
shaped  p a rtic le  m a y  be com pared  to  a r ig id  ro w  o f sm a ll sp h e ric a l p a rtic le s, 
an d  w h e n  tw o  of these are  p a ra lle l to  one an other, assu m in g  as a  first  
a p p ro x im a tio n  t h a t  the e le ctrica l e ne rgy is  a d d itive , w e s h a ll h a v e  a  m u ch

35 Malsch, Physik. Z., 1 9 2 9 , 3 0 , 8 3 6 .
40 Debye, ibid., 1 9 3 5 , 3 6 , 1 9 3  ; Piekara, Proc. Roy. Soc. A ,  1 9 3 9 , 1 7 2 , 3 6 0 .
41 Cf. Robinson, Proc. Roy. Soc. A , 1 9 3 9 , 1 7 0 , 5 1 9 .
43 Ham aker, Rec. Trav. Chim. Pays-Bas, 1 9 3 6 , 5 5 , 1 0 1 5  ; 1 9 3 7 , 5 6 , 1 , 7 2 7 .
43 Cf. Goodeve, Trans. Faraday Soc., 1 9 3 9 , 3 5 , 3 4 2 .

A : Hydrophobic So/. 
B: Hydrophilic Soi.

Distance between particles. 
F i g .  iv .
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deeper m in im u m , w h ic h  is  ro u g h ly  p ro p o rtio n a l to the le n g th  of the rods. 
T h is  suggests t h a t  a  gel sh o u ld  co n sist o f m in u te  c lu ste rs  of p a ra lle l p a r
t ic le s, w h ic h  fo rm  a  sta b le  co n fig u ratio n , a n d  w h ich  o v e rla p  in  som e w a y .44 
T h is  receives co n firm a tio n  fro m  th e  e xisten ce o f ta cto id s  a n d  fro m  th e  w o rk  
of B e rn a l a n d  F a n k u c h e n  45 on v ir u s  p ro te in s a n d  fro m  th a t of H a u s e r 40 
o n b en to nite. F u rth e r, th e  gel s t il l  re m ain s o p t ic a lly  em p ty, a lth o u g h  
w h e n  th e  gel is  su ffic ie n tly  con centrated  i t  m a y  becom e b iré frin g e n t, w hen 
th e  p o s s ib ility  of la rg e r ta cto id s e xists. T h e  fa ct th a t o rie n ta tin g  the 
p a rtic le s  does n o t o rd in a r ily  p rod uce g e latio n  ca n  be a ttr ib u te d  to the 
s e n s it iv it y  of th e  p o sitio n  o f th e  m in im u m  to  e le ctro ly te  co n ce n tra tio n  
a n d  also to  p a rtic le  size. I t  w o u ld  be a c cid e n ta l if  th e  co n ce n tratio n s of 
so l a n d  e lectro ly te  w ere ju s t  r ig h t  so as to b rin g  a ll  th e  p a rtic le s  in to  th e ir  
e q u ilib r iu m  p o sitio n  on alig n m e n t. B ro w n ia n  m o tio n  m u st b rin g  the 
p a rtic le s  close enough together a n d  th en  o rie n tate  th em  so as to fo rm  
clu ste rs, the o rie n ta tio n  process a p p a re n tly  b ein g fa c ilita te d  b y  ro llin g  
o r ta p p in g  (rh eo p exy). T h e  difference betw een tb ix o tro p ic  a n d  non- 
th ix o tro p ic  gels is  pe rh a p s o n ly  one of the energy of b in d in g  a t  th e  m in im u m , 
w h ic h  is  g reater fo r th e  sm a lle r p a rtic le s. I t  seem s q u ite  n a tu ra l to  assum e 
t h a t  th e  sam e e le ctrica l forces w h ic h  a ct in  t h ix o tro p ic  gels sh o u ld  co n tin u e  
to  do so in  o rd in a ry  gels. O f course, i t  is  l ik e ly  t h a t  there are  m a n y  gels 
w h ic h  h a ve  a  scaffo ld in g  stru ctu re , b u t i t  sh o u ld  n o t be assum ed  a priori 
t h a t  th is  is  t ru e  of a ll gels, o r e ven of th e  m a jo rity  of them . (M y  re m a rk s  
h a v e  been confined to  w a te r as th e  d ispe rsio n  m ed ium , a n d  need no t h o ld  
w ith  other liq u id s.)

I  w ish  to  em phasize t h a t  t h is  proposed  th e o ry  of g e latio n  is  te n ta tiv e , 
an d  t h a t  a  co n sid e rab le  am o u n t of th e o re tic a l w o rk  is  ne ce ssary  before it  
c a n  b e a d e q u a te ly  tested. H o w e v e r, I  th o u g h t th e  p rece d in g  d iscu ssio n  
ne ce ssary  to  co u n te ra ct a n y  te n d e n cy  to  lig h t ly  d ism iss th e  e xisten ce  of 
m in im a  in  th e  m u tu a l e n e rg y  o f c o llo id a l p a rtic le s. I t  is  hoped to  in 
ve stig ate  th e  p ro p e rtie s o f h y d ro p h ilic  sols in  greate r d e ta il in  a  la te r p aper.

P ro f. B .  D e r ja g u in  [addendum to paper by author, pp .  2 0 3 - 1 1 ) : T h e  
ca lcu la tio n s  of th e  ra te  of th e  slo w  co a g u la tio n  o f lyo p h o b e  collo id s, 
in c lu d e d  in  m y  p a p e r ,47 w ere ca rrie d  o u t w ith o u t m a k in g  th e  n ecessary  
a llo w an ce  fo r th e  L o n d o n -v a n  d er W a a ls  forces. W e  m a y  e a s ily  f ill  in  
t h is  gap, how ever, b y  lim it in g  o u rse lve s to  th e  case o f p a rtic le s  w ith  a 
larg e  ra d iu s  r.

F o r  th is  purpose, m a k in g  use o f H a m a k e r’s fo rm u la  fo r th e  e nergy of 
the v a n  d er W a a ls  a ttra c tio n , UA[H) o f tw o  spheres , 48 w e supp le m en t the 
e xp re ssio n  fo r th e  t o ta l e nerg y o f in te ra ctio n , U[H), of tw o sp h e rica l 
p a rtic le s  :

an d  A  is  the co n stan t of v a n  d er W a a ls  e n e rg y . 2
T h e  exp re ssio n fo r U[H) w ill  d isclose one m in im u m , a n d  le ft of it, a 

m axim u m , i f  th e  v a lu e  fo r m  is  less t h a n  a  c e rta in  v a lu e  m 0, ro u g h ly  ta k e n  
to  be e q u a l to  0 - 5  (see T a b le  I ) .  A t  m  > m 0, U(H) decreases m o n o to n ica lly  
w ith  a decrease in  H , co n seq u en tly, in  th is  case th e  co llo id  system  is 
u n sta b le  w ith o u t a n y  d o ub t.

44 The idea that gels consist of m inute tactoids was suggested to me b y  
Prof. J . D . Bernal.

45 Bernal and Fankuchen, Nature, 1 9 3 7 , ! 39> 923 '• Bernal, ibid., 1 9 3 9 , 1 4 3 , 
6 6 3 . Cf. Langm uir, toe. cit.

48 H auser and Reed, J . Physic. Chetn., 1 9 3 7 , 4 1 , 9 x1 .
47 B . Derjaguin, Trans. Faraday Soc., 1 9 4 0 , 3 6 , 2 0 3 .
48 Ham aker, Physica, 1 9 3 7 , IV , 1 0 , 1 0 5 S.

U[H) =  UV(H) +  Ua[H) =  * r « { l n  (1  +  e-‘) -  J } ,  . ( I)

w here,
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E m p lo y in g  fo rm u la  (2 1 ) o f o u r co m m un icatio n , in  a s lig h t ly  alte re d  
form , in stea d  o f (2 2 " )  w e o b ta in  :

T T  -  h  C | (I ■ } <k- ■ ' ( I I )

F o r  co llo id  system s w ith  r  >  i o ~ 5 a n d  <p„ >  1 5 WV., n  >  2 5 . I n  p a r
t ic u la r, s im ila r  larg e  v a lu e s  of n  are  p resen t fo r m ost sta b le  em ulsions. 
A s  a  re s u lt  of th is , th e  v a lu e  of th e  in te g ra l in  I I  w ill be larg e  a t  such 
s u ffic ie n tly  sm a ll v a lu e s  of th e  p a ram ete r m, a t  w h ic h  th e  m a x im u m  of the 
fu n ctio n

K[z) =  (1 -f- e-’ )e~ml‘ ,
corresp o n d in g  to  a ce rta in  v a lu e  of z, w ill exceed u n ity , a t  least if  o n ly  
s lig h tly . F ro m  th e  v a lu e s of th e  m a x im u m  (and th e  m in im u m ) o f the 
fu n c tio n  K(z) co rresp o n d in g  to d ifferen t v a lu e s  of m, g ive n  in  T a b le  5 , it  
is  seen th a t  a sh a rp  decrease in  th e  s t a b ility  of th e  system  sh o u ld  ta k e  
p lace a t  a  v a lu e  of m  w h ich  lie s a p p ro x im a te ly  betw een 0 - 1 5  a n d  0 -3 .

T A B L E  5 .

m  . 0 O-I 0 -1 5 0 -2 o-3 o-4 o-5
F (z)max • N) 1 -3 2 I -21 Ï - Ï3 I '0 2 °'94 absent
A  (2) m! a . ( 1 ) 0 -98 o-97 0 -9 6 0-94 0 9 2 absent

T h u s, th e  e m u lsio n  w il l  be su ffic ie n tly  sta b le  u n d e r th e  co n d itio n  th a t

in <  0 -1 5 ,

or, in  accordance w ith  ( I ') ,  a p p ro x im a te ly , u n d e r the c o n d itio n  :

W >  A . ■ ( H I )

T h e  c rite rio n  of th e  s t a b il it y  w h ic h  we d eveloped th e o re tic a lly  is  in  
agreem ent w ith  the e m p iric a l ru le  o b tain e d  b y  H . E ile r s  a n d  I .  K o rff  43 : 

49 E ilers and Korff, Trans. Faraday Soc., 1 9 4 0 , 3 6 , 2 2 9 .

—  =  constK C, ( IV )

w here £0 is  th e  c r it ic a l v a lu e  of th e  ze ta -p o ten tia l. I n  p a rtic u la r, the 
ab ove a u th o rs fo u n d  t h a t  re la tio n  ( IV )  d escribes v e r y  w e ll P o v is 's  e x p e ri
m ents w ith  em ulsion s o f c y lin d e r o il in  w a te r (H . E ile r s  a n d  I .  K o rff, 
T a b le  I V )  as w e ll as w ith  th e  h y d ro so l A s 2S 3 (ebenda, T a b le  V I ) ,  if  a  v a lu e  
of th e  o rd er o f 1 0 - 3 is  assum ed fo r C w h e n  J0 is expressed in  m illiv o lts , 
a n d  a  v a lu e  of the o rd er o f io ~ 14, w h e n  t0  is expressed  in  c .g .s.E .

U p o n  e q u a tin g  </i0 w ith  £0 in  ( IV ) ,  an d  m a k in g  use of these v a lu e s o f C, 
fro m  ( I I I )  an d  ( IV )  w e o b ta in  th e  fo llo w in g  v a lu e  fo r A :

A  ~  i o ~ 12 . . . . .  (V )

w h ich  agrees w it h  th e  "  m ean ”  v a lu e  of th is  c o n sta n t .48
I t  sh o u ld  be noted th a t  these co m p u ta tio n s, bein g  based o n  th e  s im p li

fied D e b y e -H iic k e l equation, hold, s t r ic t ly  speaking, o n ly  w h ile  th e  v a lu e s 
o f the q u a n tity

-b'/'o
kT  '■ ( V I)

w here z{ is  th e  valence of th e  it h  ion , are n o t large— of th e  ord er o f u n ity . 
B y  the w ay , the c r it ic a l valu e s of th is  q u a n t it y  w ere of the o rd er o f i - 5 -2 -o 
in  P o v is ’s e xperim ents. T h u s  th e  re su lts  ob tained , p a r t ic u la r ly  re la tio n  
I V ,  ca n n o t la y  c la im  to  a  great degree of ac cu ra c y .

A  m ore e xa ct ca lcu la tio n , based on th e  com plete D e b y e -H iic k e l 
e quatio n, w ill fo rm  th e  su b je c t o f the fo llo w in g  paper.



732 GENERAL DISCUSSION

C o rr ig e n d a .

Page 2 0 0 , line 2 , for Lyophobic read Lyophilic. 

Page 2 0 4 .— Form ula (2 ') should read :

D RT  2 

Page 2 1 2 .— Form ula (2 5 ) should read as follows :

-   M

8  D

‘  <«>

P a g £  2 1 3 .— I n  Table I  the values of Pcalc . should be m ultiplied by 8 0 , after 
w hich Table I  w ill read as follows :

T A B L E  I.

h =  115 m/i. It =  75 ran.

y
i o - 4N
io ~ 3N

P exp.
1 5 0 0  dyn./cm . 
4 0 0  dyn./cm .

Pcalc.
1 6 0  dyn./cm .

2  x  io ~ *  dyn./cm .

y

1 0 - 3N

Pexp.

1 0 0 0  dyn./cm .

P  calc.

0-5  dyn./cm .

Page 2 1 9 .— The statement made in  the legend in  F ig. 2 (and also in  the text) 
that "  £ is independent of the radius and there is no adsorption of charge on 
addition of electrolyte "  is inconsistent. In  constructing Fig. 2 , it  is first assumed 
that £ is independent of the radius. Then the form of £ as a function of a (true 
for all k b y  hypothesis) is obtained b y  the charge to be 5 0 c and independent of k 
(electrolyte concentration) for one radius only, namely a — io~° cm., so that the 
form (9), page 2 1 S, is obtained for £.
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P r io r  to a s tu d y  o f the h a lid e s  of z in c  a n d  ca d m iu m  w e are in v e s t i
g a tin g  the h a lid e s  of the a lk a lin e  e arth s, a n d  e s p e c ia lly  those w hose 
a c t iv it y  coefficients a t  2 5 0 are  n o t r e a d ily  a cce ssib le  b y  m ethod s other 
th a n  is o p ie stic  m easu rem en ts. W e  are n o w  ab le  to re p o rt on three 
m ag n e siu m  h a lid e s  a t  th is  tem p eratu re .

T a b le  I  re la te s to  p a irs  o f so lu tio n s w h ich  w ere fo u n d  to  be isop iestic, 
th e  second of each p a ir  o f figures re fe rrin g  to  th e  m o la lity  o f p o tassiu m  
ch lo rid e  a n d  th e  first  to  th e  m o la lity  of th e  iso p ie stic  m agnesium  h a lid e  
so lu tio n .

T A B L E  I.

M a g n e s iu m  C h lo rid e .
0 -1 1 2 0 , 0 - 1 5 7 9 ; 0 -1 5 8 7 , 0 -2 2 7 1  ; 0 -1 9 1 7 , 0 -2 7 8 2  ; 0 -1 9 4 4 , 0 -2 8 0 8  ;
0 -2 6 5 6 , 0 -3 9 3 6  ; 0 -2 7 9 5 , 0 -4 1 5 6  ; 0 -2933 , 0 -4 3 7 9  ; 0 -3492 , 0 -5 2 9 9  ;
0 -3 6 4 4 , 0 - 5 5 4 8 ; 0 -3 9 2 4 , 0 -6 0 3 5  ; 0 -4 0 4 0 , 0 -6 2 4 2  ; 0 -4 3 8 7 , o -6 S i8  ;
0 -4 8 1 5 , 0-7559  ; 0 -4 8 4 0 , 0 -7 6 1 7  ; 0 -5 2 9 3 , 0 -8 5 1 6  ; 0 -5 6 0 0 , 0 - 9 0 3 3 ;
0 -6 5 0 3 , 1 -0 7 5 ; 0 -7 2 1 2 , 1 -217  ; 0 -9 8 5 6 , 1 -798  ; 0 -9 9 0 6 , I  -806  ;
1 -059 , 1 -9 7 0  ; 1 -2 6 6 , 2 -4 8 7  ; 1 -367 , 2 -7 6 5  ; 1-381 , 2 -8 0 5  ;
1 -7 1 3 , 3-732 ; 1 -784 , 3 -962  ; 2 -0 1 6 , 4 -7 1 2 .

M a g n e s iu m  B ro m id e .

0 1 0 8 6 , 0 - 1 5 5 7  ; 0 -1 1 2 7 , 0 1 6 1 4 ; 0 -1 3 4 1 , 0 -1 9 3 9  ; 0 -1 7 7 0 , 0 -2 6 0 0
0 -3 2 5 0 , 0 - 5 1 0 1  ; 0 -3 5 7 5 - 0 -5 6 6 8  ; 0 -4 2 8 4 , 0 -6 9 8 8  ; 0-4592, 0 - 7 6 0 7
0 -5 1 7 1 , 0 -8 7 3 4 ; 0 -6 0 5 7 , x-o6o ; 0 -6 8 4 5 , 1 -2 4 0  ; 0 -7 x9 2 , x-303 ;
0 -S6 8 8 , 1 -6 5 9  ; 1 -0 8 6 , 2 - 3 0 7  ; 1 -3 0 4 , 2 -8 5 2  ; 1-556, 3 - 6 2 7  ;
i '576. 3-697 ; 1 -6 6 7 , 4 -0 0 9  ; 1 -6 9 7 , 4 -0 9 2  ; 1 -7 6 1 , 4-301 ;
1 -8 0 2 , 4-4 6 2  ; 1 -8 9 4 , 4 -7 8 2 .

M a g n e s iu m  Io d id e .

0 1 0 4 9 , 0 - 1 5 1 8  ; 0 -1 2 1 7 , 0 1 7 8 9 ; 0 -1 2 6 6 , 0 - 1 8 6 7  ; 0 -1 9 5 8 , o-2 gS2
0 -2 6 9 6 , 0 - 4 2 3 3  ; o-3595, 0 -5 9 3 4  ; 0 -4 9 8 9 , 0 -8 6 2 6  ; 0 -6 2 2 5 , 1 -1 5 2 ;
0 -6 2 6 3 , i - ! 5 3 ; 0 -6 3 6 3 , 1 - 1 7 8  ; 0 -7 4 9 6 , 1 -4 4 9  ; 0-7598, 1 -4 8 4 ;
0 -8 7 0 4 , 1 -7 7 6 ; 0 -9 2 6 8 , 1 -9 3 3  ; 0 -9 7 0 7 , 2 -0 5 8  ; 1 -1 6 2 , 2 -6 2 1 ;
I-2 IS , 2 -8 0 3  ; 1 -2 X9 , 2 8 2 1  ; 1 -4 4 0 , 3 - 5 4 3  ; I-5 I5 , 3 -8 0 6 ;
1 -6 2 1 , 4 -1 8 8  ; I- 6 S8 , 4 4 2 3  ; x-743, 4 -6 4 7 ; 1 -7 8 7 , 4 -8 1 .

T h e  osm otic a n d  a c t iv it y  coefficients h a v e  been e v a lu a te d  w it h  reference 
to  th e  d a ta  fo r p o tassiu m  ch lo rid e  g ive n  in  a  p re v io u s co m m u n ica tio n , 1 
as show n in  T a b le  I I .

1 Robinson, Trans. Faraday Soc., 1 9 3 9 , 3 5 , 1 2 x7 .
733
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T A B L E  I I .

in.
MgCI2. MgBr», M gl,.

4 . y. 4 . V- 4. y-

O-I 0 -8 6 3 0 -5 6 5 0 -8 7 4 0 -5 8 2 0 -8 8 8 o -599
•2 •375 •520 •898 ■546 ■920 •577
•3 •897 •507 •931 •547 •960 •535
•4 ■92 X •508 •968 -560 1-002 ■607
•5 -948 ■514 1-005 •579 2-045 •637
•6 -978 •527 1-043 •604 X-092 •676
•7 I -010 ■542 1-083 •635 2-243 •723
•S 1-043 •563 1-124 •671 1-198 •782
■9 1 -077 •587 1 -169 •714 2-255 •852

1-0 1 -114 •613 I - 2 IÔ •764 2-323 •929
1-2 1 -190 •680 I - 3 I 5 •S85 1 -426 I - I I 2
1-4 1-271 •764 I - 4 I 5 1-032 2 -546 2-235
1-6 1-356 •867 I - 5 I 7 1-2 1 4 1-6 6 6 2-653
1-8 x -444 •986 1-621 1-440 —
2-0 1-536 2-243

T h e  a c t iv it y  coefficients of m ag nesium  ch lo rid e  w ere e v a lu a te d  w ith  
reference to  y =  0 - 5 6 5  a t  o - i m a n d  2 5 0. T h is  v a lu e  w as ca lcu la te d  b y  
R e d lic h  a n d  R o sen feld  2 fro m  fre e zin g -p o in t d ata, together w ith  th e  th e rm a l 
d a ta  of L a n g e  a n d  S tre e ck . 2 A t  0 -2 , 0 -5 , i-o  a n d  2 - 0  m  R e d lic h  an d  
R o sen feld  g ive  y =  0 -5 2 8 , 0 -5 2 1 , 0 - 6 1 6  a n d  1 - 0 5 4  re sp e c tiv e ly . A p p a re n tly  
th e  th e rm a l d a ta  o f L a n g e  a n d  S tre e ck w ere a v a ila b le  o n ly  to  o - i m, a n d  
fo r  h ig h e r co n ce n tratio n s th e  e a rlie r re su lts  of T h o m se n  w ere used to  
co rre ct a c t iv it y  coefficients fro m  o° to  2 5 0. T h e  agreem ent w ith  o u r 
re su lts  is  p ro b a b ly  as good as co u ld  be expected.

T h e re  are  no su ita b le  d a ta  o n  w h ich  to  base a  v a lu e  fo r th e  bro m id e 
a n d  io d id e  a t  o - i m ; fro m  th e  tre n d  o f th e  osm otic coefficient c u rv e s  i t  is  
ap p a re n t t h a t  th e  a c t iv it y  coefficients increase in  th e  o rd e r C l <  B r  <  I ,  
a n d  to  o b ta in  a n  a p p ro x im a te  v a lu e  a t  o - i m  th e  fo llo w in g  p roce dure  w as 
adopted. A cco rd in g  to  th e  m ethod o f R a n d a ll a n d  W h ite , 4 a c t iv it y  
coefficients ca n  be e v a lu a te d  fro m  osm otic coefficient d a ta  b y  m eans of th e  
e q u a tio n  :

—  I n  y —  h  +  f  h / V m  . d V m ,
J 0

w here h =  1  — <j>.
C u rve s of / i / V m  ag a in st V m  w ere d ra w n  fro m  1 m  to o - i m  fo r each of 

the halides, a n d  e xtra p o la te d  to  a  v a lu e  o f 1 - 3 4 0  a t  m  =  o. T h e  cu rv a tu re  
w as u n ce rta in  o v e r th e  regio n of e xtra p o la tio n , b u t  th re e  s im ila r  cu rve s 
w ere ob tained , a n d  th e  in te g ra l e v a lu a te d  g ra p h ic a lly  u p  to  m  =  o -i. T h e  
co rre ct v a lu e  of th e  in te g ra l is  k n o w n  fo r m agnesium  ch lo rid e  a t  o - i m , 
since b o th  h  a n d  y are  k n o w n  fo r th is  sa lt  a t  o - i m . I t  w as th e n  assum ed 
t h a t  th e  fa cto r re la tin g  th e  co rrect in te g ra l to  th e  a p p ro x im a te  v a lu e  
o b tain e d  g ra p h ic a lly  w as v a lid  fo r  th e  b ro m id e a n d  iod id e. A lth o u g h  the 
m ethod is  a d m itte d ly  a p p ro x im a te , th e  e rro r ca n n o t be large because of 
the analogous n a tu re  of the three cu rve s. T h e  valu e s a t  o -x  m  s o  ob tained  
were y =  0 - 5 8 2  an d  0 - 5 9 9  fo r th e  brom ide a n d  iod id e re sp e ctive ly .

2 Landolt-Bom stein, "  Tabellen," 3 er. Erg., p. 2 1 5 1 .
2 Z. physikal. Chem. A, 1 9 3 1 , 1 5 7 , 1 .
4 / .  Amer. Chem. Soc., 1 9 2 6 , 4 8 , 2 5 1 4 .
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I n  a d d itio n  to  a  few  iso p ie stic  m easurem ents o n  b a riu m  ch lo rid e , s u p p le 
m en tin g  those rep o rted  p re v io u s ly , 1 som e d a ta  on the chlo rid es of ca lc iu m  
an d  stro n tiu m  h a ve  been ob tained . T a b le  I  relates to  so lu tio n s w h ich  
w ere fo u n d  to  be isopiestic, th e  second of each p a ir  of figures re fe rrin g  to 
th e  m o la lity  of th e  reference salt, p o tassiu m  ch lo rid e. I n  T a b le  I I  are 
g iv e n  th e  a c t iv it y  coefficients of these three a lk a lin e  e a rth  ch lo rid e s c a l
cu la te d  fro m  th e  a b o ve  iso p ie stic  d ata. T a b le  I I I  com pares th e  a c t iv it y  
coefficient of C a C l2 d e riv e d  fro m  th e  three in d epen dent e.m .f. m easurem ents 
of L u ca sse , 2 F o s b in d e r , 3 a n d  S ca tch ard  a n d  T e f f t 4 (colum ns L , F  a n d  S)

TABLE I.

C a lc iu m  C h lo rid e .

o-oSS7 , 0 1 2 3 4  ■ 0 -1 5 1 2 , 0 - 2 1 2 7  ; 0 -1 6 2 8 , 0 -2 3 0 4  ; 0 1 9 6 3 , 0 -2 7 8 0
0 -3 1 1 7 , 0 -4 5 3 4 ; 0 -3 6 9 2 , 0-5453 : 0 -5 0 0 9 , 0 - 7 6 6 7  ; 0-5*59, 0 -7 8 9 0
0 -5 4 8 1 , 0 -8 4 7 6  ; 0 -8 2 4 2 , 1 -3 6 1  ; 0 -8 5 1 2 , 1 - 4 1 7  ; 0-9*94. *■554 ;
1 -0 2 7 , 1 - 7 8 1  ; 1 -1 0 5 , 1 -9 5 8  ; I ‘ I 33, 2 -oio ; 1 -2 0 2 , 2 - 1 6 7  ;
1 -3 5 5 . 2 - 5 2 3  ; i -391. 2 -6 1 6  ; 1 -4 8 5 . 2 -8 4 3  ; 1-5*9, 2-934 :
1 -5 8 3 , 3 -0 9 8  ; i-6 3 t. 3 -2 2 4  ; 1-752, 3-532 ; * •765  ; 3 -5 8 0  ;
1 -9 2 1 , 4 -0 1 4  ; 1-933, 4 0 2 1  ; 2 -1 0 7 , 4-534 : 2 -1 7 8 , 4-747 !
2 -2 0 2 , 4 -8 1 .

S t ro n t iu m  C h lo rid e .

0 -1 1 9 5 , 0 1 6 2 7  ! 0-1574. 0 -2 1 9 4  ; 0-1935. 0 -2 7 4 9  ; 0-3942, o-5757
0 -5 5 0 1 , 0 -8 2 9 0  ; 0 -5 6 0 1 , 0 -8 4 3 4  ; 0 -7 1 2 0 , 1 - 1 0 7  ; 0 -8 3 2 0 , 1 -3 2 8  ;
0-9452. 1 -5 4 6 ; 1 -0 2 8 , 1 -7 * 4  ; 1 -0 9 4 , 1 -8 4 3  ; 1-259, 2 -1 8 6  ;
I -3 1 7 , 2 -3 oS ; ï-472. 2 -6 4 9  ; 1 -6 8 2 , 3 -1 2 8  ; 1-837. 3-50* ;
2 0 4 3 , 4 -0 2 1  ; 2 -0 6 8 , 4 -0 8 3  ; 2-157, 4-3*4 ; 2 -2 5 8 , 4 -5 8 3 -

B a r iu m  C h lo rid e .

0  0 8 8 1 0 , 0 -1 2 0 9  ; 0 -II3 4 , 0 -1 5 5 8  ; 0-1475, 0 -2 0 3 4  ; 0 1 5 2 9 , 0 -2 1 0 6
0-1553. 0 - 2 1 3 9  ; 0 -3 2 1 3 , 0  4 5 2 6  ; 0 -4 6 4 9 , 0 -6 6 9 6  ; o-5 oSS, 0 - 7 3 6 0
0 -5 6 6 0 , 0 -8 2 7 8  ; 0 -7 8 0 9 , t-*75 ; 0 -9 3 0 2 , 1 -4 3 6  ; 1 -2 2 7 , 1 -9 6 2  ;
1 -3 2 2 , 2 - 1 4 8  ; 1 -4 0 5 . 2 -2 9 4  ; 1-454. 2-395 ; 1 -4 9 2 , 2 -4 6 2  ;
1-497, 2 -4 7 2  ; 1 -6 4 9 , 2-773 ; 1 -7 8 2 , 3 -0 4 6 .

w it h  th e  v a lu e s  d e riv e d  fro m  th e  a b o ve  iso p ie stic  re su lts  (R ) a n d  those 
d e riv e d  fro m  th e  fre e zin g -p o in t , 5 u sin g  th e  m ost rece n t th e rm a l d a ta  fo r 
ca lc iu m  ch lo rid e  (colum n F .  P t).

M in o r a d ju stm e n ts h a ve  been m ade in  o rd er to  red uce a ll  five  sets of 
d a ta  to  a  com m on b asis o f co m p ariso n  w ith  y =  0 - 5 3 1  a t  o - i m . I t  is  
c le a r t h a t  th e  th re e  sets o f d a ta  d e riv e d  fro m  e.m .f. m easurem ents, a lth o u g h

1 Robinson, J .  Amer. Chem. Soc., 1 9 3 7 , 59» 84 .
2 Ibid., 1 9 2 5 , 4 7 ,  7 4 3 . 3 Ibid., 1 9 2 9 , 5 1 , 1345 .
4 Ibid., 1 9 3 0 , 5 2 , 2 2 6 5 , 2 2 7 2 .
5 Landolt-Bomstein, " Tabellen,”  3er Erg., p. 2 1 4 1 .

735



736 ACTIVITY.COEFFICIENTS OF CALCIUM, ETC.

in  good agreem ent betw een them selves, are  a t  v a ria n ce  w ith  th e  valu e s 
d e riv e d  fro m  fre e zin g -p o in t d eterm inatio n s. T h e  iso p ie stic  m easurem ents 
su b sta n tia te  the la tte r, a n d  s tro n g ly  suggest therefore t h a t  the ca lc iu m  
am algam  electrode is  no t re ve rsib le .

T h e  resu lts fo r stro n tiu m  ch lo rid e  are  in  reasonable agreem ent w ith
the e.m .f. d eterm in atio n s of

TABLE XI.

m. CaCIj. SrCl2. B ad « .

0*1 ( o - 5 3 i ) (0-514) (0-492)
0-2 •482 •463 ■43s
o -3 •462 •440 •41 x
o -4 •456 •430 -39S
0 *5 •457 ■425 •3 9 0
o -6 •462 ■426 •386
o -7 ■469 •430 •3S4
o -8 •479 •436 •3S5
o -9 ■493 •444 -388
1*0 •309 •455 •3 9 2
i *i •52s •467 •3 9 71*2 •550 •480 •402
1*3 •573 •494 •409
1*4 •599 •510 ■416
i*5 •626 •527 •4231*6 •657 •546 •431
1*7 •690 ■566 •440
1*8 •726 •587 •4 5 0
1 -9 •764 •6i x
2-0 •807 ■636 -T-
2*1 •3 5 3 •664 —
2*2 •901 •C94

■

L u ca sse , 2 th ere  being an 
averag e difference o f 0 - 0 0 3  in 
y  a t  th e  fiv e  con centration s 
a t  w h ich  co m p ariso n  is  poss
ib le. T h e  m a x im u m  d iffer
ence is  0 -0 0 5 , a n d  th e  d iffer
ences do n o t show  a n y  tre n d  
o f th e  tw o cu rve s a w a y  fro m  
one an other.

T h e  d a ta  fo r b a riu m  
c h lo rid e  m a y  be com pared 
w ith  th e  e.m .f. d a ta  of 
L u ca sse , 2 a n d  of T ip p e tts  
a n d  N e w to n ,s as w e ll as the 
co m p u ta tio n s o f S c a tc lia rd  
a n d  T e fft . 4 T h e  p resen t r e 
s u lts  are  on a n  averag e 0 - 0 0 3  
low er in  y th a n  those of 
L u casse , a n d  0 - 0 0 2  low er 
th a n  those of S ca tch ard  
an d  T efft. T h e y  are  0 - 0 0 2 5  
h ig h e r th a n  those of T ip p e tts  
a n d  N ew to n. U p  to 1 m, 
how ever, t h e y  are o n ly  o-ooi 
h ig h e r th a n  those of th e  la ts  
a u th o rs, th e  average d e v ia 
tio n  being 0 - 0 0 5  a b o ve  1 m.

Some m easurem ents h a v e  been m ade of the iso p ie stic  ra tio  between
so lu tio n s of p o tassiu m  ch lo rid e  an d  so lu tio n s w h ic h  co n ta in e d  both
p o tassium  an d  b a riu m  ch lo rid e  in  am ou nts co rresp o n d in g  to  th e  salt, 
K ^ B a C lj. L a te r  it  is  hoped to  a p p ly  iso p ie stic  m easurem ents to  in ve stig a te  
th e  p o s s ib ility  of c o m p le x  io n  fo rm a tio n  in  so lu tio n s o f z in c  a n d  ca d m iu m  
h a lid e s co n ta in in g  
the corresp o n d in g  
p o tassiu m  h alid e .
T h e s e  m e a s u r e 
m ents w ith  p o ta s
siu m  b a riu m  c h lo r
id e are co n tro l e x 
perim en ts on a p a ir  
of sa lts  w h ich  are 
least lik e ly  to  e x 
h ib it  com plex ion 
form atio n.

T h e  first  an d  
second co lum n s of 
T a b le  I V  g ive  the 
m o la lity  of K ,B a C l4 
a n d  K C 1 resp ective ly , co rresp o n d in g  to  e q u a l v a p o u r p ressures ; n  d e
sig nates th e  m o la lity  o f th e  fo rm e r so lu tio n , i.e. m ols. of th e  d ou b le sa lt  
per 1 0 0 0  g. of w ater. T h e  d a ta  fo r p u re  p o tassiu m  ch lo rid e  so lu tio n s 
g iv e n  e a rlie r 7 h ave  been ca lcu la te d  as re la tiv e  m o lar v a p o u r p ressure

0  / .  Amer. Chem. Soc., 1 9 3 4 ,  5 6 ,  1 6 7 5 .

7 R o b i n s o n ,  Trans. F araday Soc., 1 9 3 9 ,  3 5 ,  1 2 1 7 .

TABLE III.

VI.
e.m .f.

R . F .P t .
L. F . S.

0*1 o - 5 3 i o - 5 3 i 0 -5 3 1 0 -5 3 1 o - 5 3 i
0*2 - 4 9 4 •4 9 4 ■496 •482 •47S

0 -5 ■513 ■ -516 ■535 •4 5 7 •4 4 7
07 ■570 •5 7 5 — •469 —

1* 0 •730 •704 •7 3 7 •5 0 9 •5 0 5
i*5 i -x8 i 1-080 •626 ____ _______
2 -0 I - 5 6 5 “ •807
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low erings, R  =  (p 0 — p )/M p 0, a  fo rm  v e ry  su ita b le  for p lo ttin g  ag a in st the 
m o la lity . F ro m  th is  graph w ere read the re la tiv e  v a p o u r pressure low erings 
a t  each of th e  p o tassiu m  ch lo rid e  co n ce n tratio n s in  the second colum n. 
These gave th e  v a p o u r pressure lo w e rin g s re la tiv e  to  the v a p o u r pressure 
o f pure w a te r a t  2 5 0 for 
each p o tassiu m  ch lo rid e  an d  
therefore fo r each iso p ie stic  
p o tassiu m  b a riu m  ch lo rid e  
so lu tio n . These v a lu e s are 
g iv e n  in  th e  t h ird  co lum n  
in  m m . of m e rcu ry . T h e y  
m a y  be com pared w ith  fo u r 
sets of figures ca lcu la te d  on 
d ifferen t assum p tio n s. I n  
th e  first  place, i t  m a y  be 
assum ed th a t in  th e  m ixe d  
so lu tio n  no co m p le x ion 
fo rm a tio n  occurs, a n d  the 
b a riu m  ch lo rid e  is  com 
p le te ly  d isso ciated . T h e  
fu rth e r reasonable assu m p 
t io n  is  m ade t h a t  u n d e r these 
co n d itio n s the re la tiv e  m olal 
v a p o u r p ressure lo w e rin g  o f 
each sa lt  is  e q u a l to  t h a t  of 
th e  sa lt  in  a so lu tio n  of the 
sam e to ta l io n ic  stren g th  
(n =  5 m) in  the absence of 
th e  other salt. R  fo r each sa lt  ca n  be p lo tte d  ag a in st th e  to ta l io n ic  strength, 
the d ata  fo r p u re  b a riu m  ch lo rid e  b ein g  o b tain e d  fro m  th e  iso p ie stic  d ata  
rep o rted  e a rlie r in  th is  p ap e r. F ro m  th e  p lo ts th e  v a lu e s of R  fo r each 
sin g le  s a lt  ca n  be rea d  a t  th e  a p p ro p ria te  io n ic  stren gth, a n d  th e  v a p o u r

p ressure lo w e r
in g  ca lcu la te d  ; 
th e  la tte r  are 
g ive n  in  the 
fo u rth  co lu m n  
of th e  tab le. 
S e c o n d ly ,  i t  
m a y  be assum ed 
t h a t  fo rm a tio n  
of th e  co m p le x 
s a lt  K a(B a C l4) is 
com plete. T h e  
t o t a l  i o n i c  
stren g th  w o u ld  
be 3  m, a n d  the 
R  c u rv e  fo r th is  
s a lt  m a y  be a s
sum ed to  be of 
the sam e ty p e  as 
t h a t  of b a riu m  
ch lo rid e . C o n 
seq u en tly, the 
v a p o u r  p r e s 
sure  low erings

sh o u ld  a p p ro x im a te  to those of b a riu m  ch lo rid e  a t  th e  sam e co n ce n tratio n . 
These v a p o u r pressure low erings m a y  therefore be o b tain e d  fro m  th e  R  
c u rv e  for p u re  b a riu m  ch lo rid e . T h e y  need n o t be ta b u la te d  here, b u t  are 
g iv e n  as a p lo t in  F ig . 1 . T h ir d ly , it  m a y  be assum ed t h a t  the p o tassium

Curve 1. Calculated for 2K+ +  Ba^ +  4CI-
„ 2. ,, „ 2K+-}-[BaCl]++  3CF
,, 3 . ,, ,, 2lv** 4-  [BaClJ_ 4- Cl-
„ 4. „ „ 2K++[BaClJ-

TABLE IV.

m . M  -  KC1.
Ap  (mm. Hg).

obs. calc.

0 -0 6 0 6 5 •2073 0-161 0-161
■1344 ' •4615 •353 -3 4 s
■2379 ■8174 ■620 • 6 i s
•3054 1-055 •799 •797
•3901 1-360 1-030 1-027
•5233 1-842 1-394 1-405
■6127 2 -1 7 3 1-6 5 0 1-665
•65 6 0 2 -3 2 7 1-7 7 0 1-793
•8650 3 - H 3 2 -3 8 9 2-423
■9412 3-397 2 -6 I 4 2-671
•9915 3-536 2-770 2 -S 3 I

1 -020 3-691 2 -8 5 0 2 -919
1-078 3 -9 0 6 3-035 3"I I 4
1-163 4 -2 3 6 3 -290 3-396
1-233 4 -5 I 4 3-518 3 -6 2 9
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b a riu m  ch lo rid e  fu n ctio n s as Iv C l -f- Iv B a C l3 ; to a  f irst  a p p ro x im a tio n  th e  
effect of th e  u n iv a le n t B a C l~ 3 io n  m a y  be equ ated  to t h a t  of a C l-  io n  an d  
th e  so lu tio n  is  e ffe ctively  one o f p o tassiu m  ch lo rid e  a t  a  m o la lity  2  w  
T h e  v a p o u r pressure lo w erings h a ve  been ca lcu la te d  o n th is  basis, an d  a rc  
show n in  F ig . 1 . F in a lly ,  th ere  is  a p o s s ib ility  t h a t  the p o tassiu m  ch lo rid e  
represses th e  d isso ciatio n  o f th e  b a riu m  s a lt  le ad in g  to  a  so lu tio n  of

(2 IC+ +  B a C l+  +  3 C I-).
A g a in  no g reat e rro r w o u ld  be in tro d u c e d  b y  assu m in g  t h a t  th e  v a p o u r 
pressure low erings w o u ld  correspon d  to  a  so lu tio n  o f p o ta ssiu m  ch lo rid e  
a t  a  m o la lity  3  m, a n d  th e  p lo t  on th is  b asis is  also g iv e n  in  F ig . 1 . T h is  
figure show s c o n c lu s iv e ly  t h a t  no a p p re cia b le  co m p le x  io n  fo rm a tio n  occurs 
an d  t h a t  th ere  is  no evidence fo r th e  e xisten ce of th e  B a C l~  ion. N o  e rrors 
in  the a ssu m p tio n s m ade ab ove in  e q u a tin g  the v a p o u r p ressure low erings 
due to  ion s of th e  sam e v a le n c y  w o u ld  b rin g  th e  ca lcu la te d  c u rv e  a p p re c ia b ly  
n e are r th e  e xp e rim e n ta l poin ts.

O n th e  o th e r hand , th e  agreem ent in  th e  la s t  tw o co lu m n s of th e  tab le  
betw een th e  ob served  v a p o u r p ressure lo w e rin g s a n d  those ca lcu la te d  on 
th e  a ssu m p tio n  t h a t  each s a lt  re ta in s  its  id e n tity , is  e xcelle n t. T h e  agree
m ent is n o t e xa ct, b u t th is  w o u ld  no t be expected, because there m u st be 
a  sp ecific  in te rio n ic  effect. T h e re  is  a  m a x im u m  difference betw een the 
observed  a n d  ca lcu la te d  v a p o u r p ressure low erings o f 3  p e r cent, w h ic h  is  
s im ila r  to  t h a t  observed  b y  O w en a n d  Cooke 8 fo r m ix tu re s  o f p o tassiu m  
an d  lit h iu m  ch lo rid e .

R ig h e lla to  a n d  D a v ie s  9 co n clu d ed  t h a t  c o n d u c t iv it y  d a ta  in  d ilu te  
so lu tio n s in d ica te d  t h a t  b a riu m  ch lo rid e  w as a  stro n g  e lectro ly te . T h e  
im p lie d  absence of th e  B a C l+  io n  is  co n siste n t w ith  these v a p o u r pressure 
m easurem ents. S h e d lo v sk y  a n d  B ro w n  10 a lso  fo u n d  th e  c o n d u c tiv ity  o f 
b a riu m  ch lo rid e  to con form  to th e  O nsagcr lim it in g  law .

Summary.
Is o p ie s tic  m easurem ents h a ve  been m ade o n ca lc iu m , stro n tiu m  a n d  

b a riu m  ch lo rid e  an d  a c t iv it y  coefficients co m pu ted  a t  2 5 0.
T h e  d ata agree w ith  the fre e zin g -p o in t d a ta  on c a lc iu m  ch lo rid e  ra th e r 

th a n  th e  e.m .f. d ata. T h e  agreem ent w ith  e.m .f. d a ta  in  th e  case of 
stro n tiu m  a n d  b a riu m  ch lo rid e  is  sa tisfa cto ry .

Is o p ie s tic  m easurem ents o n  so lu tio n s of (2 K C I  +  B a C ls) agree w ith  the 
assu m p tio n  t h a t  each com ponent s a lt  re ta in s  its  id e n t it y ; no evidence is 
fo u n d  fo r th e  existen ce in  ap p re ciab le  am o u n ts o f the ions B a C l~ , B a C l3~ 
or B a C l4— .

8 J .  Amer. Chem. Soc., 1 9 3 7 , 59. 2 2 7 3 .
8 Trans. Faraday Soc., 1 9 3 0 , 2 6 , 5 9 2 .
10/ .  Amer. Chem. Soc., 1 9 3 4 , 5 6 , 1 0 6 6 .

P A R T  III. T H E  A C T IV IT Y  C O E F F IC IE N T S  O F  
P O T A S S IU M  A N D  C A DM IUM  IO D ID E  A T  25°.

B y  R .  A. R o b i n s o n  a n d  ( M i s s )  J e a n  M. W i l s o n .

Received  1 6 th February, 1 9 4 0 .

T h e  a c t iv it y  coefficients o f th e  ch lo rid e s  o f the a lk a lin e  e a rth  m etals, 
re p o rte d  in  P a rt s  I  a n d  I I ,  e x h ib it  a n o rm a l b e h a v io u r  w h e n  com p are d  
w ith  th e  coefficients of th e  a lk a li  h a lid e s. T h e  o p p o site  e xtre m e  o f 
an o m alo u s a c t iv it y  coefficients is fo u n d  in  th e  case o f ca d m iu m  iodide.

B efore in v e stig a tin g  th is  sa lt, som e m easurem ents w ere m ade on
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0 5 3 5 3 . 0-5471 ; 0 -7 0 1 5 , 0 -7 1 9 2  ; 1 -2 9 8 , 1 -3 4 8  ; 1 -9 0 4 , 1-9 9 0  ;
2-343. 2 -4 6 1  ; 2 -5 6 2  ; 2 -6 9 2  ; 2 -6 7 3 , 2 -8 0 9  ; 2 -9 1 4 , 3 -0 6 7  ;
2 -9 6 6 , 3 1 2 0  ; 3 0 3 6 , 3-194 ; 3-544. 3 - 7 2 4  ; 3 -6 4 9 . 3 -8 3 1 ;
4-054. 4 -2 5 1  ; 4 -1 8 2 , 4-388 ; 4-232, 4-434 ; 4 -6 0 1 , 4 -8 1 .

in 0-1 0-2 0-3 0-5 o-7 1-0 i-5
y 0 - 7 7 6 •731 •704 •675 •659 •646 •639

m 2-0 2-5 3 0 3-5 4 -0 4-5 —

y •641 •649 •657 •667 •6 7 S •692

p o tassiu m  iodide, for use in  a  fu rth e r co m m u n icatio n  on so lu tio n s co n 
ta in in g  b o th  p o tassiu m  an d  ca d m iu m  iodide.

I t  ha s been show n 1 th a t the o rig in a l iso p ie stic  d ata  2 on the p o tassium  
ch lo rid e  - p o tassiu m
b ro m id e  s a lt  p a ir  T A B L E  I I .
gave  s lig h t ly  low  
a c t iv it y  coefficients 
o f th e  b ro m id e as a 
re s u lt  of som e c o rro 
sio n  o f th e  first
d esign of d ishes b y  
the b ro m id e s o lu 
t io n . T h is  effect 
w o u ld  be expected to  be e ven m ore m arke d  w ith  io d id e  solutions, an d  
we h a v e  therefo re m ade a new  d e te rm in a tio n  o f th e  iso p ie stic  ra tio  be

tw een p o tassiu m  ch lo rid e  
T A B L E  I I I .  a n d  p o tassiu m  iodide, u sing

"  sta y b rite  ”  steel dishes. 
T h e  effect of th e  co rro sive  
a c tio n  of th e  iodide so lu tio n  
on s ilv e r  becomes ap p a re n t 
o n ly  a t  co n ce n tratio n s greater 
th a n  2  m. T a b le  I  relates to 
so lu tio n s fo u n d  to  be iso 
p iestic, th e  m o la lity  of p o tas
s iu m  io d id e  being g iv e n  first 
in  each case. T hese d eter

m in atio n s lead to th e  a c t iv it y  coefficients show n in  T a b le  I I .  A  co m p ariso n  
is  m ade in  T a b le  I I I  w ith  th e  e.m .f. d a ta  o f H a r n e d 2 (H ) a n d  of Gelbach* (G ).

m. V.P. H. G.

O-I 0 7 7 6 o-775 0 - 7 7 2
0-2 •731 •730 •72 1

o-5 •675 •678 •666
1 •646 ■649 —
2 •641 •646

~

T A B L E IV .

0 -0 8 5 8 5 , 0 - 0 5 7 3 6  ; 0 -1 2 2 7 , 0 -0 8 0 9 2  ; o-îSSh. 0 -1 0 2 r ; 0 -1 7 7 4 , 0 -1 1 2 9
0 -1 8 1 7 , 0 - 1 1 5 5  ; 0 -2 3 3 8 , 0 -1 4 4 6  ; 0 -3 1 1 1 , 0 -1 8 6 2  ; 0 -4 1 6 3 , 0 -2 4 6 3
0 -4 1 8 8 , 0 -2 4 9 8  ; 0 -6 2 5 8 , 0 -3 8 1 1  ; 0 -7 1 6 4 , 0 -4 4 1 2  ; 0 -8 1 3 5 , 0 -5 II3
o-S2 7 9 , 0 -5 2 3 4  ; 0 -9 5 7 8 , 0 -6 1 2 5  ; 1 -0 9 4 , 0 - 7 0 5 9  ; I ' I 47, 0 -7 4 8 5
1-432, 0 -9 8 9 1  ; i -578. 1 1 0 S ; 1 -5 9 7 , I - I I 2 ; 1 -6 0 7 , i -i i o  ;
1 -6 7 5 . 1 -1 9 4  ; 1-725 . 1 -2 3 3  ; 1 -8 4 2 , 1 -3 4 6 ; 1-955. 1-439 ;
2-143, 1 -5 9 8  ; 2 -3 1 7 . 1-773 ; 2 -4 2 3 , 1 -8 9 3  ; 2 -4 3 2  ; 1 -9 1 0 .

T A B L E  V .

m O-I 0-2 o-3 o-4 o-5 o-6 o-7 0 -8 0-9
y 0 -1 0 7 4 ■0685 •0523 •0433 •0377 ■0337 • 0 3 0 7 •0284 •0266

1-0 1-2 1-4 1-6 1-8 2-0 2-2 2-4* 2-5*
•0251 •0228 •02 11 •0199 -0 1 8 9 ■Ol8l •OI74 •0169 • 0 1 6 7

* Supersaturated.
1 Robinson, Trans. Faraday Soc., 1 9 3 9 , 3 5 , 1 2 1 7 .
2 Robinson, / .  Amer. Chem. Soc., 1 9 3 3 , 5 7 , 1 1 6 1 .
2 Ibid.,  1 9 2 9 ,  51.  4 1 6 -  4  Ib id -  * 933,  55.  4 8 5 7 -
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T a b le  I V  relates to p a irs  of so lu tio n s of ca d m iu m  io d id e  a n d  p o tassiu m  
io d id e  re sp e c tiv e ly  fo u nd  to  be iso p ie stic. F ro m  these d a ta  the a c t iv it y  
coefficient o f ca d m iu m  iod id e w as c a lcu la te d  re la tiv e  to a  v a lu e  of

y  =  0 - 0 6 8 5  a t  0 -2  M

ta k e n  from  th e  re su lts  of B a te s an d  V o s b u rg h . 1 I n  th is  c a lc u la tio n  the
a c t iv it y  coefficients 

T A B L E  V I .  p o tassiu m  iodide
o b t a i n e d  a b o v e  
were used. These 
gave  th e  a c t iv it y  
coefficients show n 
in  T a b le  V .

G e t m a n  6 h a s  
d e riv e d  th e  a c t iv it y  
coefficient o f th is  
s a lt  fro m  m easure
m ents of ce lls  w ith  
a  s ilv e r-s ilv e r  iodide 
a n d  a  le ad -le ad  
io d id e  electrode re 
sp e ctiv e ly , w h ils t  
B a te s an d  V o s-

b u rg h  5 used a m ercu ry -m ercu ro u s io d id e  electrode. T a b le  V I  com pares 
the fo u r sets of resu lts.

Sum m ary.
M easurem ents are  reported  of th e  a c t iv it y  coefficients of p o tassiu m  

io d id e  a n d  of ca d m iu m  iodide, w h ich  are in  good agreem ent w ith  e.m .f. 
d eterm ination s.

A uckland  U niversity College,
N eiv Zealand.

m.
A g/A gI

E lectrode.

P b /P b lj . H g /H g 2I 2.
V apour

Pressure.

O -I O-IO O - I I o-ioS 0-1074
0-2 •065 •067 •06S5 (■06S5)
0*5 •037 •037 •0382 ■0377
0*7 — — •0310 •0307
I ■025 •025 •0254 •0251
i* 3 — •022 •0222 •0220
2 — --- •O IS3 •O I81
2-366 -O I7I •O I7I

5 Robinson, f .  Amer. Client. Soc., 1 9 3 7 , 59> 1 5 S3 . 
0 J ■ physical Chem., 1 9 2 8 , 3 2 , 9 4 0 .

P A R T  IV. T H E  T H E R M O D Y N A M IC S O F Z IN C  
C H L O R ID E  SO L U T IO N S .

B y  R .  A .  R o b i n s o n  a n d  R .  H . S t o k e s .

Received 1 st A pril,  1 9 4 0 .

E .m .f. m easu rem en ts h a v e  been m ad e of ce lls  c o n ta in in g  z in c  io d id e ,1 

ca d m iu m  ch lo rid e  2 an d  ca d m iu m  b ro m id e ,3 o v e r an e xte n d ed  ran g e  of 
tem p eratu re . M easu rem en ts o f s im ila r  ce lls  c o n ta in in g  z in c  ch lo rid e  
h a v e  been m ad e o n ly  a t 2 5 0. T h e  e.m .f. of the cell :

Z n -H g  (2 -phase) | Z n C l2 | A g C l, A g

h a s no w  been m easured  betw een 1 0 ° a n d  4 0 °. F ro m  these d e te rm in a 
tio n s  the sta n d a rd  p o te n tia l of the cell an d  of the z in c  electrode ha ve

1 Bates, J. Amer. Chem. Soc., 1 9 3 8 , 6 0 , 2 9 S3 .
- Harned and Fitzgerald, ibid., 1 9 3 6 , 5 8 , 2 6 2 4 .
3 Bates, ibid., 1 9 3 9 , 6 1 , 3 0 8 .
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been d educed a n d  the a c t iv it y  coefficients, p a rt ia l m o la l h e a t co n te n t 
and p a r t ia l m o la l h e at c a p a c ity  h a v e  been ca lcu la te d .

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

S ilv e r-s ilv e r  ch lo rid e  electrodes of the C a rm o d y  4 ty p e  an d  a tw o-phase 
zin c am alg am  electrode w ere em ployed. I n  th e  p re lim in a ry  e xperim ents 
a ce ll co n ta in in g  tw o  am algam  electrodes w as used, b u t as th e  tw o  elec
trod es a lw a y s  agreed w ith in  o -o i m v. th is  ce ll w as d iscarded  a n d  the m ain  
w o rk  done w ith  a ce ll co n ta in in g  a  single am algam  electrode a n d  three 
s ilv e r-s ilv e r  ch lo rid e  electrodes. T h e  agreem ent of the la tte r w as u s u a lly  
ab o u t 0 - 0 3  m v. b u t  o cca sio n a lly  one w o u ld  g ive  a  very' d ive rg e n t resu lt, 
in  w h ic h  case it  w as rejected. T h e . sto ck  so lu tio n s w ere p repared  from  
M e rc k ’s Z n C l2 an d  stored in  a n  atm osphere o f h yd rogen. T h e y  w ere 
a n a ly se d  fo r C l-  g ra v im e tric a lly  a n d  fo r Z n  v o lu m e tric a lly , u sin g  the 
ferro cy an id e  t itra t io n  w ith  d ip h e n y lb e n zid in e  
in d ic a to r . 5 T h e  o rig in a l sto ck  so lu tio n  co n 
ta in e d  a n  excess of ZnO , a n d  in  th e  first 
series of exp e rim e n ts th e  so lu tio n  w as n e u tra l
ised w ith  su fficien t H C 1 a c id  e x a c tly  to balance 
the zinc. E ig h t  ce lls  w ere m ade b y  d ilu tio n  
o f th is  so lu tio n . T h e  e .m .f.’s w ere n o t as 
ste ad y  as those registered  w ith  a so lu tio n  of 
a d ifferen t ty p e  describ ed  late r, a n d  w ere
1 - 7  ±  0 -4  m v . low er a t  2 5 0 o v e r a co n ce n tra 
t io n  range 0 - 0 4  —  0 -2  M th a n  th e  e .m .f.’s ob 
served  b y  S ca tch ard  a n d  T e f f t . ' T h is  su g
gests t h a t  th e  sta n d a rd  electrode p o te n tia l of 
z in c  sh o u ld  be defined, fo r p ra c tic a l purposes, 
in  term s of the so lu tio n  used. A  s im ila r 
a c id it y  effect h as been observed b y  C la y to n  
a n d  V o sb u rg h .’

T h e  second so lu tio n , used in  the m ain  
w o rk, w as m ade b y  ad d in g  su fficien t acid  to 
p re v e n t p re c ip ita tio n  on d ilu tio n  b u t in s u ffic i
ent for com plete n e u tra lisa tio n  ; it  co n tained  
Zn a n d  C l-  in  the ra tio  1 - 0 0 5 5  ■ 2  > iu  the 
fo llo w in g  tab les m o lalitie s of Z n C k  are c a lc u 
late d  on the C l-  content, a n d  a ll  e .m .f.’s ob 
served  h a ve  been increased b y  0 - 0 7  m v. before 
b eing recorded in  the tab les in  o rd er to  a llo w  
fo r th is  s lig h t excess of Z n in  the so lu tio n .
T h is  so lu tio n  gave con stan t, rep ro d u cib le  
e .m .f.’s in  good agreem ent a t 2 5 0 w ith  those of S ca tch ard  a n d  T efft.

T h e  ce ll and a p p a ra tu s  fo r f illin g  it  are illu s tra te d  in  F ig . 1 . T h e  
flask, A , w as used fo r w eig hing the sto ck  so lutio n , w h ich , a fte r d ilu tio n  
w ith  air-free  w ater, w as b oiled in  vacuo a n d  the fla s k  th en  fille d  w ith  
h ydrogen, a llow an ce being m ade fo r th e  loss of w a te r a n d  th e  increased  
b u o y a n c y  o f h yd rogen. T h e  cell, B , co n ta in in g  th e  A g -A g C l electrodes 
w h ich  h a d  been ch lo rid ise d  in  H C 1 o r Z n C l2 so lu tio n  im m e d ia te ly  before 
use, w as atta ck e d  a t  C. T h e  ce ll w as b lacke ne d  to p re v e n t expo sure of 
the electrodes to  lig h t. T h e  ce ll w as evacu ated  a t  D  a n d  hyd rog en 
ad m itte d  th ro ug h  E .  S o lu tio n  w as th e n  forced  in to  th e  ce ll fro m  A  u n d e r 
hyd ro g e n p ressure a fte r w h ich  am alg am  w as r u n  in to  th e  ce ll fro m  G . 
T h e  am algam  in  G  w as stored u n d e r h yd ro g e n . A  g a s-tig h t e le ctrica l 
con tact w as th e n  m ade w ith  the am alg am  th ro u g h  th e  sid e-a rm  of th e  celi.

4 Bates, J . Amcr, Chem. Soc., 1 9 2 9 , 5 1 , 2 9 0 1 .
5 Cone and Cady, ibid., 1 9 2 7 , 4 9 , 3 5 6 .
c Ibid., 1 9 3 0 , 5 2 , 2 2 7 2 . 5 Ibid., 1 9 3 6 , 5 8 , 2 0 9 3 .

F i g .  i . — C e ll and a p p a r a t u s  
f o r  f i l l in g .
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T h u s  th e  w hole o p e ra tio n  of f illin g  th e  c e ll w ith  so lu tio n  a n d  am alg am  w as 
c a rrie d  o u t e ith e r in  vacuo o r  in  a n  atm o sph ere of h yd rog en. T h e  ce ll 
w as le ft  in  th e  th e rm o sta t o v e rn ig h t a t  2 5 0 to  a tta in  e q u ilib r iu m  a n d  
m easurem ents m ade n e x t  d a y  on a  Le e d s a n d  N o rth ru p  T y p e  I < 2  p o te n tio 
m eter in  th e  o rd er 2 5 0 to  4 0 °, 4 0 ° to  io ° , io °  to  2 5 ° a t  5 0 in te rv a ls . T h e  
e.m .f. a t  2 5 0 w as therefore m easured three tim es a n d  no divergen ce greater 
th a n  0 - 0 3  m v . w as observed.

A l l  w e ighings w ere v a c u u m  corrected  on sta n d ard ized  w eig hts. T he 
therm o m eter w a s c a lib ra te d  a g a in st an  N .P .L . certified  therm om eter.

Experimental Results.
T a b le  I  g ive s th e  observed  e .m .f.’s a t  differen t tem peratures, tog ether 

w ith  re su lts  fo r fo u r ce lls  a t  2 5 0 o n ly . T h e  d ata a t each co n ce n tra tio n

u
CO

CJ
NO

w
O

Ï -î-O O'co O' M M M tO * O  O CO N O  O
H 1 ?  l.° d  'O -JÍ- I Cl CO tp  y  co y  d  ci 9 M M I I
X I ro co CO CO CO 1 CO Cl Cl Cl M m 6  6 ó  ó  6  

1 1
1 1

0 O CO - f CO CO 0  ^  O' ■t#* In  tí- CO O CO
x

• O' cotN M tp  9  M 1 y  O' d  p o CO 'O p d  0 M 1 1
* 6  M H fl Ñ 1 d  Cl CO CO CO co cb co CO Cl d

tNO HCO T CO 0 co m 00 d  0 O' CO O  d
d  O' O co co CO Cl ^  Cl to O O O O O' M

, C "0 to  In  to 1 c o o to  0 d M to  CO -t-CO CO 1 Ito  CO CO Cl O O'OO tN 0 f t CO m O 1 1
« M M M M M M 9 9 9 99 9 9 9 9

«  « W M M ►H M M M M M M W M M M
* * *

N O  tO 'i* 0 dCO T d  O 10 CO O M
CO Tf O O'CO to  m h  (O N O  0 co d  M O'0* I tN 'T Cl CO H O' M O ’f O tO O'OO O' to  *r I I0 i t>-o to  CO CO 1 M O O' tNO to  CO CO d  M O 1 1M M M M M M M O O O O O O O O O
M J M M M W M M W M M W M M M M

CO >0 co O co O to Cl 0 d CO d  co d  N Oi-) n- M tO CO M O' O T N O  T h CO CO O'0* 1 CO «0 CO tO CO 1 M Cl d  0 00 tN M O O O  to I I«0 ! cno to  co CO 1 Cl 0 O' tN O to  - f  t CO M O 1 1to M M M M M M M O O O O O O O O O
M M M M M M M 1—1 W M M M 1-4 M M M
■tfO O W N In  CO O>0 tN O  M CO IN 10 CO

CO CO M tNVO tO In tN c o o O  d  O' ■*•0 0
1 CO O ' t o  n* I d  'T coco 0 O' (OH d  IN tN I IO 1 tNO to  CO co 1 d  O O' IN. tN. •O Tf t CO M O 1 1to M M M M M M M O O O O O O O O O

M M M W M M M M W M M M 1-4 M M M
Q\ In O O  Tf co tN d CO co O' MVOO' CO O  co d  0

T f l  C> CvCO CO d  CO N - r  ci to O  OvO O O' M coco0* >0 O O tN to C COO to  0 d M ^  CO Tf-CO CO tN to
c? O' cn o to  co co CON O O'CO tN. O  Tf- r f CO M O O' fNM M t-t M M M M M M O O O O O O O O O O' O'

M M M W M M M M M M M M M M M M M M 0 0
O  O' Cl O' ' t •tf CO d  co 0 O CO TT M CO cou-j co O  tNco O O O O' n- to  tN tN d  d0 * I O  In toco O I to  tN tN M Tj- COO to to  O O' 1 10 1 cn o to  CO CO 1 d  0 C»CO Cn 0 r r CO Cl O 1 1<N M M M M M M M O O O 0 00 O O O
M M M M M M M M M W M M M M M M

CO O' t'N "f M O' to  O' O' d  O' m CO to  0tN tN M t o o O tN T  f O CO to  d d  to  co
O I 0 tN O  C tN I O  CO CO COO toco tN tN M O 1 1VO 1 Cn O to  CO CO 1 d  O O'OO tN 0 CO d  M 1 1M M M M M M 11 O O O O O O O O O

M M M M M M M M H M M M M M M M
0 co O 'tfO tN M O O O -i-CO co M O CO

CO co to  >-> Cl IN 0 IN O' IN 0 d  O' O' O'I O  tN O  O co I 0 0 O' 'T tN tN O CO CO d  M 1 1O 1 tNO 0 1-CO 1 d  1-4 O'OO IN 0 10- r CO d  M 1 1M M 1-4 M M M M M O O O O O O O O O
M W M M M M M M M M M M M M M M

H tl T
LOCO O O '* H Cl O'
4-4 O CO r f  to  to O IN. O co d  O O  CO CO O M
co to  N O C-n CC N O O - r  - f  O to  M Cl d  Cl M 0 0
O O O >—1 »—4 1—t Cl d  *r O  O co CO O d CO M CO O' CO
O O 9 9 9 9 9 9 9 O M M M CO CO y  tp  9 y o o
C M M d

w ere e xa m in ed  c r it ic a lly  b y  p lo ttin g  first  order tem p eratu re  differences 
ag a in st tem p eratu re  ; 8 on th is  b asis there is  good reaso n fo r b elievin g  
t h a t  three e.m .f.'s  (m arked  b y  a ste risk s in  T a b le  I )  are erroneous to the

8  H a r n e d  a n d  N i m s ,  J .  Am er. Chem. Soc., 1 9 3 2 ,  5 4 ,  4 2 3 .
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e x te n t  o f  o-x m v . T h is  d e v ia t io n  o c c u rre d  a t  4 0 ° in  e a c h  case . T h e  
r e m a in d e r  o f  t h e  r e s u l ts  w e re  e x p re s s e d  b y  th e  e q u a t io n  :

E  =  E u  +  a{t -  2 5 ) +  b{t -  2 5 )= ; . . . (1 )

t h e  th r e e  c o n s ta n ts ,  £ 25, a  a n d  b w e re  o b ta in e d  b y  th e  m e th o d  o f le a s t  
s q u a re s  ; t h e y  a re  re c o rd e d  in  t h e  l a s t  th r e e  c o lu m n s  o f T a b le  I .  (A t te n 
t io n  m a y  b e  d r a w n  t o  t h e  c o n s id e ra b le  a r i th m e t ic a l  s im p lic ity  o b ta in e d  if 
m e a s u re m e n ts  a r e  m a d e  a t  a n  e q u a l  n u m b e r  o f  e v e n ly  sp a c e d  t e m p e ra tu r e s  
a b o v e  a n d  b e lo w  2 5 0.) T h e  m e a n  d e v ia t io n  b e tw e e n  th e  o b se rv e d  e .m .f . ’s 
a n d  th o s e  c a lc u la te d  b y  e q u a t io n  (1) w a s  0 -0 1 5  n lv -

T h e  S t a n d a r d  P o t e n t i a l  o f  t h e  C e l l .

An attempt was made to evaluate this at 250 by the Hitchcock 
extrapolation,9 the function E '2S being plotted against the molality, 
where :

£'25 =  E 2 5  +  k log 4m3 (1 +  0-054?«)3 — zktxV lm  
k =  2-303 R T /2 F  
¡x =  limiting Debye slope =  I-0 I2.

The result was, however, uncertain because of a slight curvature even 
in the most dilute region which made the extrapolation difficult. The 
curve suggested a value of jE°25 =  0-9845, provided that two points at 
the lowest concentration were neglected. Inclusion of these two points 
would lead to a value of 0-9830 v. but the curve would then exhibit a 
marked change in direction at 0-008 m.

A better extrapolation is obtained by using the method employed by 
Bates 1 in which allowance is made for the ionic diameter in the Debye 
term. A new E' function is defined by :

E '25 =  E 25 +  k log 4w 3/(i +  o-054w )3 — 3^ V 3»i/(i +  A V 3»0 . (2)

where A  =  0-329 a, a being the ionic diameter in Angstrom units. This 
method of extrapolation, although an improvement on that of Hitchcock, 
may be misleading if an incorrect 
ionic diameter is assumed. Since 
this method of extrapolation im
plies the extended Debye-Hiickel 
e q u a t i o n ,  E '25 =  £ ° 25 — 3kB m , 
where B  is thé constant of the 
linear term in the Debye-Hiickel 
equation, £ '25 should be a linear t
function of m, extrapolating to a uj
limiting value jE°25. Fig. 2 illus
trates a series of plots for an ideal 
case where E °2S =  i - o o o o o  v., 
a =  5 a  and 3&B =  O-OOÔ. The
p lo t  f o r  a  =  5 a  is  l in e a r  in  m . 0 g_g 5  m _  g i
The figure also contains curves cal- _  Tn + ^. t , v , r F i g .  2.—Illustrating the effect of ionic
culated from equation (2) for iour diameter on the extrapolation of a
other ionic diameters. It will be standard potential,
observed that if too low a value
of this diameter is used, the curve bends upwards with increasing dilu
tion, and vice versa for too high a value of the diameter. This series of

a Harned and Nims, J .  Amer. Cham. Soc., 192S, 50, 2076.
27
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curves makes it clear that the absence of reliable data at low concen
trations combined with the scattering of points due to unavoidable ex
perimental errors may easily create an illusion of linearity for diameters 
other than the correct one. Extreme examples of this are illustrated by 
the dotted lines in Fig. 2  which lead to E° values i  0 '7 mv. from the 
correct value on the assumption of ionic diameters which are i  i a  in 
error. In applying this method of extrapolation, therefore, it is desir
able to try several ionic diameters and to find not only the one which 
gives the most linear extrapolation but also the two which give rise to 
curvature in opposite directions.

Fig. 3 contains three curves corresponding to ionic diameters of 4 -5 , 
5 -0  and 5-5  a , the £ '25 values being obtained from the experimental 
results up to 0 -1 3  m , together with the data of Scatchard and Tefft.6
These £ '25 values are shown as circles of diameter OI mv., those of
Scatchard and Tefft as crossed circles. Selection of the £ °25 value depends 
now on the weight assigned to the three results below 0 0 0 8  m . If these 
are neglected on the grounds of unreliability of the cells, then the curves

in Fig. 3  for 4-5  and 5-5 a  
clearly exhibit curvature 
in opposite directions, 
whilst a value of 5 -0  a  

gives a good linear extra
polation to £ ° 25 =  0 -9 8 4 8 5
v. for the standard poten
tial of the cell. The 
standard potential of the 
Ag-AgCl electrode10 being 
0 -2 2 2 3 9  v. that of the 
zinc electrode must be 
0-76245 v. The error in 
this determination should 
be not more than ¿ 0-1 
mv. It has been assumed 
that the Zn electrode has 
the same potential as zinc 
amalgam.

F i g .  3 .—Extrapolation of the E°25 value.
O £'25 values from data of Scatchard and Tefft. 
© from present data, using three ionic diameters.

On the other hand, if one has faith in the reliability of the three 
points at the lowest concentrations then extrapolation, shown by the 
dotted line, leads to a considerably lower £ ° 23 value. In this case the 
hump in the curve must be explained either by incomplete dissociation 
or by the extended terms of the Debye equation. The hump cannot be 
accounted for by hydrolysis, unless the hydrolysis is considerably greater 
than is indicated by the data in the literature ; Prytz 11 found a hydrolysis 
constant of the order of I 0 ~ 9 ; this would affect the £ '25 values only a 
few units in the fifth decimal place.

By taking into consideration the extended terms of the Debye equa
tion,12 using a diameter of 3 -8  a , it may be shown that the data of 
Scatchard and Tefft at 0 -0 0 2 9 4 1 , 0 -0 0 7 8 1 4  and 0 -0 1 2 3 6  m  lead to £ ° 25 
values of 0 -9 8 3 7 , 0 -9 8 3 8  and 0 -9 8 3 6  v. From the present data at 0 -0 0 3 1 5 1 , 
0 -0 0 5 0 8 2 , 0 -0 0 7 3 5 4  and 0 -0 1 0 4 0  m  values of £ ° 25 =  0 -9 8 3 1 , 0 -9 8 3 5 ,

10 Hamed and Ehlers, /. Amer. Chem. Soc., 1933, 55, c i79.
11 Z. anorg. Chem., 1931, 200, 139.
12 Gronwall, LaMer and Sandved, Physikal. Z., 192S, 29, 

Gronwall and Greiff, J .  Physical Chem., 1931, 35, 2245.
558 ; Lailer,
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0 -9838, and 0-9834 v. are obtained. Unfortunately the theory is not 
applicable above these concentrations, and it cannot be determined 
whether the data at higher molalities would give similar E°25 values.

The hypothesis of incomplete dissociation with a higher ionic diameter 
has an effect similar to the incorporation of the extended terms. Using a 
value of 0-25 for the equilibrium constant of the reaction :

ZnCl+ ^  Zn++ +  Cl-
and an ionic diameter of 5 a ,  the method of Harned and Fitzgerald,2 
applied to the above data, gives an excellent linear extrapolation to 
E°25 =  0-9841 v. We are reluctant, however, to ascribe incomplete 
dissociation to this salt at such high dilutions from three e.m.f.’s in the 
most doubtful concentration region, especially as conductivity measure
ments 13 indicate that this salt is a strong electrolyte. An examination 
of the extrapolation curves for Znl2, given by Bates,1 also shows that, 
below 0-008 m , there is a tendency for the e.m.f. data to fall below the 
line he used for extrapolation. As there can be little doubt that Znl2 
approximates closely to a strong electrolyte, even up to 0-8 m , the 
anomalous behaviour exhibited below 0008  m must be ascribed to the 
difficulty of obtaining correct results with the zinc amalgam electrode at 
high dilutions. This will also be true for ZnCl2 solutions and we therefore 
consider the linear extrapolation of Fig. 3 the more reliable.

In Table II are collected the determinations of the standard potential 
of zinc from different sources. The data for the Zn-Hg | ZnCl2 | HgCl, Hg 
cell were recalculated, using Bates' method of extrapolation to give a 
value of approximately 1-0308 v.

T A B L E  I I . — S t a n d a r d  E l e c t r o d e  P o t e n t i a l  o f  Z i n c  a t  25°.

Cell. E°2 3. E° „(Zn).

Zn-Hg ZnCl2 | AgCl, Ag 0-98485 Ag, AgCl =  0 -2 2 2 3 9 10 0 -7 6 2 5
Zn-Hg ZnBr„ | AgBr, Ag14 0 -8 3 3 9 Ag, AgBr =  O -0 7 I3 15 . 0 -7 6 2 6
Zn-Hg Znl2 f Agl, Ag1 0-61055 Ag, Agl =  0 - I 5 2 2 18 . 0 -7 6 2 7
Zn-Hg ZnCl,, | HgCl, Hg47 . 1-0308 Hg, HgCl =  0 -267918 • 0 -7 6 2 9
Zn-Hg ZnBr2 | HgBr, Hg19 0 -9 0 1 9 Hg, HgBr =  0 - I 3 9 I 20, 14 0 -7 6 2 8

T h e  s t a n d a r d  p o te n t i a l s  a t  o th e r  t e m p e r a tu r e s  w e re  e v a lu a te d  b y  a 
d if f e re n t  m e th o d .  E x p re s s in g  th e  te r m s  in  e q u a t io n  (2 ) a s  f u n c tio n s  o f 
th e  t e m p e r a tu r e  a t  c o n s t a n t  m o la l i ty  :

E't =  E'25 -f- a '( t  — 2 5 ) + b’{t — 2 5)2, . • (3)
E  =  -^25 +  a {L — 2 5) +  b(t — 2 5 )2, . . (4 )

k  lo g  4  =  0 -0 1 7 8 0  +  o -6 x  i c r 4(f — 2 5 ), . • (5 )
3 k  lo g  m  =  3&25 lo g  m  +  ax(t —  2 5 ), . . - (6 )

3 k ( i V  3 m  I  ( 1  +  A V J m )  =  / ( 2 5 0) +  a 2(t — 2 5 ) +  b2{t — 2 5 )2 . (7)
13 Connell, Hamilton and Butler, P ro c . R o y . S o c . A ,  1934, 147, 41S.
14 Parton and Mitchell, T r a n s . F a ra d a y  S o c ., 1939, 35> 758.
15 Owen and Foering, J .  A m e r . Chem . S o c ., 1936, 58, 1875.
13 Owen, ib id . , 1935, 57, 1526. 17 Briill, G azz. ch in i. i ta l . ,  1934, 64, 261.
18 Gerke, J . A m e r . C hem . S o c ., 1922, 44 , 1684 ; Randall and Young, ib id . , 

1928, 50, 989.
18 Ishikawa, Ferui and Takai, B u l l .  I n s t .  P h y s . Chem . (Tokyo), 1936, 15, 339
30 Gerke and Geddes, J. P h y s ic a l  C h em ., 1927, 31, 886. The more recent 

determination of the Hg, HgBr potential =  0-1397 (Larson, J .  A m e r . C hem . S o c ., 
1940, 62, 7C4), reduces the Zn potential to 0-7622.
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WI. -  a  x  io*. -  a ,  X 10». — a 2 X 10». - a '  X io*.

0 0 0 5 0-72 6 -S48 0-47 7-44
O-OI T-44 5-952 o - 6 i 7-40
0-02 2-15 5 -0 5 6 0-79 7-40
0-03 2-55 4-532 0 -9 0 7-38
0-05 2-99 3 -8 7 2 i - o 6 7-32
O-IO 3 -5° 2 -9 7 6 1-28 7-16

w h e re  k  =  2 -3 0 3  R T ¡2 F ,  ¡u. a n d  A  a re  f u n c tio n s  o f  th e  t e m p e r a tu r e  a n d  
/ ( 2 5 0) d e s ig n a te s  t h e  v a lü e  o f th e  D e b y e  t e r m  a t  2 5 0. T h e  c o n s ta n t s  in

e q u a t io n s  (6 ) a n d
T A B L E  I I I . — E v a l u a t i o n  o r  S t a n d a r d  P o t e n t i a l  (7 )  m a y  b e  e v a lu -

o f  Z i n c  B e t w e e n  10° a n d  4 0 ° . a te d  w i th o u t  r e fe r 
e n c e  to  th e  p r e s e n t  
e x p e r im e n ta l  w o rk , 
a n d  th u s  b y  e q u a 
t in g  c o e ff ic ie n ts  o f 
l i k e  p o w e r s  o f  
(f — 2 5 ), th e  c o n 
s t a n t s  o f e q u a t io n  
(3 ) c a n  b e  e v a lu 
a te d .  T h e  n e c e s 
s a r y  d a t a  a r e  g iv e n  

in  T a b le  I I I  ; a  is r e a d  off a t  ro u n d  c o n c e n tr a t io n s  f ro m  a  p lo t  o f  th e  
e x p e r im e n ta l  v a lu e s  o f a  (F ig . 4 ) a n d  a '  c a lc u la te d  fro m

a ' —  a +  0 -6  X  i c r 4 +  a x

T h e  c o n s ta n t ,  a 0, o f  th e  e q u a t io n  :

E°t =  £°25 +  a°(t -
is o b ta in e d  b y  e x t r a p o la t io n  o f a  p lo t  
o f a '  a g a in s t  m ,  g iv in g

a °  =  — 7-4 5  X  10 - 4.

b° is  o b ta in e d  b y  d i r e c t  e x tr a p o la t io n  
of b a g a in s t  m ,  g iv in g

b° =  — 3 -8  X 1e r 6,

(F ig . 4 a .) T a b le  IV  g iv es  th e  E° 
v a lu e s  o f th e  cell b e tw e e n  io °  a n d  4 0 ° , 
th e  E° v a lu e s  o f th e  Z n  e le c tro d e ,

TABLE I V .— S t a n d a r d  P o t e n t i a l s  
B e t w e e n  i o °  a n d  4 0 ° .

a , .

2 5 ) +  b°{t -  2 5 )2 • (8 )

Cell E°.
£°( Zn).

Present Work. Bates.

1 0 0 -9 9 6 1 7 0 -7 6 3 9 1 0 7 6 4 1 5
15 •99192 •76345 •76370
2 0 •9 8849 •76298 •76322
25 •98485 ■76246 •76275
30 •98103 •76193 •76226
35 •97702 •76139 ■76176
4 0 •97281 •76081 •76117

I V

3

x
0
X
a
1 /

A .  6

4

I V a  I -
j l p

S
\  °> -4

— , V
0 o-f 0*2

4 .......... t\ —!oq m. 0

F ig. 4 and 4a.—Constants of 
equation (1).

u s in g  th e  A g -A g C l p o te n t i a l s  o f  H a r n e d  a n d  E h le r s  10 a n d ,  fo r  c o m p a r i
so n , s im ila r  d a t a  g iv e n  b y  B a te s .1

T h e  A c t i v i t y  C o e f f i c i e n t  o f  Z i n c  C h l o r i d e .

E 25 v a lu e s  a t  r o u n d  c o n c e n tr a t io n s  w e re  o b ta in e d  b y  p lo t t in g  £ ' , s 
a g a in s t  m ,  t h e  r e q u is i te  E ' 25 v a lu e s  a t  ro u n d  c o n c e n tr a t io n s  w e re  th e n
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c a lc u la te d  b a c k  to  •^25 v a lu e s .  T h is  is a  m o re  a c c u r a te  m e th o d  o f  e x t r a 
p o la t io n  th a n  a  d i r e c t  g r a p h in g  o f E 26 a g a in s t  a  f u n c t io n  o f m .  I n t e r 
p o la t io n  o f a a n d  b v a lu e s  a t  ro u n d  c o n c e n tr a t io n s  in  F ig s . 4  a n d  4 a 
y ie ld e d  E  v a lu e s  a t  o th e r  t e m p e ra tu r e s .  A c t iv i ty  c o e ff ic ie n ts  w e re  th e n  
c a lc u la te d  f ro m  E  =  E 0 — R T ¡2 F  lo g  4 m 3y 3.

TABLE V.— A c t i v i t y  C o e f f i c i e n t s  o f  Z i n c  C h l o r i d e .

m. 10 °. i5°- 20°. 25°. 30°. 35°. 40°.

0-005 0-794 0-792 0-791 0-789 0-787 0-785 0-783
•OI •737 '735 •733 •731 •72S •726 •723
•02 ■673 ■671 •669 •667 •663 •660 •657
•03 •635 •633 ■631 •628 •625 •621 ■617
•05 •587 ■5S5 •582 •579 •575 •571 ■566
•07 •556 ■554 •551 •547 ■543 •538 •532
■I •525 •523 •520 ■515 ■510 •504 '497
■2 •476 •470 •465 •459 •452 •443 •434
•3 •453 •447 •439 •43° •4 r9 •407 ■393
■5 •433 •422 •409 ■394 •379 • 3 6 3 ■347
•7 • 4 1 5 •4 O I •3 8 4 •367 ■349 • 3 3 1 •313

1-0 •394 •376 •357 ■337 ■318 -298 •280
1-49 ---- ---- — ■306 — — —
2-83 •282

A s a  c h e c k  o n  th e  e .m .f . d a t a  so m e  iso p ie s tic  v a p o u r  p re s s u re  m e a s u re 
m e n ts  w e re  m a d e  a t  2 5 0. T h e  fo llo w in g  m o la l i t ie s  (T a b le  V I)  o f Z n C l2

TABLE VI.

0 -1 0 8 5 , 0 -1 5 0 2  ; 0 -1 0 8 6 , 0 -1 4 9 4  ; o - i i 6 i ,  0 -1 6 0 8  ; 0 -1 4 3 1 , 0 -1 9 8 2  ;
0 -1 5 7 1 , o - 2 i8 x  ; 0 -1935. 0 -2 7 0 3  ; 0 -1 9 8 6 , 0 -2 7 6 2  ; 0 -2 4 8 0 , 0 -3 4 6 6  ;
0 -3383 . 0 -4 7 2 8  ; 0 -3855 . 0 -5 4 0 7  ; 0 -4 0 9 8 , 0 -5 7 4 3  :; 0 -4 8 8 1 , 0 -6 8 1 5  ;
0 -5 1 1 6 , 0 -7 1 8 2  ; 0 -5 8 2 8 , 0 -8 1 4 1  ; 0 -6 3 2 3 , 0 -8 7 2 4  ;; 0 -6 6 8 1 , 0 -9 1 7 9  ;
0 -8 8 8 4 , 1 -2 0 6  ; 0 -9 0 7 8 , 1-223  ; 1-0 3 6 , 1 -380  ; 1 -2 5 1 , 1 -634  :
1-440 , 1 -8 5 6  ; 1 -632 , 2 -0 9 6  ; 2 -0 4 5 , 2 -6 2 2  ; 2 -1 4 9 . 2 -7 5 2  ;
2 -1 8 2 , 2 -8 0 7  ; 2 -539 , 3-306 ; 3 -0 3 5 , 4 0 2 8  ; 3 -1 8 7 , 4 -2 9 1 .

a n d  KC1 r e s p e c t iv e ly ,  w e re : fo u n d to  c o rre s p o n d  to  iso p ie s tic  so lu tio n s ,
a n d  th e  a c t i v i t y  c o e ffic ie n ts  a t  2 5 ° w e re  c a lc u la te d  (T a b le  V I I ) .

TABLE VII.

m  . O-I 0-2 0-3 0-4 0-5 0-6 0-7 0-8
y ■ •513 •45S •429 •410 •394 ■381 •369 ■357
m  . 0-9 1*0 1-2 1-4 1-6 1-8 2-0 2-5 3 -o
y • •34S •3 3 s •321 •309 •300 •294 ■2S9 •284 •287

T h e  R e l a t i v e  P a r t i a l  M o l a l  H e a t  C o n t e n t  a n d  H e a t  C a p a c i t y .

B y  c o m b in in g  th e  G ib b s -H e lm h o ltz  e q u a t io n  w i th  th e  e q u a t io n  
r e la t i n g  th e  e .m .f .  to  th e  f re e  e n e rg y  in c re m e n t ,  t h e  r e la t iv e  p a r t i a l  
m o la l  h e a t  c o n te n t  is o b ta in e d  in  t h e  fo rm  :

L 2 =  —  2 F ( E 25 -  E ° 25) -  T 25(<x -  a°) +  T \ ¿ b  -  b0) -  T*(b -  bg)
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w h e re  T 25 =  2 9 8 -1  a n d  T  is th e  t e m p e r a tu r e  in  d e g re e s  a b s o lu te .  H e n c e  
th e  h e a t  c o n te n t  d a t a  in  T a b le  V I  a re  o b ta in e d .  T h e  r e la t iv e  p a r t i a l  
m o la l  h e a t  c a p a c i ty  is  g iv e n  b y  :

A

th e  te m p e r a tu r e  c o e ffic ie n t o f  th e  l a t t e r  is b e y o n d  th e  a c c u r a c y  o f th e s e  
e x p e r im e n ts ,  so  i t  w ill su ffice  to  re c o rd ,  in  th e  l a s t  c o lu m n  o f T a b le  V I I I ,  
th e  h e a t  c a p a c i ty  a t  2 5 0. T h e  h e a t  d a t a  a r e  e x p re s s e d  a s  c a l. p e r  m o l 
a n d  ca l. p e r  d e g re e  p e r  m o l re s p e c t iv e ly .

TABLE VIII.—R e l a t i v e  P a r t i a l  M o l a l  H e a t  C o n t e n t  a n d  H e a t  C a p a c i t y

o f  Z i n c  C h l o r i d e .

l,.

m. 10°. 15”. =0». =3°- 30”. 35°- 40o.
Acb.

0-005 IS5 202 219 237 255 273 292 4
•OI 214 248 282 316 351 386 422 7
•02 211 276 339 4°3 468 534 602 13
03 228 312 398 485 574 664 756 18
'OS 249 3S0 510 644 779 918 IO60 27
•07 30I 469 639 812 988 1170 I35O 35
■1 326 54° 754 981 1210 1440 I670 45
•2 461 Sio 1170 1530 1890 2260 2650 73
•3 1020 1490 i960 2450 2940 344° 395° 98
-5 244O 2940 3460 3990 4520 5060 5610 106
•7 3360 3880 4320 4970 5520 6080 6660 no

10 45OO 5030 5560 6110 6660 7230 7800 no

A  g r a p h  o f L2 a g a in s t  V m  sh o w s t h a t  a  l im i t in g  s lo p e  o f 2 9 0 0  (ca l. 
u n i ts )  is r e a c h e d  b e lo w  0 -0 7  M.

S u m m a r y .

The standard electrode potential of zinc at 250, derived from measure
ments of the c e ll: Zn-Hg | ZnCl2 | AgCl, Ag, is found to be 0-7625 v. in 
good agreement with values derived from other zinc halide cells.

The standard potentials found at temperatures between io° and 40° 
are within 0-3 mv. of those deduced from the zinc iodide cell.

Activity coefficients, partial molal heat contents and partial molal 
heat capacities have been calculated.

W e  w ish  to  re c o rd  o u r  th a n k s  to  M essrs . Im p e r ia l  C h e m ic a l I n d u s t r i e s  
(A u s tra la s ia )  L td .  fo r  a  s u b s ta n t i a l  m o n e ta r y  g r a n t  to w a r d s  th e  c o s t  o f  
th e  p o te n t io m e te r .

A u c k la n d  U n iv e r s i ty  College,
N e w  Z e a la n d .



T H E  C R Y S T A L  S T R U C T U R E  O F  C O N J U G A T E D  
H Y D R O C A R B O N S  A T  L O W  T E M P E R A T U R E S .  
( I )  B U T A D I E N E .

B y C. J .  B irkett Clews.

R ece ived  j t h  M a y ,  1 9 4 0 .

T h e  m o le c u la r  s t r u c tu r e  o f b u ta d ie n e  h a s  b e e n  s tu d ie d  th e o r e t ic a l ly  
b y  L e n n a r d - J o n e s  1 a n d b y  P e n n e y  2 o n  a c c o u n t  o f i t s  im p o r ta n c e  a s  
t h e  s im p le s t  m o le c u le  w i th  c o n ju g a te d  d o u b le  b o n d s .  A n  e x p e r im e n ta l  
in v e s t ig a t io n  of i t s  s t r u c tu r e  is  a lso  o f  te c h n ic a l  in te r e s t  b e c a u se  o n  
p o ly m e r is a t io n  a  m a te r ia l  w i th  p r o p e r t ie s  s im ila r  to  th o s e  o f n a tu r a l  
r u b b e r  is p ro d u c e d .  I t  is  th is  a s p e c t  o f th e  p ro b le m  w i th  w h ic h  th is  
n o te  is  c o n c e rn e d . A l th o u g h  th e  p r o p e r t ie s  o f  r u b b e r  a n d  ru b b e r - l ik e  
s u b s ta n c e s  h a v e  b e e n  e x te n s iv e ly  in v e s t ig a te d ,  th e r e  a re  a  n u m b e r  of 
p ro b le m s  s t i l l  u n s o lv e d  ; a m o n g  th e  m o re  i m p o r t a n t  o f th e s e  a re  th e  
n a tu r e  o f th e  l in k a g e s  b e tw e e n  th e  p o ly m e r is e d  c h a in s  (m a in  v a le n c e  
c h a in s )  in  th e  m a te r i a l ,  th e  r e a s o n  fo r  th e  p e c u l ia r  e la s t ic  p ro p e r t ie s ,  
a n d  th e  a p p a r e n t  o rd e r in g  o f th e  c r y s ta l l i te s  d u r in g  th e  s t r e tc h in g  
p ro c e s s  e x e m p lif ie d  b y  th e  X - r a y  d ia g r a m s .3

A  s t r u c tu r e  b a s e d  o n  X - r a y  p h o to g r a p h s  (w h ic h  m u s t  n o t ,  h o w e v e r , 
b e  lo o k e d  u p o n  a s  m o re  t h a n  a  c lo se  a p p r o x im a t io n  to  th e  t r u e  s t r u c tu r e ) ,  
h a s  b e e n  p r o p o s e d  f o r  s t r e tc h e d  n a tu r a l  r u b b e r ,4 a n d  w o r k  is  n o w  in  
p ro g re s s  o n  o th e r  ru b b e r - l ik e  p o ly m e rs ,  m o re  p a r t i c u l a r ly  th o s e  of 
b u ta d ie n e  a n d  c h lo ro p re n e . I n  v ie w  o f th e  m a n y  d iff ic u ltie s  in v o lv e d  
in  m a k in g  a  m o re  e x a c t  X - r a y  a n a ly s is  o f su c h  c o m p le x  s t r u c tu r e s ,  i t  
s e e m e d  to  b e  a  m a t t e r  o f so m e  in te r e s t  to  s tu d y  th e  s t r u c tu r e s  o f th e  
b u i ld in g  u n i ts  o f th e  p o ly m e r is e d  c h a in s  : th e  m o n o m e r ic  h y d r o c a r b o n s ,  
b u ta d ie n e ,  c h lo ro p re n e , a n d  iso p re n e . A  b r ie f  a c c o u n t  o f th is  w o rk  h a s  
a l r e a d y  b e e n  p u b l is h e d ,5 b u t  th e  d a t a  fo r  b u ta d ie n e  w ill n o w  b e  c o n 
s id e re d  in  m o re  d e ta i l .

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

The butadiene (C4H6) used in these experiments was a pure sample 
from Imperial Chemical Industries Limited. At normal temperatures 
butadiene is a gas. The boiling-point is — 4-75° C. and the melting-point 
is — 108-7° C- In order to obtain useful information from an X-ray study 
it is necessary to work with the substance in the solid state, for example, 
at liquid oxygen temperature.

Powder photographs were taken in a Debye-Scherrer camera of 57 mm. 
radius. The butadiene, contained in a thin-walled glass or cellophane 
capillary tube, was continuously cooled by a stream of liquid oxygen. 
The X-ray source was a 5 kw. tube with a rotating copper anticathode, 
operating at 100 ma. Under such conditions satisfactory photographs 
were obtained in 30-60 minutes.

1 Lennard-Jones, Proc. Roy. Soc. A, 1937, *581 2S°-
: Penney, ibid., 306.
s Schoszberger and Iguchi, Kautschuk, 1936, 12, 193.
1 Lotmar and Meyer, Sitzber, AhacL. Wiss. Wien, lib , 1936, 145, 721 ; Clews, 

Proc. Rubber Tech. Conference, 1938, p. 955.
5 Clews, Nature, 1938, 141, 513.

7 4 9
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R e s u l t s  a n d  D i s c u s s i o n .

T h e  d ia g ra m s  sh o w  t h i r t y - f o u r  m e a s u r a b le  l in e s . T h e s e  a re  l is te d  
in  T a b le  I, w i th  t h e i r  v is u a l ly  e s t im a te d  in te n s i t ie s  a n d  th e  c o r re s 
p o n d in g  s p a c in g s  c a lc u la te d  f ro m  th e  B ra g g  r e la t io n .  T h e  i n te n s i t y  
sc a le  is s e l f - e x p la n a to ry .

TABLE I.— B u t a d i e n e .  Cu Ka R a d i a t i o n .  T e m p e r a t u r e  : — 170° C.

No. of Line. Intensity. Observed Spacing. ^hkl (catculatc<l). Indices.

I m 5-85 5-92 120
2 m s 4-66 4 -67 2 2 0
3 s 4-23 4-23 0 0 2
4 s 4 -08 4-07 221
5 s 3-87 3-85 112
6 ss 3-55 3-56 2 0 2
7 ss 3-47 3-44 2 1 2
8 s 3 -3° 3 -3° 4 0 0
9 s 3 ' i 9 3-20 I 4 0

10 m w 2-97 2-99 411
11 m w 2-SS —
12 m w 2 '7 S 2-78 2 4 I ,  32 2
13 m w 2-73 2-73 113
14 w 2'57 2-57 150 , 41 2
15 WWW 2-49 2-49 5 I Î
16 WWW 2-42 2-415 4 2 2
17 w w 2-35 2-34 303» 133 . 251
18 m s 2-27 2-27 350
19 m 2 -22 2-22 233 ,512
20 WWW 2-17 2 -17 l6 0
21 w 2-13 2-12 004» 333
22 s 2-08 2-08 2 6 0
23 WWW 1-99 1-99 12 4
2 4 w i '95 1-95 3 6 0 ,3 0 1
25 w 1-93 1-936 2 2 4
2 6 w 1 -go 1-89 70 0
2 7 w i-8 6 1-87 6 2 2 ,5 5 0
28 m w 1-765 i -77 4 0 4
2 9 m i - 74s i - 73s 4 1 4 .3 3 4
30 WWW 1-70 1-69 0 0 5 ,2 3 1
31 WWW i -57 i -57 135
32 WWW 1-54 1-54 2 3 5 .4° i
33 w w 1-49 1-49 14 5 . 3 3 5 . 82 2
34 w w 1-42 1-41 0 0 6

A s is w e ll k n o w n , p o w d e r  p h o to g r a p h s  a re  n o t  e a s ily  in te r p r e t e d  
u n le s s  th e  c r y s ta l l in e  m a te r i a l  b e lo n g s  to  a  c r y s ta l  c la s s  o f h ig h  s y m 
m e t r y ,  a n d  a t  th e  t im e  o f w r i t in g  th e  p r e l im in a r y  n o te  5 i t  h a d  n o t  b e e n  
p o s s ib le  to  d o  m o re  t h a n  c a lc u la te  th e  sp a c in g s .  T h e  d a t a  h a v e  s in c e  
b e e n  r e -e x a m in e d , a n d  b y  m a k in g  u se  o f th e  H u l l  d ia g r a m s  fo r  th e  
i n te r p r e t a t i o n  o f p o w d e r  p h o to g r a p h s  i t  n o w  se e m s  t h a t  th e  c r y s t a l  h a s  
a  s im p le  t e t r a g o n a l  la t t ic e .  T h e  s t r o n g  lin e s  N o . 3  a n d  N o . 8  a r e  t a k e n  
to  c o r re s p o n d  to  th e  s e c o n d  o rd e r  r e f le c t io n  f ro m  (0 0 1 ) a n d  th e  f o u r th  
o r d e r  f ro m  (1 0 0 ), r e s p e c t iv e ly .  T h e  a x ia l  r a t io ,  c /a ,  is  t h u s  0 -6 4 , a n d  th e
u n i t  c e l l : a =  b =  1 3 -2 0  a, c —  8 -4 6  a .  T h e  o th e r  sp a c in g s  c a lc u la te d
fro m  th e  a p p r o p r i a te  q u a d r a t i c  f o r m u la

db k l  =  - 7   a ° ■ =
V / i 2 +  k* +  { l / c f
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a r e  sh o w n  in  th e  t a b le  fo r  c o m p a r is o n , a n d  th e  c o r re s p o n d in g  in d ic e s  
(h k l)  g iv e n . W h e re  m o re  t h a n  o n e  s e t  o f  in d ic e s  is g iv e n  to  a  s in g le  
re f le c t io n  th e  c a lc u la te d  s p a c in g  is  a  m e a n  v a lu e .  I t  h a s  b e e n  p o ss ib le  
to  a s s ig n  in d ic e s  to  a ll  th e  l in e s  e x c e p t  o n e  ; i t  w ill b e  se e n  t h a t  th e  
a g r e e m e n t  b e tw e e n  th e  o b se rv e d  a n d  c a lc u la te d  s p a c in g s  is v e r y  s a t i s 
f a c to r y ,  a l th o u g h  p e rh a p s  f o r tu i to u s  in  th e  c a se  o f so m e  o f th e  s h o r t  
s p a c in g s .  T h e  e x c e p tio n  is th e  w e a k  lin e  N o . 11 ; th is  re f le c tio n  c o u ld  
n o t  b e  in d e x e d , b u t  in  v ie w  o f th e  s a t is f a c to r y  in d e x in g  o f  a ll  th e  o th e r  
l in e s  th e r e  se e m s to  b e  n o  ju s t i f ic a t io n  fo r  s u p p o s in g  t h a t  th e  cell c h o se n  
is  in c o r re c t .  I t  is  p o ss ib le  t h a t  th is  l in e  is n o t  a  re f le c tio n  f ro m  b u ta d ie n e  
a t  a ll  b u t  f ro m  so m e  p a r t  o f th e  a p p a r a tu s ,  b u t  i t  h a s  n o t  b e e n  p o ss ib le  
to  c o n firm  th is .

T h e  v o lu m e  V  o f  th e  u n i t  cell is 1 4 7 4  A3, a n d  th e  m o le c u la r  w e ig h t  o f 
b u t a d i e n e  M  is 5 4 , so  t h a t  o n  s u b s t i t u t i n g  in  th e  f o r m u la  fo r  th e  d e n s i ty

n  x  M  x  1-65  X i o ~21 

9 ~  V
•w here n  is th e  n u m b e r  o f m o le c u le s  in  th e  cell a n d  I -65  X  IO-21  g m . is 
t h e  m a s s  o f th e  h y d r o g e n  a to m , w e  g e t  p ~  0 -0622. N o w  fo r  a  h y d r o 
c a r b o n  in  th e  so lid  s t a te  p  ~  0-5  — 1-0  g . /c m .3, u s u a l ly  n e a r e r  th e  u p p e r  
l im it .  T h u s  72 ~  9  — 1 6 , b u t  fo r  a  t e t r a g o n a l  l a t t ic e  72 =  2 , 4 , 8 , 1 6 , e tc .,  
so  t h a t  th e r e  a r e  p r o b a b ly  16  m o le c u le s  in  th e  u n i t  ce ll, a l th o u g h  th e  
p o s s ib i l i ty  o f th e r e  b e in g  o n ly  8  is n o t  e n t i r e ly  e x c lu d e d . A s su m in g  
16  m o le c u le s  in  t h e  cell, th e  c a lc u la te d  d e n s i ty  is 0 -9 6 7  g . /c m .3 ; if  th e r e  
a r e  o n ly  8  m o le c u le s , th e  so lid  w o u ld  h a v e  th e  a b n o r m a l ly  lo w  v a lu e  
0 -4 8 3 , lo w e r  in  f a c t  th a n  th e  d e n s i ty  o f th e  l iq u id  n e a r  i ts  b o i lin g -p o in t.  
T h e  fo rm e r ,  m o re  p r o b a b le  v a lu e  m a y  a p p e a r  h ig h , b u t  w e  m a y  p e r h a p s  
■com pare i t  w i th  th e  d e n s i ty  o f  a  p o ly m e r is e d  h y d r o c a r b o n ,  i s o p r e n e ; 
i h e  d e n s i ty  o f  u n s t r e tc h e d  p u r e  r u b b e r  is  0 -9 0 6  a n d  th e  h ig h e s t  v a lu e  
■quoted in  t h e  l i t e r a tu r e  fo r  s t r e tc h e d  r u b b e r  is 0 -9 6 5 . T h e  d e n s i ty  o f a  
-v e ry  im p u re  sp e c im e n  o f p o ly m e r is e d  b u ta d ie n e  w a s  fo u n d  to  b e  a p p r o x i 
m a te ly  0 -9 8 7 .

1-3  B u ta d ie n e  is a  r e la t iv e ly  s im p le  m o le c u le ,

CH2 =  CH -  CH £  CH2,

o r  if  w e  t a k e  in to  a c c o u n t  th e  tw o  p o s s ib le  m o d if ic a t io n s ,  c is  a n d  tra n s , 
.th e se  m a y  b e  r e p re s e n te d  a s  I  a n d  I I  r e s p e c t iv e ly .  P e n n e y  su g g e s ts

CHô . X H 2 ^^2%,
^■CH—CKr V H —CH.

V h 2
I  I I

t h a t  i t  is  a  s ta g g e re d  c h a in  m o le c u le , t h a t  is, i t  e x is ts  in  th e  tra n s  r a th e r  
t h a n  th e  c is  fo rm , a n d  th is  is b o rn e  o u t  b y  th e  w o rk  o f P r ic e  a n d  W a ls h  6 
o n  th e  u l tr a - v io le t  a b s o r p t io n  s p e c tr a  o f c o n ju g a te d  d ie n e s . T h e s e  
a u th o r s  w e re  u n a b le  to  f in d  a n y  e v id e n c e  fo r  th e  p re se n c e  o f c w -b u ta d ie n e ,  
a l th o u g h  a c c o rd in g  to  M u llik e n  th e  a b s o r p t io n  s p e c t r a  in d ic a te  th e  
p re s e n c e  o f a b o u t  2 0  %  of th is  iso m e r. P e n n e y  g iv es  t h e  le n g th  o f th e  
A  l in k a g e  a s  1-43  a  a n d  o f th e  B  l in k a g e s  1-3 4  a ,  b o th  m u c h  s h o r te r  
th a n  w o u ld  b e  e x p e c te d  fo r  a  s im p le  s t r u c tu r e  b u i l t  u p  w i th  a l t e r n a t e  
s in g le  a n d  d o u b le  b o n d s .  T h e  s h o r te n in g  of th e  l in k a g e s  is d u e  to  
re so n a n c e .

8 Price and Walsh, Proc. Roy. Soc. A ,  1940, 174, 220.
7 Wood, Proc. Rubber Tech. Conference, 1938, p. 933.

27 *
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In  v ie w  of th e  s im p lic i ty  o f th e  m o le c u le , i t  is  s o m e w h a t  s u r p r i s in g  
t h a t  th e  u n i t  c e ll sh o u ld  b e  so  la rg e  a n d  c o n ta in  so  m a n y  m o le c u le s . 
F r o m  o th e r  w o r k  on  h y d r o c a r b o n s ,  a  cell w i th  f o u r  m o le c u le s  w o u ld  
se e m  m o re  p r o b a b le .  I t  m a y  b e  t h a t  a n  e x p la n a t io n  c a n  b e  fo u n d  in  a  
t e n d e n c y  o f th e  m o le c u le s  to  a s s o c ia te ,  fo r m in g  g r o u p s  o f tw o , o r  p o s s ib ly  
f o u r  m o le c u le s ; a n d  t h a t ,  in s te a d  o f h a v in g  f o u r  m o le c u le s  in  th e  u n i t  
cell, t h e  b u i ld in g  u n i t  is  a  g ro u p  o f f o u r  m o le c u le s , th e r e  b e in g  f o u r  su c h  
g r o u p s  o f m o le c u le s . S u c h  a  h y p o th e s is  is  n o t  u n re a s o n a b le  w h e n  th e  
re a d in e s s  w i th  w h ic h  th e  m o le c u le s  jo in  t o g e th e r  to  fo rm  p o ly m e r id e s  is  
c o n s id e re d , b u t  th i s  is, o f c o u rse , q u i te  a  d i f fe re n t  p h e n o m e n o n . T h e r e  
is  a lso  e v id e n c e  t h a t  m o le c u le s  w i th  r e s o n a n c e  d o  t e n d  to  sh o w  a s s o c ia 
t io n .  A l th o u g h  a  t e n t a t i v e  e x p la n a t io n  is g iv e n  fo r  th e  la rg e  n u m b e r  o f 
m o le c u le s  a n d  th e  c o r re s p o n d in g ly  la rg e  u n i t  ce ll, i t  m u s t  b e  p o in te d  o u t  
th e r e  is  n o  a  p r io r i  r e a s o n  w h y  th e  m o le c u le s  s h o u ld  n o t  e x is t  in  th e  cell 
a s  s e p a r a te  u n i t s  a n d  n o t  in  g ro u p s  a s  p o s tu la te d  in  th is  d isc u ss io n .

I n  c o n c lu s io n , 1-3  b u ta d ie n e  in  th e  so lid  s t a t e  c ry s ta l l is e s  w i th  a  
te t r a g o n a l  l a t t ic e ,  th e  d im e n s io n s  o f  th e  u n i t  ce ll a t  — 1 7 0 ° C. b e in g  
a =  b =  1 3 -2 0  a ,  c =  8 -4 6  a .  T h e r e  a r e  p r o b a b ly  s ix te e n  C4H 6 m o le 
c u le s  in  th e  cell, g iv in g  a  d e n s i ty  0 -9 6 7  g . /c m .3 T h e  p r e s e n t  d a t a  d o  
n o t  p e r m i t  o f a n y  f u r th e r  e lu c id a t io n  of th e  s t r u c tu r e .  T h e  n u m b e r  o f 
m o le c u le s  in  th e  cell c a n  b e  d e f in i te ly  f ix e d  a s  so o n  a s  th e  d e n s i ty  o f th e  
so lid  h a s  b e e n  e s t im a te d ,  b u t  fo r  a n y  m o re  a c c u r a te  k n o w le d g e  o f  th e  
s t r u c tu r e  o f th e  c r y s ta l  i t  w o u ld  b e  n e c e s s a ry  to  p ro d u c e  a  s in g le  c r y s ta l  
fo r  e x a m in a t io n  b y  X - r a y  a n d  o p t ic a l  m e th o d s .  S u c h  a n  in v e s t ig a t io n  
w o u ld  p r e s e n t  m a n y  te c h n ic a l  d iff ic u ltie s .

I  a m  in d e b te d  to  D r .  W . J .  S . N a u n to n  o f Im p e r ia l  C h e m ic a l I n d u s t r i e s  
L im i te d  fo r  s u p p ly in g  th e  b u ta d ie n e ,  a n d  to  S ir  W ill ia m  B ra g g  a n d  th e  
M a n a g e rs  o f th e  R o y a l  I n s t i tu t i o n  fo r  th e  fa c i l i t ie s  t h e y  a f fo rd e d  m e . 
M y  th a n k s  a re  d u e  to  M r. S m i th  o f th e  R o y a l  I n s t i tu t i o n  fo r  h is  v a lu a b le  
a s s is ta n c e .

D a v y  F a r a d a y  L a b o ra to ry ,
R o y a l  I n s t i tu t io n ,  L o n d o n , W . i ,  a n d

Q ueen  M a r y  College, U n iv e r s i ty  o f  L o n d o n .

K I N E T I C S  O F  T H E  R E A C T I O N  O F  I O D I N E  W I T H  
H Y P O P H O S P H O R O U S  A C I D  A N D  W I T H  H Y P O -  
P H O S P H I T E S .

B y  R . 0 .  G r i f f i t h , A . M c K e o w n , a n d  R . P .  T a y l o r .

R ec e iv ed  2 4 th  A p r i l ,  1 9 4 0 .

T h e  r e a c t io n  b e tw e e n  h y p o p h o s p h o ro u s  a c id  a n d  io d in e  in  a c id  
s o lu t io n  h a s  b e e n  f a i r ly  th o r o u g h ly  in v e s t ig a te d  b y  M itc h e ll ,1 a n d  a  
s tu d y  o f th e  c o r re s p o n d in g  r e a c t io n  w i th  b ro m in e  b y  G riff i th  a n d  
M c K e o w n  2 c o n f irm e d  th e  m e c h a n is m  o r ig in a l ly  p ro p o s e d  b y  M itc h e ll.  
F o r  t h e  b ro m in e  r e a c t io n  th e  e x p e r im e n ta l  o b s e r v a t io n s  w e re  s a t i s 
f a c to r i ly  a c c o u n te d  fo r  b y  th e  sc h e m e  :—

1 Mitchell, J.C.S., 1920, 117 , 1322; 1921, 119 , 1266; 1922, 121 , 1624.
: Griffith and McKeown, Trans. Faraday Soc., 1934, 3°> 53°-
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H +  +  H 2P 0 2~ ^  

B r 2 +  H 20  

H . P O , -  +  a H B r

H +
H 3P 0 2 (n o rm a l)  H 3P 0 2 (a c tiv e )  

H +
B ro m in e  +  H 2Q

H 3P 0 3 +  2 H B r

R e a c t io n  o f th e  P I2P 0 2-  io n  w i th  io d in e  h a d  n o t  b e e n  d e te c te d  b y  M itc h e ll,  
a n d  o n e  o b je c t  o f th e  p r e s e n t  in v e s t ig a t io n  w a s  to  in v e s t ig a te  th e  k in e t ic s  
o f  t h i s  p ro c e ss . D u r in g  th e  c o u rse  o f th e  w o rk , a  p u b l ic a t io n  b y  N y lé n  3 
i n d ic a te d  t h a t  M itc h e ll’s r e a c t io n  (a ), H 3P 0 2 (n o rm a l)  H 3P 0 2 (a c t iv e ) , 
is  n o t  o n ly  c a ta ly s e d  b y  h y d ro g e n  io n  b u t  is a lso  s u b je c t  to  g e n e ra l  a c id  
c a ta ly s is .  H e  a t t e m p t e d  ( b u t  w i th o u t  c o m p le te  su ccess ) to  m a k e  
h is  e x p e r im e n ta l  c o n d it io n s  s u c h  t h a t  th e  so le  r a te - d e te r m in in g  s te p  w a s  
r e a c t io n  (a ) ,  a n d  h e  d id  n o t  f u r t h e r  d isc u ss  th e  r e a c t io n  m e c h a n is m . W e  
h a v e  r e p e a te d  a n d  e x te n d e d  N y lé n 's  w o r k  o n  th is  a c id - c a ta ly s e d  r e a c t io n  
u n d e r  c o n d it io n s  w h ic h  p e r m i t  a  m o re  c o m p re h e n s iv e  a n a ly s is  o f th e  
c o m p le te  r e a c t io n  m e c h a n is m  to  b e  e ffe c te d .

A .  T h e  H 2P 0 2~ — I 2 R e a c t i o n .

P re v io u s  w o r k  h a v in g  fa ile d  to  d e te c t  th e  o c c u r re n c e  o f th is  r e a c t io n  
a t  o r d in a r y  te m p e r a tu r e s ,  t e s t s  w e re  f i r s t  m a d e  a t  5 0 ° a n d  6 0 ° a n d  w ith  
a ll  th e  h y p o p h o s p h i te  p r e s e n t  a s  th e  io n  (p h o s p h a te ,  a r s e n a te  a n d  
p h t h a l a t e  b u ffe rs  w i th  p H  6 to  8 ). U n d e r  su c h  c o n d it io n s  r e a c t io n  w a s  
f o u n d  to  o c c u r  a t  c o n v e n ie n t  sp e e d , t h e  r a t e  b e in g  in d e p e n d e n t  o f [H +] 
a n d  in v e r s e ly  a s  K 3 +  [ I - ], w h e re  K 3 is  th e  t r i - io d id e  e q u il ib r iu m  c o n s ta n t .

T A B L E  I . — P h o s p h a t e  B u f f e r s .

[N a jH P O J/tK H jP O J. [K H ,P O ,]0. t -n jo . [KI]„. 2kaK3 • 10*.

t e m p .  =  60° ; ¡i = 2-0 5 ; AT,= •00285 .
O -l/O 'I 0 0 5 1 0 -0 0 2 0 0 0 5 52-9
0 -2 /0 -0 2 •245 •OI33 ■2 52-9
0 -2 /0 -0 2 ■245 •0133 ■I 5 I-S

* 0 -2 /0 -0 2 ■248 •0133 -2 52-8
0 -0 5 /0 -0 5 •026 ■0013 •0027 52-8
0 -05 / 0 - I 5 •051 ■002 ■005 52-5

O -2/o-O I ■244 •0133 •2 52-7
O-O5/O-05 ■051 •002 •005 50-3
0 -1 5 /0 -0 5 •244 O I33 •I 52-3

t e m p .  =  5 0 ° ; ¡i = 2-05 ; K 3 = 00232 .
0 1 5 / 0 0 5 0-2 4 5 0 -0 1 3 3 O-I 13-3
0 -0 5 /0 -0 5 •051 •002 •005 i 3-i

0 -2 /0 -0 1 •246 ■0133 •2 13-0
0-2/0-02 •246 •0 X33 ■2 13-0

t e m p .  =  30° ; ¡x = M 5 ; *:, =  •0 0 1 5 5 .

0 -1 /0 -0 1 5 0-2 4 7 0 -017 0 -0 4 0 -498
0 -1 /0 -0 1 5 •8x5 ■013 •032 0-514
o -i / o -o i •244 •01 •024 0 -507
0 -1 /0 -0 3 •244 •01 •024 0 -5 0 6

i. V a [Na2HAs0 4]* For t h i s  experiment, an arsenate bufier A s O j  :

3 Nylén, Z. anorg. Chem., 1937, 23°t 3^5-

was used.
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T A B L E  I I . — P h t h a l a t e  B u f f e r s .

[NaKPh]/[KHPh]. [KH2P 0 2J(,. [KI]0. 2k0K2 ■ 10

temp. =  60°; p =  1 - 1 ; K z = 0-00285 .
0-2/0-05 0-245 0-0133 0-2 41-0
0-2/0-02 0-245 00133 0-2 40-0

A  re a c t io n  b e tw e e n  th e  H 2P 0 2~ io n  a n d  th e  f re e  io d in e  m o le c u le  a n a lo g o u s  
to ,  b u t  m u c h  s lo w e r  th a n ,  t h a t  p r e v io u s ly  fo u n d  b e tw e e n  H , P 0 2~ io n  
a n d  B r 2 is  th u s  in d ic a te d .

T h e  r e a c t io n  w a s  fo llo w e d  b y  r u n n in g  s a m p le s  in to  e x ce ss  o f s t a n d a r d  
s o d iu m  a r s e n i te  s o lu t io n s  a n d  b a c k - t i t r a t i n g  w i th  io d in e . U n d e r  th e  
p r e s e n t  c o n d it io n s  t h e  s lo w  m e a s u re d  r e a c t io n  :—

k 0
PI2P 0 2-  +  I 2 +  H 20 ------> H 2P 0 3-  +  2 H I

is  fo llo w ed  b y  th e  v e r y  r a p id  o x id a t io n  :—

H 2P 0 3-  +  I 2 +  H , 0  >  H 2P 0 4-  +  2 H I

So t h a t  e f fe c tiv e ly  tw o  m o le c u le s  o f io d in e  d is a p p e a r  p e r  m o le c u le  o f 
H , P 0 2~. H e n c e  :—

- T = 2 ' i» ' S 7 T T F i ' [H *P O r l [ i ; l ! l - '  '  ( , )

a n d  v a lu e s  o f k 0K 3 h a v e  b e e n  c o m p u te d  o n  th is  b a s is .  E v e n  in  th e  p H  
r a n g e  o f 6 to  8 , h o w e v e r , th e  a c id - c a ta ly s e d  r e a c t io n  is  n o t  e n t i r e ly  

s u p p re s s e d , a n d  c o r re c t io n s  o f f ro m  1 t o  4  p e r  c e n t ,  h a v e  b e e n  s u b t r a c t e d

f ro m  th e  o b se rv e d  v a lu e s  o f — su c h  c o r re c tio n s  b e in g  b a s e d  o n

th e  d a t a  o f S e c tio n  B . A ll m e a s u r e m e n ts  w e re  c a r r ie d  o u t  a t  o n e  o r  
o th e r  o f th e  io n ic  s t r e n g th s  p. =  i - i  o r  2-0, o b ta in e d  b y  a d d i t io n  o f K N 0 3

a s  n e u t r a l  s a l t .  T h e  v a lu e s  o f k a( — l‘tlX ■■ ^  d e r iv in g  f ro m  th e  d a ta
\m o le - m m ./

a re  a s  fo llo w s : a t  6 o° a n d  p. =  2 -0 5 , k 0 =  0 -9 2  ; a t  6 0 ° a n d  p. =  i - i o ,  
k g =  0 -71  ; a t  5 0 ° a n d  p  =  2 -0 5 , k 0 —  0 -2 8 2  ; a t  3 0 ° a n d  p  =  2 -0 5 , 
k 0 —  0 -0 1 6 3 . T h e s e  y ie ld  a  c r it ic a l  in c r e m e n t  fo r  th e  r e a c t io n

H 2P 0 2-  +  I ,  +  H 20  >  H 2P 0 3-  +  2 H I

o f 2 5 ,2 0 0  c a lo r ie s . T h e  r e a c t io n  is  c o m p a re d  w i th  a n a lo g o u s  r e a c t io n s  
o f io d in e  a n d  o f b ro m in e  in  th e  s u c c e e d in g  p a p e r .

B .  T h e  A c i d - C a t a l y s e d  H 3P 0 2 — I o d i n e  R e a c t i o n .

B e fo re  p r e s e n t in g  o u r  e x p e r im e n ta l  d a t a  fo r  th is  r e a c t io n ,  i t  w ill b e  
c o n v e n ie n t  to  d e sc r ib e  th e  r e a c t io n  m e c h a n is m  o n  th e  b a s is  o f w h ic h  
th e  e x p e r im e n ta l  f in d in g s  a r e  to  b e  a n a ly s e d .

T h e  w o r k  o f M i t c h e l l1 a n d  o f G riff i th  a n d  M c K e o w n  2 h a s  sh o w n  
t h a t  th e  o x id a t io n  o f H 3P 0 2 b y  h a lo g e n s , a s  c a ta ly s e d  b y  H + , c a n  
f o rm a l ly  b e  in te r p r e te d  in  t e r m s  o f  th e  re c ip ro c a l  t r a n s f o rm a t io n s  o f 
tw o  ta u to m e r ic  fo rm s  o f H 3P 0 2, b o th  b r o u g h t  a b o u t  b y  th e  in te r m e d ia c y  
of H +  io n s , w i th  o n ly  o n e  o f th e s e  fo rm s , th e  “  a c t iv e  ”  fo rm , c a p a b le  o f
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o x id a t io n  b y  th e  h a lo g e n . E x p re s s in g  th e  n o rm a l  a n d  a c t iv e  m o d if ic a 
t io n s  o f H 3P 0 2 b y  H R  a n d  R H  re s p e c t iv e ly  th e  p a r t-p ro c e s s e s  th u s  
e n v is a g e d  a re  :—

c a ta ly s e d  b y  H +  -f- h a lo g e n
H R  . > R H  --------------------------> R e s u l ta n t s .

c a ta ly s e d  b y  H +  +  H 20

T h e  w o r k  o f N y le n ,3 a n d  m o re  p a r t i c u l a r ly  th e  p r e s e n t  in v e s t ig a t io n  sh o w , 
h o w e v e r , t h a t  c a ta ly s is  is  e ffe c te d , n o t  b y  H + a lo n e , b u t  b y  a c id s  in  
g e n e ra l,  a n d  a  c lo se r  c o n s id e ra t io n  o f th e  n a tu r e  o f p r o to tr o p ic  c h a n g e  
sh o w s  t h a t  d irec t  a c id  c a ta ly s is  o f  th e  re c ip ro c a l  t r a n s f o rm a t io n s  
H P  ~— > R H  is u n l ik e ly .  I n s te a d ,  e a c h  of th e s e  r e a c t io n s  m u s t  go  e i th e r  
v ia  a n  in te r m e d ia te  c o m p le x  (H R H + ) o f th e  a c id  a n d  H + io n  o r  v ia  th e  
R -  io n , th e  p r im a r y  s ta g e  in  th e  f i r s t  p a th  b e in g  s u b je c t  to  g e n e ra l  a c id  
c a ta ly s is  a n d  th e  s e c o n d  s t a g e  to  g e n e ra l  b a s ic  c a ta ly s is ,  a n d  v ice  versa  
w h e n  t h e  io n  R -  is t h e  in te r m e d ia r y .  A  c o m p le te  p r o to t r o p ic  r e a c t io n  
s c h e m e  o f th is  t y p e  is o n e  a n a lo g o u s  to  t h a t  su g g e s te d  b y  P e d e r s e n ,4
F ig . 1 .

H e re  H R  c a n  c a p tu r e  a  p r o to n  b y  c o llis io n  w i th  H 30 +, H , 0  o r  a n y  
o th e r  a c id  H A , th e  v e lo c i ty  c o e ff ic ie n ts  o f th e s e  p ro c e ss e s  b e in g  re sp e c 
t iv e ly  k y ,  /Sj“  a n d  k - f ; th e  r e s u l t in g  
c o m p le x  H R H +  m a y  th e n  lo se  i ts  
p r o to n  b y  c o llis io n  w i th  th e  c o n ju g a te  
b a s e s  H , 0 ,  O H -  o r  A - , th e  v e lo c i ty  
co e ffic ie n ts  o f th e s e  re v e r s a ls  b e in g  
£ °_ i, k w- 1  a n d  r e s p e c t iv e ly .
A n a lo g o u s  d e f in i t io n s  a p p ly  to  t h e  k 2 
a n d  fc—o p ro c e sse s . I n  th e  a l t e r n a t iv e  
r o u te  f ro m  H R  to  R H  v ia  R _ , th e  
r e c ip ro c a l  p ro c e s s e s  H R ^ : R -  in  th e  
p r e s e n t  c a se  r e p re s e n t  th e  io n is a t io n  
o f th e  n o rm a l  fo rm  o f H 3P 0 2, a n d  
th e re fo re  c o n s t i tu te  a  r a p id ly  m a in ta in e d  e q u il ib r iu m  ( io n is a t io n  c o n s ta n t  
K ), w h ile  p ro c e sse s  k 6 a n d  &_3 in d ic a te  h o w  b y  a c id  a n d  b a s ic  c a ta ly s is  
r e s p e c t iv e ly  th e  a c t iv e  fo rm  o f th e  a c id  d e r iv e s  f ro m  o r  g iv e s  t h e  H 2P 0 2_ 
io n . W e  n o w  a s s u m e  t h a t  th e  r e a c t iv e  f o rm  R H  is a lw a y s  p r e s e n t  in  
sm a ll  a m o u n t  c o m p a re d  w i th  th e  n o rm a l  fo rm  H R ,  a n d  t h a t  th e  k in e t ic s  
o f th e  r e a c t io n  o f R H  w i th  io d in e  to  g iv e  th e  r e s u l t a n t  H 3P 0 3 a r e  fo rm a l ly  
re p re s e n te d  b y  :—

+  d E g 0 3 i = _  =  fe '[R H ][2 H 2], . . (2 )

w h e re  [.PR] r e p re s e n ts  th e  g ro ss  c o n c e n tr a t io n  o f h y p o p h o s p h o ro u s  a c id  
(i.e . h y p o p h o s p h o r o u s  a c id  -f- h y p o p h o s p h i te ) .  I t  is  t h e n  p o ss ib le , on  
t h e  b a s is  o f p s e u d o - s ta t io n a r y  s t a te  c o n c e n tr a t io n s  o f H R H +  a n d  R H , 
to  d e d u c e  th e  fo llo w in g  e x p re s s io n  fo r  th e  r a t e  o f f o r m a t io n  of H 3P 0 3 
in  t e r m s  o f [¿7R], th e  c o n c e n tr a t io n s  o f  c a ta ly s in g  a c id s  a n d  b a se s , a n d  
t h e  v e lo c i ty  c o e ff ic ie n ts  k _ lt k 2, ¿ _ 2, k 3, &_3 o f th e  p a r t-p ro c e s s e s  :—

d ( 2 R )  _  [J7R] ,
d t ~  K  +  [H +] 1 2j

[ H + l . 27&,a [H A ] . 27e°_2[A -] +  K  . 27&3“ [H A ]{ .P V [H A ]  +  .P£“_ 2[A -]}
- S k f i ^ l A ~ ] . .P/ia2[H A ] +  { ¿ ,/sa_ 1[A _ ] -f- ¿ ’̂ °_ 2[A -]}{ iI/ia_ 3[A _ ] -j- k ' [ ¿ ’I2]}'

4 Pedersen, Trans. Faraday Soc., 1938, 34, 237.



I f  n o w  w e  re d e f in e  th e  o b s e rv e d  r a te  o f r e a c t io n  in  t e r m s  o f  f re e  H 3P 0 2 
a s  r e a c t a n t  a s  fo llo w s :—

-  T  =  M H . P O J P I J  =  ^ 1 ; r E y _ [ 2 : R ] [ 2 7 I 2]

=  A o b s ^ R J ^ y .  (3) 

i t  fo llo w s fro m  a  c o m p a r is o n  of th e s e  e q u a t io n s  t h a t :—

=  « S f e - J A j  . 27A JH A ] +  ¿ ,fea_3( A - ] { ^ a_1[A -] +  27&«_a[A -]}

kh l k ' j ? V [ H A ] . 27/e‘ _ 2[ A - ] + ^ . 27V  [H A ]{ S k a^ [A- ] -f27A °_2[A- ]}

+  E M _ __________________ { ^ ° _ 1[A -] +  ^ ° - !![A -]}[H + ]___________________.

[H+] 27A1°[HA]. ̂ _ 2[ A - ] + ^  . 27V[HA]{27AA.1[A i+27AA|A -]}

T h is  c o m p lic a te d  e x p re s s io n  fo r  i/A b i is  f o r t u n a t e l y  c a p a b le  o f  v e r y  
c o n s id e ra b le  s im p lif ic a t io n . In  th e  f i r s t  p la c e , th e  e x p re s s io n  m u lt ip ly in g  
I \ k '  o n  th e  r i g h t  h a n d  s id e  c a n  e a s i ly  b e  sh o w n  to  b e  j u s t  th e  r e c ip ro c a l  
o f  t h e  e q u il ib r iu m  c o n s t a n t  K t —  [ R H ] e/ [ H R ] e o f th e  t a u to m e r ic  e q u i 
l ib r iu m  H R ^ R H ,  so  t h a t  th e  f i r s t  t e r m  o n  th e  r i g h t  h a n d  s id e  re d u c e s  
to  l / k ' K t . A s  r e g a rd s  th e  f a c to r  m u l t ip ly in g  [27I2]/[H + ]  in  th e  s e c o n d  
te r m , th is  m a y  f i r s t  b e  r e w r i t t e n  in  t h e  fo rm  :—

 m .   w h e re  B -
2 7 V [ H A ]  • J3 +  p f j  • A ° [ H A ]  ’ 27A°_1[A  ] +  27/e°_2[A  ] ’

r e p re s e n ts  th e  c h a n c e  t h a t  th e  H R H +  c o m p le x  r e a c ts  to  fo rm  th e  
a c t iv e  R H  m o le c u le . F r o m  c o n s id e ra t io n s  b a s e d  o n  th e  B r o n s te d  th e o r y  
o f a c id  a n d  b a s e  c a ta ly s is ,  h o w e v e r ,  i t  c a n  b e  sh o w n  t h a t  f t  is i n d e p e n d e n t  
o f th e  n a tu r e  o r  c o n c e n tr a t io n s  o f th e  c a ta ly s in g  b a s e s  p r e s e n t  in  th e

Q
s y s te m , b e in g  e q u a l  to  ----- ,~2 , w h e re  th e  G 's  a r e  th e  f a c to r s  in  th e

k ’—l  -̂r— 2
B r o n s te d  r e la t io n s

^ _ 1 = G _ 1( ^ ) V a n d  k _ s =  G . 2 ( J ^ .

T h e re  a re  n o  a v a i la b le  m e a n s  o f  e v a lu a t in g  /?, so  w e  h a v e  f o r  s im p lic i ty  
a s s u m e d  i t  e q u a l  to  u n i ty ,  th e  v a lu e  i t  w o u ld  h a v e  i f  th e  k 2, A_ 2 r e a c t io n s  
in  th e  a b o v e  s c h e m e  e f fe c tiv e ly  c o n s t i t u t e d  a  m a in ta in e d  e q u il ib r iu m . 
W e  th e re fo re  w r i te  :—

J _ _ J L _ 4 . £ I s J   t F   f i l l

Am -  k ’K t  +  [H +] • 2 7 V [H A ]  + — ■ . 2 ? V [ H A ] ‘ ' W

I t  fo llo w s f ro m  th is  e q u a t io n  t h a t  w h e n  fo r  a n y  e x p e r im e n t  th e  v a lu e s

fo r  e a c h  t im e  in te r v a l  o f r^ -  a r e  p lo t t e d  a g a in s t  t h e  c o r re s p o n d in g  v a lu e s  
«bi

o f in te r c e p t  o f th e  r e s u l t in g  p lo t  o n  th e  a x is  s h o u ld  b e  a

c o n s t a n t  ( a t  c o n s t a n t  te m p e r a tu r e )  i n d e p e n d e n t  o f  th e  n a tu r e  a n d  c o m 
p o s i t io n  o f t h e  r e a c t io n  m ix tu r e .  I t  m a y  b e  s a id  a t  o n c e  t h a t  t h i s  p r e 
d ic t io n  o f th e  t h e o r y  is c o m p le te ly  v e r if ie d  b y  o u r  e x p e r im e n ta l  r e s u l ts  
c o v e r in g  a  r a n g e  o f c a ta ly s in g  a c id s  f ro m  HC1 to  H 2P 0 4_ .

756 K IN E T IC S O F  T H E  R E A C T IO N  O F IO D IN E
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I t  m a y  b e  n o te d  t h a t  k ' K t is th e  l im it in g  v a lu e  w h ic h  &bl a s su m e s  
w h e n  e q u il ib r iu m  b e tw e e n  H R  a n d  R H  is  e f fe c tiv e ly  m a in ta in e d ,  so  t h a t  
r e a c t io n  (k ')  o f R H  w i th  io d in e  p ro v id e s  a  v e r y  s l ig h t  d r a in  o n  th e  c o n 
c e n t r a t io n  o f R H .  T h is  c o n d it io n  is  a p p r o a c h e d  e x p e r im e n ta l ly  o n ly  a t  
v e r y  lo w  c o n c e n tr a t io n s  o f io d in e . A g a in , th e  s e c o n d  te r m  o n  th e  r ig h t

h a n d  s id e  o f e q u a t io n  (4 ) r e p re s e n ts  th e  v a lu e  of j-j- w h e n  r e a c t io n  k '

/ H R H + ,
is v e r y  f a s t  c o m p a re d  w i th  th e  re v e r s a ls  R H < ^  p< H R . W h e n

\ r - /

th is  c o n d it io n  is fu lf illed , th e  m e a s u re d  r e a c t io n  sh o u ld  o b v io u s ly  b e  
c o m p o u n d e d  o f th e  p ro c e sse s  H R  — H R H +  a n d  R -  - >  R H ,  w h ic h  is in  
a g r e e m e n t  w i th  t h e  fo rm  o f th is  s e c o n d  r ig h t - h a n d  te rm . T h is  c o n d it io n  
is a p p r o a c h e d  e x p e r im e n ta l ly  a t  v e r y  h ig h  c o n c e n tr a t io n s  o f io d in e . 

W r i t in g  e q u a t io n  (4 ) in  t h e  fo rm  :—

=  I n t e r c e p t  +  . s lo p e , . . . . (5 )

i t  is se e n  t h a t  th e  s lo p e  o f th e  p lo t  o f a g a in s t  is g iv e n  b y  :—

. 2 ? V [ H A ]  +  [H A ]. . (6 )
s lo p e  _  [H +] 1 L J 1 [H +]2

F r o m  th e  v a lu e s  o f  th e  s lo p e  u n d e r  v a r io u s  c o n d it io n s ,  i t  is th e re fo re  
p o s s ib le  to  d e r iv e  th e  v a lu e s  o f th e  c a t a ly t ic  c o e ffic ie n ts  k xa a n d  k 3a of 
th e  c a ta ly s in g  a c id s  H 30 + ,  PI3P 0 2 ( th e  r e a c ta n t  i ts e lf )  a n d  a n y  o th e r  
a c id  H A . I n  th e  m a jo r i ty  o f o u r  e x p e r im e n ts  th e  c o n c e n tr a t io n s  o f H +  
a n d  o f th e  c a ta ly s in g  a c id s  p r e s e n t  r e m a in e d  su ff ic ie n tly  c o n s t a n t  d u r in g

a  r u n  to  g iv e  p r a c t ic a l ly  l in e a r  p lo ts  o f  ~  a g a in s t  [2T 2] /[H + ] ,  a n d  a c c o rd -

in g ly  th e  s lo p e  o f e a c h  su c h  p lo t  w a s  c o r re la te d  w i th  th e  a v e ra g e  v a lu e s  
o f [H +], [H 3P 0 2] a n d  [H A ] in  th e  r u n .

T h e re  a r e  n o  a  p r io r i  g ro u n d s  fo r  p re d ic t in g  th e  r e la t iv e  r a te s  o f th e  
p a th s  H R  - >  H R H +  —> R H  (k3 r e a c tio n )  a n d  H R  - >  R _ -»• R H  (/% 
re a c tio n )  fo r  a n y  g iv e n  s e t  o f c o n d it io n s ,  b u t  f ro m  e q u a t io n  (6 ) i t  is c le a r  
t h a t  th e  k 3 p a th  is  f a v o u re d  b y  lo w  v a lu e s  o f [H +] th e  ^  p a t h  b y  h ig h  
v a lu e s  o f  [H +]. A c tu a l ly  o u r  r e s u l ts  a d m i t  o f  i n te r p r e t a t i o n  o n  th e  
a s s u m p t io n  t h a t  t h e  k 3 p a th  is  n e g lig ib le  fo r  v a lu e s  o f  [H +] g r e a t e r  t h a n  
a b o u t  4 - i c r 4, a n d  w e  h a v e  b e e n  a b le  to  e v a lu a te  k 3 o n ly  f o r  t h e  a c id  
H 2P 0 4~ (u s in g  H 2P 0 4~— H P 0 4~ ~  b u ffe rs )  a n d  th e  a c id  H 2A s 0 4"  (u s in g  
H 2A s 0 4~— P IA s 0 4_  b u ffe rs ) . F o r  a ll th e  s t r o n g e r  c a ta ly s in g  a c id s  i n 
v e s t ig a te d  th e  k 3 t e rm s  p r e d o m in a te  in  e q u a t io n  (6 ).

In  d e d u c in g  th e  a b o v e  e q u a t io n s ,  th e  r a t e  o f o x id a t io n  of th e  a c t iv e  
R H  b y  th e  h a lo g e n  is f o rm a l ly  e x p re s s e d  b y  /e '[R H ] [A7I2] . T h e  q u e s t io n  
w h e th e r  t h e  io d in e  p a r t i c ip a te s  in  t h is  r e a c t io n  so le ly  a s  I2, o r  so le ly  a s  
I3_ , o r  a s  b o th  fo rm s  r e a c t in g  s im u lta n e o u s ly  c a n  o b v io u s ly  b e  d e c id e d

b y  in v e s t ig a t in g  th e  d e p e n d e n c e  o f th e  in te r c e p t  u p o n  th e  c o n c e n 

t r a t i o n  o f io d id e  in  th e  s y s te m . W e  f in d  t h a t  th e  “  i n te r c e p t ,”  a n d  
th e re fo re  k ' ,  is p r a c t ic a l ly  in d e p e n d e n t  o f [ I - ] fo r  v a lu e s  o f th is  g r e a te r  
t h a n  0 -0 5 , w h ic h  c o r re s p o n d s  to  o v e r  9 7  p e r  c e n t ,  o f th e  io d in e  p r e s e n t
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a s  t h e  tr i - io d id e  io n . W ith  p ro g re s s iv e  r e d u c t io n  o f [ I - ], h o w e v e r , th e  
“  in te r c e p t  ”  s te a d i ly  d e c re a se s , t h a t  is, k '  in c re a se s . W r i t in g

b ' — k'-r _i_ h ' _   1
[ I " ] +  13 " ^ , +  [1- ]

w h e re  k 'u  a n d  k \ ~  a r e  th e  v e lo c i ty  c o e ffic ie n ts  o f  r e a c t io n  o f I 2 a n d  I3~ 
re s p e c t iv e ly  w i th  R H , i t  fo llo w s t h a t  th e  f re e  io d in e  is th e  m o re  r e a c t iv e  
o f th e  tw o , a n d  th e  d a t a  p e r m i t  th e  e v a lu a t io n  o f t h e  r e la t iv e  r e a c t iv i t ie s  

o f  th e  tw o  sp ec ie s .

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

The catalytic effects of the following acids on the hypophosphorous 
acid-iodine reaction have been studied : H30 +, H3P0 2, H3P0 3, H3P0 4, 
HS0 4-, CHSC1 . COOH, CH2OH . COOH, citric acid, (COOH)2, CH3COOH, 
HjAsOj- and H2P0 4- . The kinetic measurements have been carried out 
mainly at 30°, with a few observations at 40°, 50° and 6o°.

The procedure used in following the reaction depended to a large extent 
upon the acidity of the system. For p H  <  3, the rate of further oxidation 
of the resultant H3P0 3 by iodine is insignificant relative to that of the 
primary oxidation H3P0 2 -> H3P0 3, that is

d[TH3PQ2] _  d[TI2]
At ~  d<

Under these conditions, samples of reaction mixture were run into excess 
of iced water and immediately titrated with thiosulphate. For p H  >  6, 
on the other hand, the phosphite—iodine reaction is so rapid that two 
molecules of iodine disappear per molecule of hypophosphorous acid. For 
experiments in this range the experimental procedure was therefore similar 
to that used in Section A. In the intermediate range of acidity, incomplete 
oxidation of the phosphite to phosphate takes place, and it was therefore 
necessary to estimate both the concentration of iodine and that of hypo- 
phosphite at the beginning and end of each time interval. To do this, 
duplicate samples of reaction mixture were withdrawn at various times, 
and the iodine content of one estimated by titration with thiosulphate. 
The other sample was run into excess of cold saturated NaHCOj solution in 
a stoppered flask and the mixture allowed to stand for one or two hours at 
room temperature, so that all phosphite present might be oxidised to 
phosphate without further oxidation of the hypophosphite. From the 
iodine remaining in the mixture the concentration of hypophosphite in the 
sample could then be computed, and hence by use of the equation :—

“  A[f H^ ° z] =  A0bs[TH3PO2] m[TI2] mt 2 —

the value of A0b$ in the time interval t2 — q inferred. It must further 
be noted that correction of the observed rate of reaction for the concom- 
mitant H2PO.-  — I 2 reaction (of.. Section A) was in most cases necessary. 
In acid media ( p H  <  3) this correction does not exceed 2 per cent., but it 
becomes increasingly significant with increasing p H  and in the most alka
line range ( p H  >  6) this reaction becomes the dominant process, accounting 
in some cases for 80 per cent, of the total. The accuracy with which the 
residual acid-catalysed process could be estimated is correspondingly poor 
in this range.

For most experiments the initial concentration of hypophosphite (the 
potassium salt) was greater than that of the iodine. The former was 
varied between 0-36 and 0-0067 11 '• the latter from 0-0067 11 downwards. 
Except in the experiments designed to evaluate the relative reactivities of 
I 2 and I3~, the initial concentration of potassium iodide was usually o-i or
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0 -2  m . For the most part no effort was made to control the ionic strength 
which usually lay between o-i and o-6. Additions of KN0 3 in individual 
cases to vary the ¡j. between these limits showed little effect on the rate of 
reaction beyond that attributable to alteration of the hydrogen ion con- 
concentration of the system. Certain observations at ^ — 1-2 and 2-2 
(by addition of KC1) were designed to explore the effect of large ionic 
strengths on the reaction.

The major difficulty in the treatment of the experimental results lies 
in the estimation of the concentrations of hydrogen ion, of free hypo- 
phorous acid, and of free HA for use in equations (4H6), because of un
certainties in the values of the ionisation constants (Ke) of the various 
acids. Even when the concentration of hydrogen ion is reasonably well 
known, as in KH2POa—HC1 mixtures with low concentrations of KHjPO, 
where the concentration of H+ is practically equal to that of the added 
HC1, it is clear from equation (3) that the evaluation of /¡m always requires 
a knowledge of K , the (concentration) ionisation constant of the hypo- 
phosphorous acid itself. The thermodynamic ionisation constant of hypo- 
phorous acid does not appear to have been determined, but Kolthoff6 from 
conductivity measurements finds that at 18° K c increases from o-ox to 0-06 
between v =  1000 and 20 litres. Again Nyldn 3 from electrometric measure
ments finds

K ' =  Un+  ̂ =  °'076 at 20° and n =  2.
[r i3i  U 2J

From these it may at best be surmised that K e at ordinary temperatures 
lies between about 0-05 and o-i at ionic strengths between o-i and 2. 
We have attempted by the Lugg method 6 outlined in the succeeding paper 
to obtain more precisely the value of K„ at different temperatures and 
ionic strengths (added KC1) with the following results:—

1 6 0 3 0 °  45°

^  0 -1 6  0 -5 7  1 1 3  2 -13  0 -1 6  0 -5 7  1-13 2 -13  0 -57
K  =  K„ 0 -0 9 6  0 -1 0 6  0 -0 9 4  0 0 7 1  0 0 7 5  0 0 7 9  0 0 7 4  0 0 5 6  0 0 6

The values of K e of H3P0 2 employed have accordingly been based on 
the above determinations. For certain other acids, namely H3P0 3 (1st 
ionisation), H3P0 4 (1st ionisation) and HSO,~, we have similarly deter
mined K c (see succeeding paper) : for the remaining acids employed as 
catalysts values of K c are obtainable from the literature, except for citric 
acid (xst ionisation). For this acid the thermodynamic ionisation constant 
at 30° is about 8-io~4, while we find that a value of K„ =  12-10-* at 
H — 0-26 is consistent with our kinetic data.

T h e  k x R e a c t i o n .

T h e  m o d e  o f a n a ly s is  o f  t h e  k in e t ic  d a t a  in  o rd e r  to  o b ta in  th e  
c a t a ly t i c  c o e ff ic ie n t o f a n  a c id  fo r  th e  k x r e a c t io n  is e x e m p lif ie d  b y  th e  
fo llo w in g  e x p e r im e n t  in  w h ic h  p h o s p h o r ic  a c id  w a s  e m p lo y e d  a s  c a ta ly s t .

U s in g  th e  io n is a t io n  c o n s ta n t s  g iv e n  a t  th e  h e a d  o f T a b le  I I I ,  v a lu e s  
o f  [H +] m w e re  c a lc u la te d  f o r  e a c h  t im e  in te r v a l ,  a n d  h e n c e  v a lu e s  o f

a n d  ° f  t — =  i r f ° r  c a c h  t im e  in te r v a l .  I t  is n o w
[H + ]m £ bl k ohs{ K  +  [H+]}
f o u n d  t h a t  th e  p lo t  o f l /£ b i  a g a in s t  [2 ,I2] / [ H +] is  l in e a r ,  w i th  a n  in te r c e p t  
o f  0 -0 4 3  a n d  i / s lo p e  =  1 -1 8 7 . S u b s t i tu t in g  th is  v a lu e  o f i / s lo p e  in  th e  
e q u a t io n  :—

1 -  1 , 2 7 V [ H A j  =  V  +  +  feiH’F0‘ -
1  L > 1 ‘ [H +] ' 1 ‘ [H +]

1 Kolthoff, Rec. trav. Chirn., 1927, 46, 350.
0 Lugg, J .  Am. Chem. Soc., 1931, 5 3 ,  2554.
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d e r iv e d  f ro m  e q u a t io n  (6 ) b y  n e g le c t in g  th e  k 3 r e a c t io n ,  i t  is  p o ss ib le  
w h e n  k}°  a n d  a r e  k n o w n , to  e v a lu a te

V a lu e s  o f w e re  d e te r m in e d  f ro m  th e  d a t a  o f k in e t ic  e x p e r im e n ts  
in  w h ic h  th e  c a ta ly s in g  a c id  w a s  HC1 a n d  th e  h y p o p h o s p h i te  c o n c e n t r a 
t io n  k e p t  lo w . U n d e r  s u c h  c o n d it io n s  th e  c a t a ly s t  is  so le ly  th e  o x o n iu m

TABLE III.
{ [KH2P0 2] =  0-008208 

[KH.POJ =  0-000065 
[KI] =  0-200 
[H3PO4] =  0-2018
[2I2] =  0-006671

Time
(min.) i3 —t\' [H lJ  . IO3. [THjPO-J io3. /;obs. [«+]„, • IO3.

[H+Jm '

I
*bi"

0 -0 0 6 -263 7 -8 0 0
8-25 2 -3 0 6 4 -3 4 5 •1347 •1565

8-25 5-449 6 -9 8 6
1 0-25 2 -6 4 6 4 -44° • I I 2 7 ■1382

18-50 4 -5 6 0 6 -0 9 7
12-15 3 -108 4-538 •0909 • I I 93

3 0-65 3-694 5-231
•10481 4-30

2 -8 8 8
3-5 8 3 4 -632 •0710

44-95 4 -425
•08891 7-70 4-275 4 -7 2 0 •0532

6 2 -6 5 2-131 3 -668
2 6-95 5 -2 0 8 4 -8 0 8 •0362 •0738

8 9 -6 0 1-353 2 -8 9 0
42-35

0 -685
6-4 2 8 4 -8 8 9 •0208 •0604

I3I -95 2-222
6 4 -2 0 7 -7 1 8 4-951 •OO95 0 5 0 7

196-15 0 -2 5 9 1-796

io n , a n d  i t s  c a t a ly t ic  c o e ff ic ie n t k j°  is  g iv e n  d i r e c t ly  b y  th e  v a lu e  o f 
i / s lo p e  in  th e  p lo t  o f i/few  a g a in s t  [T I 2] / [ H +]. E x p e r im e n ts  a t  v a r io u s  
te m p e r a tu r e s ,  io n ic  s t r e n g th s  a n d  h y d r o g e n  io n  c o n c e n tr a t io n s  h a v e  
b e e n  c a r r ie d  o u t .  T h e  r e s u l ts  a r e  v e r y  b r ie f ly  s u m m a r is e d  in  T a b le  IV , 
e a c h  k± a n d  1 ¡ ( K tk ')  g iv e n  b e in g  th e  m e a n  o f  tw o  to  s e v e n  d e te r m in a t io n s  
a t  v a r io u s  v a lu e s  o f [H + ].

TABLE IV.
[KI] =  o-i ; [H+] =  0-005 — on.

T e m p .
K

A
i l k 'K t

* i -  -15 i - iS 2 - IJ
->

1*15 2-15
r
n  *15

1
1*15 2-15

3 0 • 0 7 5 ■ 0 7 4 •O5 6 •0400 •0 3 6 9  — ■349 •4 14  —
4 0 •062 •062 ■O4 7 ■0 15 9 • 0 14 5  - 0 1 3 3 I  0 3 1*20  1*49
5 0 ■ 053 — ---- ■0 0 6 50 —  — 2 - 7 3 — —
0 0 • 0 4 5 • 0 0 2 5 4 7 - 0 7 —

T h e  v a lu e s  o f  1 l { k ’K t) a r e  th e  in te r c e p t s  o f  t h e  a b o v e - m e n t io n e d  p lo ts  
(cf. e q u a t io n s  (4 ) a n d  (5 )) ; t h e y  a re  s l ig h tly  d e p e n d e n t  o n  io n ic  s t r e n g th ,  
b u t  a t  c o n s t a n t  t e m p e r a tu r e  a n d  c o n s t a n t  ju a r e  fo u n d  to  b e  in d e p e n d e n t  
o f  th e  c o m p o s it io n  o f th e  r e a c t in g  s y s te m , e x c e p t  fo r  a n  e ffe c t o f  [I~ ],
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w h ic h , h o w e v e r ,  o n ly  b e c o m e s  o f s ig n if ic a n c e  fo r  v a lu e s  o f  [ I - ] less  t h a n  
0 -0 5 . T h u s ,  u n d e r  a ll c irc u m s ta n c e s ,  a n d  in  p re s e n c e  o f a ll  c a ta ly s in g  
a c id s , w i th  [H +] v a r y in g  b e tw e e n  I 0 _1 a n d  5 -IO-4 , i t  is fo u n d  a t  3 0 ° 
w i th  /r b e tw e e n  0 -1 5  a n d  1*15 a n d  [K I]  =  0 1  o r  g r e a te r  t h a t  c o n s t a n t  
in te r c e p t s  o f b e tw e e n  0 -0 3 6  a n d  0 -0 4 5  a r e  o b ta in e d ,  in  a g r e e m e n t  w i th  
t h e  v a lu e s  fo u n d  u n d e r  th e  c o n d it io n s  o f T a b le  IV . I n  t e r m s  o f o u r  
m e c h a n is m  th is  m e a n s  t h a t  th e  v e lo c i ty  c o e ffic ie n t k '  o f  th e  r e a c t io n  
b e tw e e n  th e  a c t iv e  fo rm  of H 3P 0 2 a n d  io d in e  is i n d e p e n d e n t  o f [H +] o r  
th e  c o n c e n tr a t io n  o f o th e r  c a ta ly s in g  a c id . F r o m  th e  v a lu e s  o f i / ( k ' K t) 
a t  3 0 °, 4 0 °, 5 0 ° a n d  6 o° th e  a v e ra g e  c r i t ic a l  in c r e m e n t  E KKt is  fo u n d  to  
b e  1 8 ,0 0 0  c a l. I t  is, o f c o u rse , n o t  p o s s ib le  to  in fe r  h o w  m u c h  o f th is  
“  c r i t ic a l  in c r e m e n t  ”  b e lo n g s  to  th e  h e a t  o f  th e  r e a c t io n

PI3P 0 2 (n o rm a l)  —> H 3P 0 2 (a c tiv e ) ,

a n d  h o w  m u c h  to  th e  k '  r e a c t io n  i tse lf .
T h e  v a lu e s  o f i / s lo p e  =  k j°  in  T a b le  IV  a re  fo u n d  to  b e  q u i te  i n 

d e p e n d e n t  o f [H +] o v e r  th e  r a n g e  [H +] =  o - l  — 0 -0 0 5 . F r o m  th is  w e  
in f e r  t h a t  t h e  t e r m  c o n ta in in g  k 3 in  e q u a t io n  (6 ) is  n e g lig ib le  u n d e r  th e  
p r e s e n t  c o n d it io n s  c o m p a re d  w i th  th e  te r m  c o n ta in in g  k v  In  o th e r  
w o rd s , t h e  v a lu e s  o f  i / s lo p e  in  th e  T a b le  r e p re s e n t  th e  v e lo c i ty  c o e ffic ie n ts  
(¿1°) o f th e  r e a c t io n  :—

H 3P 0 2 +  O H 3+ - >  H 3P 0 2 . H +  +  H 20 .

T h e s e  k j°  v a lu e s  in c re a s e  s l ig h tly  w i th  in c re a s in g  io n ic  s t r e n g th ,  a n d  
y ie ld  a  c r i t ic a l  in c r e m e n t  =  2 0 ,0 0 0  c a l. T h is  is s o m e w h a t  h ig h e r  
t h a n  p re v io u s  e s t im a te s  (M itc h e ll ,1 1 9 ,0 0 0  c a l .  ; G riff i th  a n d  M c K e o w n ,2 
1 8 ,2 0 0  c a l.) .

T h e  c a t a ly t ic  c o e ff ic ie n t o f H 3P 0 2 i ts e l f  w a s  n e x t  d e te r m in e d  b y  r a te  
m e a s u r e m e n ts  in  s y s te m s  c o n ta in in g  u p  to  0 -3 6  M  h y p o p h o s p h i te  (see 
T a b le  V ).

TABLE V.
Temp. =  30° ; [KI] =  o-i.

[KHjPOJo. [HC1]. V- [H+] • I03. [H3POs]m i /slope.

0-365 0-0158 o-49 3— 5 4-42 0-825
■245 •015S •35 4—7 2-95 •726
•123 •0096 •23 4—S 1-44 •533
•083 •0238 •20 13—19 •90 ■487
•041 ■0187 •16 14—22 •45 •420
•0165 •0357 •15 32—40 •1 5 •371
•0083 •0596 •17 5 7 — 6 7 *06 •353
■0066 •0772 •19 75—S4 •04 •349

F o r  th e s e  e x p e r im e n ts  e q u a t io n  (6 ), a f t e r  n e g le c t in g  th e  k 3 r e a c t io n ,  
t a k e s  th e  fo rm  :—

1 =  k x° +  /e1H>P0« . ‘H :iP Q ^
slo p e  ’ [H+]

lo p e  a g a in s t  [H 3P 0 2] /[H + ]  s h o i  
^H jP O i m a y  f,e  d e te r m in e d .  Ii

k °  =  ° * 3 5 3 \a t  3 0 o a q d  —

H e n c e , p lo t t i n g  i / s lo p e  a g a in s t  [H 3P 0 2] / [ H +] s h o u ld  y ie ld  a  l in e a r  p lo t
f ro m  w h ic h  k-y a n d  AjH3p01  m a y  b e  d e te r m in e d .  I n  th is  w a y  w e  f in d  :—
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T h e s e  v a lu e s  a re  u s e d  in  i n te r p r e t i n g  th e  r e s u l ts  o f e x p e r im e n ts  in  
w h ic h , b e s id e s  f re e  H +  a n d  fre e  H 3P 0 2, a n o th e r  c a ta ly s in g  a c id  is s im u l
t a n e o u s ly  p r e s e n t .  U n d e r  su c h  c ir c u m s ta n c e s  w e  h a v e  :—

slo p e
k l° +  A,“ *«»»

[H 3P O 2]
[H +]

kj1 . [H A ] 

[H +] ’

a n d  h e n c e  Zq0, th e  c a t a ly t ic  c o e ff ic ie n t o f th e  a c id  H A  c a n  b e  d e r iv e d .
T a b le  V I  c o n ta in s  a  s u m m a r y  o f th e  r e s u l ts  o b ta in e d  in  t h is  w a y  a t  3 0 ° fo r  
th e  a c id s  H 3P 0 3, H 3P 0 4, H S 0 4~, (C O O H )2, C H 2C lC O O H , C H 2(O H )C O O H , 
c it r ic  a c id  a n d  a c e tic  a c id .

T e m p .  =  3 0 o

T A B L E  V I .

[ K I ]  =  o - i  ( o r  o - 2 * o r  0 -0 5  +

A cid. X o. of 
E xp ts. Kx- V- [¿’HA], R ange of 

[H+].
R ange of

V -
V

(mean).

I n te r-  
cept. 

(mean).

h 3p o 3 I ■o8 o ( 7) •2 • 2 1 • 1 0 _
■237

__

h 3p o 4 8 •O I 2 5 ( * ) ’ ( 7) ■2 4 - 2 9 •0 8 -  -32 •0 3  - 0 8 •2 2 4  — 2 4 6 •2 3 6 ■0 4 3 *
h s o - 4 7 •0 2 5 — 0 5 4 ( 7) •1 8 - 5 9 ■0 4 -  -23 ■03 — 1 0 •2 0 7  — 2 5 s •2 3 3 •0 4 0
( C O O H ) , 3 ■ °74— ° 7 7 ( 8) •1 2 — 1 8 • I  -  -3 •06  — 1 2 ■ 2 3 7  — 2 8 0 •2 5 3 *0 3 8 +
c h 2c i c o o h 4 (2 -0 - 2 - 1 3 ) . i o - ’ C ) • 1 4 — 2 0 ■2 - 1 - 2 •O l6  — 0 5 • 0 3 3  - 0 3 7 ■0354 •0 4 0
C i t r i c  . 7 1 -2  . IO - 3 ■26 ■I -  -5 8 • o n  — 0 2 8 •0 5 3  - 0 7 4 •0 5 9 4 •0 4 0 *
C H o O H C O O H 6 (2 -5 6 - 2 -6 2 ) . I O - 4 (10) •2 9 - 4 2 •1 2 -  -74 ■0 0 0 9 — 0 0 9 •0 0 9 8 — 0 1 2 S •0 1 1 S •0 4 0
C H 3C O O H  . 1 2 (2 -9 - 3 -2 ) . i o - s (41) •1 5 - 4 3 •5 - i - i •0 0 0 4 — 0 4 •0 0 3 2 — 0 0 5 1 •0 0 4 2 •0 4 2

I n  t h e  a b o v e  T a b le  th e  t h i r d  c o lu m n  g iv e s  th e  v a lu e  o f K A  ( th e  io n 
i s a t io n  c o n s t a n t  o f  t h e  a c id )  u se d , t o g e th e r  w i th  a  re fe re n c e  to  i t s  so u rc e .  
A ll t h e  r e a c t io n  m ix tu r e s  c o n ta in e d  K H 2P 0 2) I2 a n d  K I ,  t o g e th e r  w i th  
t h e  a c id  a lo n e  o r  th e  a c id  a n d  H C I o r  th e  a c id  a n d  i ts  N a  (o r  K ) s a l t .  
T h e  f i f th  c o lu m n  g iv e s  th e  t o ta l  c o n c e n tr a t io n  o f c a ta ly s in g  a c id  (i.e . 
a c id  +  s a l t) .  T h e  l a s t  tw o  c o lu m n s  g iv e  re s p e c t iv e ly  th e  m e a n  k f ’s 
a n d  in te r c e p t s  o b ta in e d .  T h e  c a t a ly t i c  c o e ff ic ie n ts  d e r iv e d  f ro m  
T a b le s  V  a n d  V I  a r e  in  f a i r  a c c o rd  w i th  th e  r e q u ir e m e n ts  o f  th e  B r o n s te d  
r e la t io n  b e tw e e n  c a t a ly t i c  c o e ff ic ie n t a n d  io n is a t io n  c o n s ta n t ,  v iz .

l o g ( j r )  =  *  l o §  ( | / f A ° ) +  l o g G i  • • ■ ( 8 )

T a b le  V I I  sh o w s  th e  e x te n t  o f  th is  a g re e m e n t .  T h e  f i f th  c o lu m n  o f th is  
T a b le  g iv e s  th e  th e r m o d y n a m ic  io n is a t io n  c o n s ta n t s  o f th e  v a r io u s  a c id s  
d e r iv e d  f ro m  th e  l i t e r a tu r e .  T h e  K A ° v a lu e s  fo r  H 3P 0 2 a n d  H 3P 0 3 h a v e  
n o t  b e e n  d e te r m in e d ;  th e  v a lu e s  in  th e  T a b le  a r e  ro u g h  e s t im a te s .  
T h e  v a lu e s  o f lo g  (kf/p) (ca lc .)  in  th e  l a s t  c o lu m n  w e re  c a lc u la te d  f ro m  
e q u a t io n  (8 ), w i th  x  =  0 -5 2 9  a n d  lo g  G1 —  —  0 -0 2 5 . T h e  a g r e e m e n t  
b e tw e e n  o b s e rv e d  a n d  c a lc u la te d  c o e ff ic ie n ts  is  r e a s o n a b ly  g o o d  fo r  a lh  
th e  a c id s , w i th  th e  e x c e p tio n  o f 0 H 3+ , f o r  w h ic h  th e  o b s e rv e d  c a t a ly t ic

7 Griffith and McKeown, succeeding paper in this Journal.
8 Dawson and co-workers, J.C.S., 1 9 2 9 , 1 8 8 4 , 2 5 3 0  ; 1 9 3 0 , 7 9  ; Griffith, 

McKeown and Winn, Trans. Faraday Soc., 1 9 3 2 , 28, 5 1 8 .
9 Wright, J .  Am. Chem. Soc., 1 9 3 4 , 5<h 314 ; Dawson and Key, J.C.S., 1 9 2 9 , 

1 2 3 9 .
10 Nims, J .  Am. Chem. Soc., 1 9 3 6 , 58, 9 8 7  ; Larssen and Adell, Z. physik. 

Chem. A, 1 9 3 1 , 157, 3 4 2 .
11 Hamed and Murphy, J .  Am. Chem. Soc., 1 9 3 1 , S3, 8 .
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c o e ffic ie n t is  o v e r  tw e n ty  t im e s  to o  sm a ll .  N y lé n  3 h a s  p r e v io u s ly  d e t e r 
m in e d  a t  2 0 ° th e  c a t a ly t ic  co effic ie n ts  o f 0 H 3+, H 3P 0 4 a n d  c it r ic  a c id . 
H e  fo u n d  k f j k y  =  0 -8 5  a n d  0 -2 3  fo r  p h o s p h o r ic  a c id  a n d  c i t r i c  a c id  
r e s p e c t iv e ly ,  c o m p a re d  w i th  0 -6 7  a n d  0 -1 7  in  th e  p r e s e n t  w o rk . T h e

TABLE VII.

Acid. P- ?• *l°- * * ( 7 )
(obs.)

*(¥)
(calc.)

OH+3 . 1 I 0-353 55-5 -  0-452 +  0-898
H„PO, . 1 2 •126 2-5 . IO-2(?) — 0 goo -  0-713
HaP0 3 . 2 2 •237 2-I0"2(?) — 0926 -  0-924
h 3po , . 3 2 •236 7-15 ■ IQ"3 — 1-104 -  1-254(COOH)„ . 2 2 •253 5-70 . 10-2 — 0-898 — 0-683
hso4- . i 4 •233 1x3 . IO-2 — 0-633 -  o-73<>
CHX1 . COOH . i 2 -0354 x-33 • I»-3 -  1-451 -  1-388
Citric 3 2 •0594 S-30  . 1 0 - 4 -  i - 7°3 -  1-748
CH„OH . COOH i 2 •0118 1-48 . 1 0 - 4 — 1-928 — 1-892
CHXOOH X 2 ■00418 x -75 ■ t o -5 -  2 -379 — 2-382

r a t io s  a re  th u s  in  f a i r  a g r e e m e n t  w i th  th o se  fo u n d  h e re ,  a n d  c o n f irm  th e  
a n o m a lo u s  v a lu e  o f k y ,  th e  c a t a ly t ic  c o e ffic ie n t o f  th e  o x o n iu m  io n . I t  
sh o u ld  f u r t h e r  b e  n o te d  t h a t  w e  h a v e  fo u n d  t h a t  th e  ky°  v a lu e  in  th e  
a c id - c a ta ly s e d  H 3P 0 3— I 2 r e a c t io n  is  a lso  a b n o r m a l ly  lo w  (cf. s u c c e e d in g  
p a p e r ) ,  t h o u g h  a t  p r e s e n t  t h e  c a u s e  o f  th e s e  d is c re p a n c ie s  is  n o t  a p p a r e n t .

T h e  k 3 R e a c t i o n .  A c i d  C a t a l y s i s  i n  H 2P 0 4~ — H P 0 4—  a n d  
H o A s O j-  — H A s 0 4—  B u f f e r s .

I t  h a s  b e e n  m e n t io n e d  in  S e c tio n  A  t h a t  a n  a c id -c a ta ly s e d  r e a c t io n  
t a k e s  p la c e  ( to g e th e r  w i th  th e  d i r e c t  h y p o p h o s p h i te  io n - io d in e  re a c tio n )  
in  p h o s p h a te  b u ffe rs . I t  h a s  b e e n  p o ss ib le  to  m e a s u re  th is  a c id -c a ta ly s e d  
p a r t  o f th e  n e t  p ro c e s s  a t  3 0 ° in  p h o s p h a te  a n d  a r s e n a te  b u ffe rs , th o u g h  
th e  r e a c t io n  is  s lo w  a n d  i t  is  n o t  p o ss ib le  to  is o la te  i t  f ro m  th e  d i r e c t  io n  
r e a c t io n .  U n d e r  o u r  e x p e r im e n ta l  c o n d it io n s  th e  io n  r e a c t io n  a m o u n te d  
to  b e tw e e n  15 a n d  75  p e r  c e n t ,  o f th e  t o ta l  r e a c t io n  ; c o n s e q u e n t ly  t h e  
a c c u r a c y  w i th  w h ic h  th e  a c id - c a ta ly s e d  p ro c e ss  h a s  b e e n  m e a s u re d  is  n o t  
v e r y  h ig h , b u t  i t  is  p r o b a b ly  su ff ic ie n tly  g o o d  to  j u s t i f y  th e  m a in  c o n 
c lu s io n  d r a w n  in  th is  se c tio n .

W e  h a v e  se e n  t h a t  in  m e d ia  w i th  p n  <  3 -4  t h e  a c id - c a ta ly s e d  r e a c t io n  
m a y  b e  s a t is f a c to r i ly  in te r p r e t e d  o n  th e  b a s is  t h a t  th e  t r a n s f o rm a t io n  
H R  - >  R H  ta k e s  p la c e  e n t i r e ly  v ia  th e  k yk_ 2 r o u te  (i.e . v ia  H R H + ) . In  
p h o s p h a te  a n d  a r s e n a te  b u ffe rs  o f  p n  a b o u t  6 , h o w e v e r , o u r  r e s u l ts  
in d ic a te  t h a t  th e  a l t e r n a t iv e  p a th ,  v ia  t h e  L, r e a c tio n , is  th e  d o m in a n t  
p a r t  o f  th e  a c id -c a ta ly s e d  p ro c e ss , th o u g h  a p p a r e n t ly  so m e  r e a c tio n  v ia  
H R H +  is s t i l l  d e te c ta b le .

F ro m  e q u a t io n s  (3 ) a n d  (4 ) i t  fo llo w s t h a t  :—

I [h +] I , f £ y [ H + ]
^  ~  k o i J K  +  [H +]} ~ k ' K t ‘ [H +] . ¿ V [ H A ]  +  K  . ¿ V [ H A ]  ’ [9>

U n d e r  p r e s e n t  c o n d it io n s  [H +] is  n e g lig ib le  c o m p a re d  w i th  K ,  a n d  a lso  
è 4[H A ] (w h e re  H A  — H 2P 0 4"  o r  H 2A s 0 4_ ) m u s t  b e  m u c h  g r e a t e r  t h a n
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e i th e r  &1° [H +] o r  /¿in 2r o 2[H 3P 0 2]. S im ila r  r e m a r k s  a p p ly  to  th e  c o r re s 
p o n d in g  1%’s.

E q u a t io n  (9 ) th u s  re d u c e s  to  :—

I _ J H + I  X | [ ¿ I 2][H + ] .
' f T-T A T //?  afT-T+l _1_ h aJS\ * \ //Obi ~  A’obs • K  ~  k ' K t ' [H A ] { V [ H + ]  +  k f K )

in  w h ic h  kobs is  th e  &06 s d e f in e d  b y  e q u a t io n  (3 ) a f t e r  c o r re c t in g  fo r  th e  
c o n c o m ita n t  h y p o p h o s p h i te  io n - io d in c  r e a c t io n .  I t  w ill b e  se e n  fro m  
e q u a t io n  ( 10 ) t h a t  fo r  la rg e  v a lu e s  o f [-£I2], th e  r a te  o f r e a c t io n ,  w h ic h  is 
p r o p o r t io n a l  to  k 0\,Sl t e n d s  to  b e c o m e  in d e p e n d e n t  o f  [H +] a t  c o n s t a n t  
[H A ] if  th e  ¿3  r e a c t io n  p r e d o m in a te s .  O n  th e  o th e r  h a n d ,  w h e n  th e  
r e a c t io n  is  n e g lig ib le  (as, fo r  e x a m p le ,  in  C H 3C O O H — C H 3C O O N a  b u ffe rs  
o f p H  3 -4 ) th e  r a te  o f r e a c t io n  a t  h ig h  e n o u g h  v a lu e s  o f  [ j? I2] t e n d s  to  b e  
p r o p o r t io n a l  to  [H +] a t  c o n s t a n t  [H A ]. I n  p h o s p h a te  a n d  a r s e n a te  
b u f fe r s  w e  f in d  a  s l ig h t  in c re a s e  in  k 0\,s o n  in c re a s in g  [H+] a t  c o n s ta n t  
[H A ], f ro m  w h ic h  i t  is  c o n c lu d e d  t h a t  t h e  m a in  r e a c t io n  p a t h  is v ia  t h e  
k 3 p ro c e ss .

W ith  p h o s p h a te  b u ffe rs , s e v e n  e x p e r im e n ts  w e re  c a r r ie d  o u t  a t  3 0 ° 
a n d  ft =  I * 15 t h e  e x p e r im e n ta l  c o n d it io n s  b e in g :  [ K H 2P 0 2] =  0 2 5  ; 
[27I2] =  0-01  — 0 -0 1 7 ; [K I]  = 0 -2 ; [N a 2H P 0 4] =  0 -i ; [ K H 2P 0 4] = 0 -2  — 0 -5 . 
T o  e v a lu a te  [H +] in  th e s e  s y s te m s , th e  v a lu e s  o f À h ip o « -  e m p lo y e d  w e re  
th o s e  fo u n d  in  th e  s u c c e e d in g  p a p e r .  I n t e r p r e t i n g  th e  d a t a  o f th e s e  
e x p e r im e n ts  o n  th e  b a s is  o f e q u a t io n  ( 10 ), a n d  p u t t i n g  I / { k 'K t) =  0 -0 3 6 9 , 
th e  m e a n  v a lu e  o f k 3a ( fo r  H 2P 0 4~) fo u n d  w a s  3 -0  . IO- 0 , w h ile  th e  k j°  
w a s  a b o u t  0 -0 2 7 . F iv e  e x p e r im e n ts  w i th  a r s e n a te  b u f fe r s  u n d e r  s im ila r  
c o n d it io n s  g a v e  k 3a ( fo r  H 2A s 0 4~) =  4 -3  . IO- 6  a n d  k j*  =  a b o u t  0 -0 5 . 
T h e  in fe r r e d  v a lu e s  o f  ksa s h o u ld  b e  o f m o d e r a te  a c c u ra c y ,  b u t  t h e  /q a 's  
a r e  s u b je c t  to  e x tr e m e ly  la rg e  e r ro rs ,  a n d  w e  w o u ld  th e re fo re  l a y  n o  
s t r e s s  o n  th e m , e sp e c ia l ly  a s  th e y  a p p e a r  to  b e  a b o u t  1 0 0  t im e s  g r e a te r  
t h a n  th e  v a lu e s  to  b e  a n t i c ip a te d  o n  th e  b a s is  o f th e  a c id  s t r e n g th .  I t  is 
p o ss ib le  t h a t  th e  k 3a v a lu e s  a re  a lso  s o m e w h a t  to o  g r e a t ,  a s  t h e y  w o u ld  
im p ly  t h a t  th e  k 3a r e a c t io n  s h o u ld  b e  d e te c ta b le  in  a c e ta te  b u ffe rs  of 
[H +] =  4 - I 0 " 1, w h ic h  se e m s  n o t  to  b e  th e  case . T h u s ,  t h o u g h  n o  d e f in ite  
q u a n t i t a t i v e  c o n c lu s io n s  c a n  b e  d r a w n  f ro m  th e  e x p e r im e n ts  o f th is  
se c tio n , th e y  se e m  to  e s ta b l i s h  th e  o c c u r re n c e  o f a  k 3 p ro c e s s  in  p h o s p h a te  
a n d  a r s e n a te  b u ffe rs .

E x p e r i m e n t s  a t  L o w  [ I - ] .

T h e r e  r e m a in s  to  b e  m e n t io n e d  th e  e x p e r im e n ts  w i th  lo w e r  c o n c e n 
t r a t i o n s  o f  io d id e  f ro m  w h ic h  th e  r a t io  o f th e  v e lo c i ty  co effic ie n ts  

o f  th e  r e a c t io n s  o f I2 a n d  I3~  w i th  th e  a c t iv e  fo rm  of h y p o -  
p h o s p h o ro u s  a c id  m a y  b e  d e r iv e d . F r o m  e q u a t io n  (7 ) i t  fo llo w s  t h a t  :—

I n te r c e p t  =  K i { k 'J'  ' K 3 +  [ V ] «  +  k ’u ~  ' K 3 + ; { ? - ] „ }  ‘ ( U )

w h e re  [ I - ] œ is  th e  c o n c e n tr a t io n  o f f re e  io d id e  io n  a t  th e  e n d  o f  th e  
e x p e r im e n t .  T h e  k in e t ic  e x p e r im e n ts  w e re  c a r r ie d  o u t  a t  3 0 °, u s in g  
H 3P 0 4 a s  t h e  c a ta ly s in g  a c id , a n d  w i th  K N 0 3 a d d e d  to  k e e p  p. c o n s ta n t  
a t  0 -2 5 . T a b le  V I I I  g iv e s  th e  r e s u l ts .

T h e  v a lu e s  o f  th e  in te r c e p t s  in  th e  l a s t  c o lu m n  a re  c a lc u la te d  f ro m  
e q u a t io n  ( 11) o n  th e  b a s is  t h a t : —

K tk ' i ,  =  79-0 ; K f i u -  =  2 2 -7 6  ; - ¡ f r  =  3 -4 7-
«  I»““
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T h e  a g r e e m e n t  b e tw e e n  o b s e rv e d  a n d  c a lc u la te d  in te r c e p t s  sh o w s  t h a t  
t h e  d a t a  a r e  q u a n t i t a t i v e ly  a c c o u n te d  fo r  o n  th e  a s s u m p t io n  t h a t  th e  
sp ec if ic  r a t e  o f r e a c t io n  w ith  R H  o f I ,  is  a b o u t  3-5  t im e s  t h a t  o f I3~.

TABLE VIII.
Temp. = 3 0 ° ;  ¡i =  0 -25  ; K, =  0 -0 0 1 5 5 . 

[ ^ H j P O j - ] ,  =  0 - 0 0 4 9 ;  [ T I J „  =  o - o o i .

[KI]„- P-loo- r J S h
I f c Q /c o .

Intercept (obs.). Intercept
(calc.).

[X H jPO J =  -oSo". JXHjPO,] ■» 0-321.

•002 •0040 0 -2 7 4 0 -0 2 5 5 0 -0 2 7 5 0 -0 2 6 0
•020 •0220 ■0643 ■0365 ■0390 ■037S
■200 •2133 •0074 ■0426 •°445 •0432

T h is  r e s u l t  is  n e a r ly  id e n t ic a l  w i th  t h a t  fo u n d  in  th e  su c c e e d in g  p a p e r  
fo r  th e  r a t io  o f t h e  r a te s  o f  i n te r a c t io n  o f I2 a n d  I3~ w i th  th e  a c t iv e  fo rm  
o f p h o s p h o ro u s  a c id .

G e n e r a l  D i s c u s s i o n .

T h e  r e a c t io n s  m e a s u r e d  in  S e c tio n  B  h a v e  b e e n  th e  p r o to t r o p ic  
c h a n g e  H 3P 0 2 (n o rm a l)  - >  H 3P 0 2 ( a c t iv e ) , c a ta ly s e d  b y  v a r io u s  a c id s , 
e i th e r  v ia  t h e  k x r o u te  o r  v ia  th e  k 3 r o u te ,  t o g e th e r  w i th  th e  r e a c t io n s  o f 
th is  a c t iv e  fo rm  w i th  I 2 a n d  I3~. I t  is r e a s o n a b ly  c e r ta in  t h a t  th e  p r o 
to t r o p ic  c h a n g e  is  b o u n d  u p  w i th  a  c h a n g e  in  v a le n c y  o f th e  p h o s p h o ru s  
a to m  in  th e  a c id  m o le c u le  f ro m  fiv e  to  th r e e .  T h e r e  is  n o  d e te c ta b le  
r e a c t io n  o f io d in e  w i th  th e  n o rm a l  fo rm  o f  H 3P 0 2 ( p e n ta v a le n t  P ) , w h ile  
t h e  a c t iv e  fo rm  ( t e r v a le n t  P )  r e a c ts  r e a d i ly ,  th e  r e a c t io n  b e in g  a c c o m 
p a n ie d  b y  th e  r e v e r s a l  to  th e  n o r m a l  fo rm . I t  c a n n o t  b e  c o n c lu d e d , 
h o w e v e r ,  t h a t  th e  h y p o p h o s p h i te  io n  m u s t  a lso  h a v e  i ts  p h o s p h o ru s  a to m  
in  th e  t e r v a le n t  c o n d it io n  b e fo re  i t  c a n  r e a c t  w i th  io d in e . I t  h a s  b e e n  
s h o w n  in  S e c tio n  A  t h a t  t h is  io n  r e a c ts  d i r e c t ly  w i th  io d in e , a n d  in  
S e c t io n  B  t h a t  i t  a lso  r e a c ts  v ia  t h e  p r o to t r o p ic  k 3 r e a c t io n  w h ic h  f i r s t  
t r a n s f o rm s  i t  in to  t h e  a c t iv e  a c id  ( t e r v a le n t  p h o s p h o ru s ) .

I t  is  to  b e  n o te d  t h a t  in  p r a c t ic a l ly  a ll  p r o to t r o p ic  r e a c t io n s  h i th e r to  
s tu d ie d  th e  s u b s t r a t e  is  a n  e x c e e d in g ly  w e a k  a c id . I n  th e  p r e s e n t  c a se , 
a n d  in  t h a t  o f H 3P 0 3 s tu d ie d  in  th e  fo llo w in g  p a p e r  th e  s u b s t r a te s  a re  
v e r y  s t r o n g  a c id s , w h ic h , h o w e v e r , m u s t  b o th  e x h ib i t  so m e  b a s ic  p r o 
p e r t ie s .  T h e  a c t iv e  fo rm  o f e a c h  a c id  (R H )  m u s t  e v e n  b e  a  s t r o n g e r  
a c id  t h a n  th e  s u b s t r a t e  i ts e lf ,  a n d  th e  in te r m e d ia te  H R H + b e  a  s ti ll  
s t r o n g e r  a c id . I t  is  p o ss ib le  t h a t  th e  a n o m a lo u s  c a t a ly t ic  co effic ie n t o f 
0 H 3+, w h ic h  is  c o n s id e r a b ly  s m a lle r  t h a n  e x p e c te d  fo r  th e  p r o to tr o p ic  
c h a n g e s  o f b o th  H 3P 0 2 a n d  H 3P 0 3, is  c o n n e c te d  in  so m e  w a y  w i th  th e  
h ig h  s t r e n g th s  o f th e s e  a c id s .

P a r t  o f th e  d a t a  fo r  th e  tw o  r e a c tio n s  a re  s u m m a r is e d  b e lo w  :—

Reaction. V (30°). Ekf (cal.). k'Kt (30°). Ek'Kt (cat).

H3P02—Ij . o-35 20,000 25 18,000

H3PO3--12 . O-OOI 22,500 0038 21,400
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I t  is se e n  t h a t  b o th  k f  a n d  k ' K t  a r e  s m a lle r  fo r  th e  p h o s p h o ro u s  a c id  
r e a c t io n  t h a n  fo r  th e  h y p o p h o s p h o r o u s  a c id  r e a c t io n ,  a n d  a lso  t h a t  fo r  
e a c h  of th e s e  c o n s ta n t s  t h e  c h a n g e  in  c r i t ic a l  in c r e m e n t  a c c o u n ts  
r o u g h ly  fo r  th e  m a g n i tu d e  o f th e  d iffe re n c e . T h e  c r i t ic a l  in c r e m e n t  o f 
t h e  k s r e a c t io n  fo r  h y p o p h o s p h i te  h a s  n o t  b e e n  m e a s u re d  ; i t  is  p r o b a b ly ,  
h o w e v e r , o f th e  s a m e  o rd e r  o f m a g n i tu d e  (2 5 ,0 0 0  c a l.)  a s  E k 0, t h e  c r it ic a l  
in c r e m e n t  o f th e  d i r e c t  n o n -c a ta ly se d  r e a c t io n  b e tw e e n  h y p o p h o s p h i te  
a n d  io d in e .

S u m m a r y .

T h e  r e a c t io n  b e tw e e n  h y p o p h o s p h o ro u s  a c id  a n d  io d in e  in  a q u e o u s  
so lu t io n  h a s  b e e n  in v e s t ig a te d  a t  t e m p e ra tu r e s  b e tw e e n  3 0 ° a n d  6 o° o v e r  
a  r a n g e  o f pH  f ro m  1 t o  8 . T h e  r e a c tio n  sc h e m e

RESULTANTS RESULTANTS 
F i g .  2.

e m b ra c e s  a ll  t h e  e x p e r im e n ta l  fin d in g s . T h e  r e a c t io n  v ia  H 3P O , (ac tiv e ) 
w h ic h  p re s u m a b ly  c o n ta in s  a  t e r v a le n t  p h o s p h o ru s  a to m  is  s u b je c t  t o  
g e n e ra l a c id  a n d  b a s ic  c a ta ly s is .  T h e  c a ta ly t ic  co effic ien ts  o f a  n u m b e r  o f 
.ac id s fo r  t h e  k x r e a c t io n  h a v e  b e e n  d e te rm in e d  ; th e y  s a t is f y  t h e  B ro n s te d  
r e la tio n , e x c e p t  t h a t  o f O H 3+. T h e  k 3 p ro c e ss  h a s  n o t  b e e n  q u a n t i t a t i v e ly  
s tu d ie d .  H sP 0 2_ io n  a lso  r e a c ts  d i r e c t ly  w i th  io d in e . T h e  c r it ic a l  in c re 
m e n ts  o f so m e  o f t h e  a b o v e  p ro c esse s  h a v e  b e e n  d e te rm in e d , a n d  a  s h o r t  

.d iscu ss io n  o f t h e  r e s u l ts  is  g iv en .

D e p a r tm e n t  o f  In o rg a n ic  a n d  
P h y s ic a l  C h e m is try ,

U n iv e r s i ty  o f  L iv e rp o o l.

K I N E T I C S  O F  T H E  R E A C T I O N  O F  I O D I N E  W I T H  
P H O S P H O R O U S  A C I D  A N D  W I T H  P H O S P H I T E S .

B y  R . 0 .  G r if f it h  a n d ' A . M c K e o w n .

R e c e iv e d  2 4 th  A p r i l , 1 9 4 0 .

T h e  r e a c t io n  b e tw e e n  H 3P 0 3 a n d  I 2 in  a q u e o u s  s o lu t io n  h a s  b e e n  
. s tu d ie d  b y  s e v e ra l  w o rk e rs ,  b u t  c e r t a in  a n o m a lie s  r e m a in  fo r  f u r t h e r  
in v e s t ig a t io n .  T h e  w o r k  o f M i t c h e l l 1 s a t is f a c to r i ly  a c c o u n te d  fo r  th e  
m a in  f e a tu r e s  o f th e  p ro c e s s  in  a c id  s o lu t io n . H e  sh o w e d  t h a t ,  a s  in  th e  
c a se  o f h y p o p h o s p h o r o u s  a c id , p h o s p h o ro u s  a c id  a lso  e x is ts  in  tw o  

„ ta u to m e r ic  fo rm s  w h o se  re c ip ro c a l  t r a n s f o r m a t io n s  a re  c a ta ly s e d  b y  H + .

1 Mitchell, J.C.S., 1923, 123, 2241.
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In  s o lu t io n s  w i th  su ff ic ie n tly  h ig h  v a lu e s  o f [H +] th e  r e a c t io n  w i th  I ,  
ta k e s  p la c e  e n t i r e ly  v i a : —

H 3P O 3 M l  H 3P O 3 +  H 2Qi h 3P O , - f  2 PI+ +  2 I - .
(n o r m a l  fo rm )  ( a c t iv e  fo rm )

I n  less  a c id  s o lu t io n s  th e r e  is  c o n c o m ita n t  o x id a t io n  w h ic h  is r e ta r d e d  
b y  H + , a n d  M itc h e ll  fo u n d  t h a t  fo r  th i s  p ro c e ss  th e  r e ta r d a t io n  b y  H + 
is  g r e a t e r  t h a n  c a n  b e  a c c o u n te d  fo r  o n  th e  a s s u m p t io n  t h a t  th e  a c tu a l  
r e a c t a n t  is  H 2P 0 3~  io n . F in a l ly ,  M itc h e ll  a p p e a r s  to  h a v e  c o n s id e re d  t h a t  
in  t h e  p ro c e s s  c a ta ly s e d  b y  H +  th e  so le  r e a c t in g  fo rm  o f th e  io d in e  is th e  
I3_  io n , w h ile  in  t h e  p ro c e s s  r e ta r d e d  b y  H +  i t  is  th e  I 2 m o le c u le . F u r t h e r  
w o rk , a p p a r e n t l y  in  ig n o ra n c e  of M itc h e ll 's ,  w a s  c a r r ie d  o u t  b y  B e r th o u d  
a n d  B e r g e r ,2 w h o  s tu d ie d  th e  r e a c t io n  b o th  in  a c id  m e d ia  a n d  in  a  m o re  
a lk a l in e  r a n g e  ( a c e ta te  b u ffe rs ) ,  b u t  w i th o u t  a d d in g  a n y th in g  e s s e n t ia l  to  
o u r  k n o w le d g e  o f th e  m e c h a n is m . R e c e n t ly  th e  r e a c t io n  h a s  a g a in  b e e n  
in v e s t ig a te d  b y  N y l6n .3 P ie  sh o w e d  t h a t  th e  r e a c t io n  in  w e a k ly  a c id  
m e d ia  (p n  =  3 -2  — 6 -8 ) is o n e  b e tw e e n  H P 0 3—  a n d  io d in e . T h e  f i r s t  
a n d  s e c o n d  io n is a t io n  c o n s ta n t s  o f  H 3P 0 3 a c c o rd in g  to  N y l6n , a re  
p K x =  0 -9 7  a n d  p K 2 —  6 -1 8  a t  ¿u =  I-O. T h e  f a c t  t h a t  o v e r  th e  a b o v e  
m e n t io n e d  r a n g e  o f p n ,  o v e r  th e  g r e a t e r  p a r t  o f w h ic h  th e  c o n c e n tr a t io n  
o f H 0P O 3-  is  m u c h  g r e a t e r  t h a n  t h a t  o f H P 0 3— , th e  v e lo c i ty  o f r e a c t io n

is  fo u n d  to  b e  p r o p o r t io n a l  to  ;—rT T., w — ;— tftT h m e a n s  t h a t  if
( R i  +  [H+])(AT2 +  [H + ])

H 2P 0 3~ r e a c ts  a t  a ll w i th  io d in e  t h e n  i ts  sp ec ific  r a te  is m a n y  t im e s
s m a lle r  t h a n  t h a t  o f  H P 0 3— . N y l6n  f u r th e r  c o n c lu d e d  t h a t  b o th  I 2
a n d  I3_  r e a c t  w i th  H P 0 3— , th e  sp e c if ic  r a t e  o f th e  f o r m e r  b e in g  a b o u t  a
t h o u s a n d  t im e s  t h a t  o f th e  l a t t e r .  F in a lly ,  h e  a t t e m p t e d  to  d e te rm in e
w h e th e r  o r  n o t  t h e  r e a c t io n  in  a c id  m e d ia  (c a ta ly s e d  b y  H +) is  s u b je c t  to
g e n e ra l  a c id  c a ta ly s is  a n d  d e c id e d  t h a t  i t  w a s  n o t .  T h e  o n e  e x p e r im e n t
a t t e m p t e d  to  t e s t  th is  p o in t  w a s , h o w e v e r ,  n o t  w e ll c h o se n .

W e  h a v e  n o w  re - in v e s t ig a te d  th e  p ro c e s s  b o th  in  p re s e n c e  o f a c id s  
a n d  a lso  in  v a r io u s  b u f fe rs  c o v e r in g  a  r a n g e  o f  p n  f ro m  0-5  t o  9 . O u r  
r e s u l ts  a r e  in  g e n e ra l  a g r e e m e n t  w i th  M itc h e ll’s a n d  w i th  N y l i n ’s, b u t  
d if fe r  in  c e r ta in  r e s p e c ts .  W e  f in d , in  d is a g re e m e n t  w i th  N y le n , t h a t  
th e  r e a c t io n  c a ta ly s e d  b y  H + is a lso  c a ta ly s e d  b y  a c id s  in  g e n e ra l,  a n d  w e  
h a v e  d e te r m in e d  th e  c a t a ly t ic  c o e ff ic ie n ts  fo r  a  fe w  m o d e r a te ly  s t r o n g  
a c id s .  F u r th e r ,  w e  f in d  t h a t  b o th  I2 a n d  I3"  r e a c t  w i th  t h e  a c t iv e  fo rm  
o f H 3P O 3, a n d  h a v e  d e te r m in e d  th e i r  r e la t iv e  r a te s .  F in a l ly ,  w e  h a v e  
c o n f irm e d  N y l i n ’s c o n c lu s io n  t h a t  fo r  t h e  r e a c t io n  r e ta r d e d  b y  H + th e  
r e a c t in g  e n t i t ie s  a r e  t h e  H P 0 3—  io n , a n d  (m a in ly )  th e  I2 m o le c u le , b u t  
w e  c o n s id e r  t h a t  N y l i n ’s v a lu e  of t h e  m u c h  s lo w e r r e a c t io n  b e tw e e n  
H P O 3—  a n d  th e  I3_  io n  is  a n  o v e r -e s t im a te ,  a n d  in  f a c t  a r e  d o u b t f u l  
w h e th e r  th is  r e a c t io n  is  f a s t  e n o u g h  to  b e  d e te c te d  a t  a ll .

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

The phosphorous acid used contained from S to 15 per cent, phosphoric 
acid but no appreciable H3P0 2. All other chemicals were of A.R. quality. 
Blank tests showed that under all our experimental conditions the rate of 
disappearance of iodine in absence of the phosphorous acid was negligibly 
slow. Reaction mixtures were contained in blackened glass-stoppered

2 Berthoud and Berger, /. Chirn. physique, 1928, 25, 56S.
3 Nyldn, Z anorg. Chem., 1937, 230, 385.
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flasks maintained in thermostats regulated to ±  0-03°. Samples with
drawn from time to time were run into ice-cold water (containing excess 
H;SOj when necessary) and the iodine at once titrated with thiosulphate 
solution.

A . T h e  R e a c t i o n  i n  F e e b l y  A c i d  a n d  N e u t r a l  S o l u t i o n s  
(p H =  2 — 9) .

Kinetic experiments have been carried out at temperatures between o° 
and 30° in the presence of the following buffers : C0 3~ ~ — HC0 3_, H2B 0 3- — 
H3B 0 3l HP0 4— — H,P0 4-, HAs0 4— — H,As0 4-, c h 3c o o - —c h 3c o o h , 
CHjCICOO-—CHjClCOOH, and also at 450 in the presence of low concen
trations of HClO.j. The reaction was found, under these conditions, to be 
unimolecular with respect to each reactant, viz. total phosphite (TH3P0 3) 
and total iodine (.EI2). Values of /fob» were calculated from the equation :

k  o b s In
[TI,]1 . [.SH.POJ,

h - t ,  - [TH3P0 3)„ -  [271J ,  [TI2], . [TH3po3]

With low initial concentrations of reactants ([A7I2]0 usually 0-0025 M or 
less; [i7H3PO3]0 >  [TI2]„, but usually less than o-oi m ) and with moderate 
concentrations of buffers and of iodide, values of A0bs were found to be 
constant in each run. In Table I the results of most of these experiments

TABLE I.

Expt. No. Temp. [I-lm- [HA]m/[A -]m. /*• *oba- k.

(i) NaHGOj—NaaC 03 buffers.
12 0*17 0-201 0 -0 7 6 /0 -0 2 4 0 -38 1-32 355
23 0 -1 4 0-201 0 -0 2 6 /0 -2 4 2 0 -9 8 1 -265 34°
24 0-1 3 0-201 o - o r 4 / o - n 8 o -6 o 1-32 355
4 0 10-00 O-IOI 0 -0 3 0 /0 -0 9 0 0-41 14-3 1515
29 10*00 0 -201 0 -1 0 3 /0 -0 9 7 0 6 0 6-8S 1445
27 10-00 0-201 0 -0 1 4 /0 -1 1 8 o -6 o 7-04 148 0
30 1 0-00 0-201 o-ot4/o -n 8 o-8o* 6-53 1375
31 10-00 0-201 0 -0 1 4 /0 -1 1 8 1 -oof 6-i8 130 0
33 10-00 0-201 o-oi4/o-ri8 o-8oj 7-08 149 0
39 10-00 0 -201 0 -0 3 3 /0 -0 8 7 o-8o§ 7-14 150 0
32 1 0-00 0 -4 0 0 0 -0 1 4 /0 -1 1 8 o-8o 3'44 T44°
35 2 0 -0 0 o-2or 0 -1 0 1 /0 -0 9 9 o-6o 3 3 4 5 4 6 0
34 20-00 0 -4 0 0 0 -0 1 4 /0 -1 1 8 o-8o 16-65 5390

(ii) KHjP04—NaaH P04 buffers.
25 O i l 0-201 0 - 0 I 3 /0 - I 2 0 o -6o 1-265
37 10-00 0-201 0 -3 0 1 / 0-100 o -8 i 2-69
3S 10-00 0-201 0 - I 0 2 /0 -0 9 9 o - S iJ 4-85
2 S 10-00 0-201 o - r o 2 /o -0 9 9 o -6 i 4-88
26 10-00 0-201 0 -0 14 / 0 - 119 o -5 9 6-70

(iii) CHjCOOH—CH3COONa buffers.
18 3 0 0 0 O -IO I 0 -2 I 2 / 0 - I 94 0-31 5-05
17 3 0 -0 0 0-201 o -2 r 2 /o -0 9 4 0-31 1-25
16 3 0 0 0 0-201 0 -2 1 2 /0 -1 9 4 0-41 2-71
19 3 0 -0 0 0-201 0 -1 0 9 /0 -1 9 4 0-41 5 '3°

(iv) CELC1COOH—CH2ClCOONa buffer.
3000 I 0-050 |o-oS3/o-i2o| 0-25 I 0196

34°
566

1020
1025
1410

329
161
35°
684

6-44

* o -2 m  NaN0 3 added ; f  0-4 m  NaNOa added. 
I  o -2 m  KNOj added ; § 0 3  m  KN03 added.
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are summarised, the sixth column giving mean values of k 0bs in litres/(moles- 
min.). The subscript m indicates mean concentration during the run and 
the column headed [HA]m/[A-]„ gives the mean concentrations of acid and 
alkaline components of the buffer, after correction for the small amounts 
of phosphite (and phosphate) present.

D i s c u s s i o n .

F r o m  T a b le  I  i t  is se e n  t h a t  th e  a d d i t io n  o f th e  n e u t r a l  s a l t  K N O s  
h a s  n o  e ffe c t  o n  th e  r e a c t io n  r a te  (c f . e x p ts .  2 7  a n d  3 3 , 10  a n d  n ,  3 8  
a n d  2 8 ). O n  th e  o th e r  h a n d ,  in c re a s e  o f p. b y  a d d i t io n  o f N a N 0 3 d i 
m in is h e s  t h e  r a t e  s l ig h t ly  {cf. e x p ts .  2 7 , 3 0  a n d  3 1 ). T h e  e ffe c t o f  io d id e  
( s tu d ie d  o v e r  th e  r a n g e  [K I]  =  O-i to  0 -4 ) is g iv e n  a p p r o x im a te ly  b y  
¿obS o c i / [ I ~ ]  {cf. e x p ts .  2 7  a n d  3 2 , 16  a n d  1 8 ), w h ic h  in d ic a te s  t h a t  th e  
r e a c t a n t  is  th e  I 2 m o le c u le . H e n c e , o n  th is  b a s is , th e  v e lo c i ty  c o n s t a n t

fo r  th e  r e a c t io n  b e tw e e n  27H3P 0 3 a n d  I 2 is  k  =  /¿0bs ^  ^  ~"i w h e re
* 3

K 3 is  th e  c o n s t a n t  fo r  t r io d id e  f o r m a t io n .  T h e  v a lu e s  in  th e  la s t  c o lu m n  
a r e  th o s e  o f th is  k  ; t h e y  h a v e  b e e n  c a lc u la te d  o n  th e  b a s is  t h a t

K 3 —  1-4 0  X  1 0 - 3 a t  2 5 0,

a n d  t h a t  th e  h e a t  o f  th e  r e a c t io n  K I  -f- I 2 =  K I 3 is 4 1 8 0  c a l .4 C o m p a r iso n  
o f  th e  k ’s  o f  e x p e r im e n ts  w i th  v a r y in g  io d id e  b u t  a t  th e  s a m e  a c id i ty  a n d  
te m p e r a tu r e  sh o w s  s a t i s f a c to r y  a g r e e m e n t ,  so  t h a t  f o r  th e  p r e s e n t  w e  
m a y  a s s u m e  t h a t  io d in e  r e a c ts  o n ly  a s  I 2.

C o n s id e r in g  n e x t  th e  e ffe c t o f  p n  o n  th e  r e a c t io n  r a te ,  i t  is  s e e n  f ro m  
T a b le  I  t h a t  in  g e n e ra l  fo r  a  g iv e n  b u f fe r  in c re a s e  in  a lk a l in i ty  in c re a s e s  
th e  v a lu e  o f k .  I n  N a H C 0 3— N a 2C 0 3 b u ffe rs , h o w e v e r ,  th e r e  is  n o  
in c re a s e  w i th  in c re a s in g  [N a 2C 0 3] / [ N a H C 0 3], e x c e p t  t h a t  w h ic h  m ig h t  
b e  d u e  to  io n ic  s t r e n g th  e ffe c ts . S in c e  fo r  th e s e  b u ffe rs  th e  p H  is  9 - 1 0 , 
t h e  p h o s p h i te  e x is ts  e n t i r e ly  a s  H P 0 3~ ~ ,  a n d  th is  r e s u l t  is  in  a g r e e m e n t  
w i th  N y l 6n ’s c o n c lu s io n  t h a t  H P 0 3—  is th e  a c tu a l  r e a c ta n t .  T h is  is 
c o m p le te ly  b o r n e  o u t  b y  th e  r e s u l ts  w i th  o th e r  b u ffe rs . R e m e m b e r in g  
t h a t  K 2 f o r  p h o s p h o ro u s  a c id  is  o f  th e  s a m e  o rd e r  o f m a g n i tu d e  ( ¡ ^  i o -7 ) 
a s  th e  s e c o n d  io n is a t io n  c o n s ta n t s  o f p h o s p h o r ic  a n d  a r s e n ic  a c id s , i t  
fo llo w s t h a t  in  H P 0 4— — H 2P 0 4_ a n d  in  H A s 0 4 — H 2A s 0 4 b u ffe rs  
a p p r e c ia b le  f r a c t io n s  o f  th e  p h o s p h i te  e x is t  a s  H 2P 0 3~, f ro m  w h ic h  i t  
fo llo w s t h a t  th e  k  in  th e s e  b u f fe rs  sh o u ld  b e  sm a lle r  t h a n  in  H C 0 3_— C 0 3 
b u ffe rs , a n d  f u r t h e r  t h a t  k  s h o u ld  fa ll  w i th  a n  in c re a s in g  r a t io  [H A ]/[A ~ ], 
F in a l ly ,  in  a c e ta t e  b u ffe rs , in  w h ic h  n e a r ly  a ll th e  p h o s p h i te  is p r e s e n t  a s  
H , P 0 3~, th e  r a te  is  p r a c t ic a l ly  in v e r s e ly  p r o p o r t io n a l  to  [H A ] /[A - ], 
a g a in  in d ic a t in g  t h a t  i t  is  th e  H P 0 3 io n  w h ic h  is th e  a c tu a l  r e a c ta n t .  
E v e n  in  c h lo r a c e ta te  b u ffe rs  (e x p t.  2 2 ) w i th  [H +] a b o u t  1 0 0  t im e s  t h a t  
in  a c e ta t e  b u ffe rs  (e x p t .  1 9 ) th e re  is  s t i ll  n o  e v id e n c e  o f a n y  se n s ib le  
a m o u n t  o f r e a c t io n  o f H 2P 0 3_ w i th  io d in e .

T h e  v a lu e s  o f k  l is te d  fo r  th e  e x p e r im e n ts  in  N a H C 0 3— N a 2C 0 3 
b u f fe rs  a re  id e n t ic a l  w i th  /¿true, th e  v e lo c i ty  c o e ffic ie n t w h ic h  is d e f in e d  
b y  th e  e q u a t io n  :—

_  4 ^ 1  =  k ' [ i 7H 3p 0 3 ] . [h ]  =  k lIu e  [ h p o 3-  - ]  [y , . (2 )

* Latimer and Zimmermanu, J. Am. Client. Soc., 1939, 61, 1554.
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s in c e  in  th e s e  b u ffe rs  th e  p h o s p h i te  e x is ts  e n t i r e ly  a s  H P 0 3_ _ . F o r  a n y  
o th e r  b u ffe r  w i th in  th e  p H  r a n g e  o f 3  to  9  i t  is r e a d i ly  se e n  t h a t :—

¿true =  * { l  +  }  =  * { l  +  ~  - ^ P j } ,  ■ • (3)

w h e re  K  a n d  K 2 a r e  th e  io n is a t io n  c o n s ta n t s  o f FIA  a n d  H 2P 0 3~ r e s p e c 
t iv e ly ,  e x p re s s e d  in  te r m s  o f  c o n c e n tr a t io n s .  I t  h a s  n o t ,  h o w e v e r ,  b e e n  
c o n s id e re d  p r o f i ta b le  to  a t t e m p t  to  e v a lu a te  ¿ tru e  v a lu e s  fo r  th e  e x p e r i 
m e n ts  o f s e c tio n s  (ii), (iii) a n d  (iv) o f  T a b le  I, s in c e  to  d o  th is  w o u ld  
r e q u ir e  p re -k n o w le d g e  o f  t h e  v a r ia t i o n s  o f t h e  io n is a t io n  c o n s ta n t s  K  
a n d  K 2 w i th  io n ic  s t r e n g th .  I t  w a s  t h o u g h t  p r e fe ra b le  to  c a r r y  o u t  a  
fe w  se r ie s  o f m e a s u r e m e n ts  a t  c o n s t a n t  io n ic  s t r e n g th  (/x =  0 -4  o r  1 -1 5 ) 
f ro m  w h ic h  c o u ld  b e  in fe r r e d  (a) t h e  v a lu e  o f  /«true, a n d  (¿) t h e  v a lu e  o f 
K / K 2 a t  th e  io n ic  s t r e n g th  in  q u e s t io n .  T h e  r e s u l ts  o f  th e s e  m e a s u r e 
m e n ts  a r e  g iv e n  in  T a b le  I I .  T h e  v a lu e s  o f /q rue a n d  K / K 2 in  th e  l a s t

TABLE II.
T e m p e r a t u r e  =  2 0 °  C . ; [ K I ] 0 =  0 -2 .

Expt. No. [HA]m/[A -]ra. *obs- k. K/K..

(vi) KH,As0 4--Na.HAsO, buffers ; ¡i =  0 -40

43 0 -1 0 0 4 /0 -0 3 2 6 12-95 2 1 0 5 )
44 0 -0 8 0 5 /0 -0 3 9 4 *6-35 2 6 6 0  1 ,
41 0 0 5 0 8 / 0 0 4 9 2 2 2-25 3 6 2 5  r
45 0 -0 2 1 2 /0 -0 5 8 8 2 9 -3 0 4 7 6 5 1

(vii) KH2P 0 4—Na2H P 04 buffers ; /x =  0 -4 0 .

47 0 -1 0 0 4 /0 -0 3 2 6 14-60 237 5 1
4 6 0 -0 8 0 5 /0 -0 3 9 4 18-30 2 9 7 5 1
42 0 -0 5 0 8 /0 -0 4 9 2 2 4 -1 0 392 0 1 °'457
48 0 -0 0 1 4 /0 -0 6 5 3 34-75 5 6 5 0 1

(viii) KH2P 0 4-—NajHPOi buffers; ¡j. =  1-15.*

54 0 -4 0 1 /0 -1 0 0 8 -85 14 3 0 0-735
50 0 -3 0 1 /0 -1 0 0 n -45 1S 50 0 6 8 2
51 0 -1 5 1 /0 -1 0 0 i 8-45 2 9 8 0 0 -591
55 0 -1 0 1 /0 -0 9 9 2 2 -2 0 35 3 5 0 -5 6 6
49 0 -0 0 2 /0 -0 9 9 3 4 -6 ° 5 5 9 5 —

(ix) CH3COOH—-CH3COONa buffers ; ¡x — 1 -15 .*
53 0 -1 9 9 /0 -2 1 1 1 05 170 34-2
52 0 -0 9 7 /0 -2 1 1 2-15 3 4 7 33-i

* By addition of KN0 3.

tw o  c o lu m n s  w e re  o b ta in e d  a s  fo llo w s . F r o m  e q u a t io n  (3 ) i t  is  s e e n  t h a t  
a  p lo t  o f  l / k  a g a in s t  [H A ] /[A _ ] s h o u ld  b e  l in e a r  (p ro v id e d  t h a t  K \ K 2 is 
i n d e p e n d e n t  o f  [H A ] /[A - ] a t  c o n s t a n t  ¡x,), w i th  a n  i n te r c e p t  e q u a l  to  
I /¿ t ru e  a n d  a  s lo p e  e q u a l  to  K / K 2 . 1 /¿ tru e-

T h is  l in e a r i t y  a c tu a l ly  h o ld s  g o o d  fo r  th e  d a t a  o f  S e c tio n s  (v i) a n d  (v ii) 
r e fe r r in g  to  a r s e n a te  a n d  p h o s p h a te  b u f fe rs  r e s p e c t iv e ly  a t  /x =  0 -4 . 
T h e  i n te r c e p t  is  t h e  s a m e  in  b o th  c a se s , a n d  e q u a l  to  0 -0 0 0 1 7 5  g iv in g  
¿ tru e  =  57  ! 0 , w h ic h  is  in  s u b s ta n t i a l  a g r e e m e n t  w i th  th e  v a lu e  o b ta in e d  
a t  2 0 ° in  N a H C 0 3— N a 2C 0 3 b u f fe r s  (c f . e x p ts .  3 4  a n d  35  o f  T a b le  I ; th e
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s l ig h t ly  lo w e r  v a lu e  o f /¿true in  th e s e  c a se s  p r o b a b ly  c o r re s p o n d s  to  th e  
d e p re s s in g  e ffe c t o f  so d iu m  s a l t) .  O n  th e  o th e r  h a n d ,  th e  p lo t  o f l / k  
a g a in s t  [H 2P 0 4~ ] / [ H P 0 4~” “] fo r  th e  f iv e  e x p e r im e n ts  o f s e c tio n  (v iii) fo r  
w h ic h  /ii =  1 -15  is  n o t  l in e a r ,  th e  v a lu e  o f l / k  in c re a s in g  m o re  r a p id ly  
w i th  in c re a s in g  [H 2P 0 4_ / f H P 0 4~ ~] t h a n  e q u a t io n  (3 ) d e m a n d s .  N e v e r 
th e le s s ,  th e  l im i t in g  v a lu e  o f  l / k  a s  [H 2P 0 4~ / [ H P 0 4 ] —> 0  is  0 -0 0 0 1 7 7 ,
o r  ¿ tru e  =  5 6 5 0 , in  g o o d  a g r e e m e n t  w i th  th e  v a lu e  o f ¿ tru e  g iv e n  b y  
p h o s p h a te  a n d  a r s e n a te  b u f fe r s  a t  /x =  0 -4 . S in c e  th e  m a in  d iffe re n c e  
b e tw e e n  se r ie s  (v i) a n d  (v ii) o n  th e  o n e  h a n d ,  a n d  se r ie s  (v iii) o n  th e  
o th e r  lie s  in  th e  p o ta s s iu m  io n  c o n te n t ,  i t  se e m s c e r ta in ,  a s  a lr e a d y  
in fe r r e d  f ro m  T a b le  I ,  t h a t  th e  a d d i t io n  o f p o ta s s iu m  s a l ts  d o e s  n o t  
a l t e r  a p p r e c ia b ly  t h e  in t r in s ic  r a t e  o f r e a c t io n  b e tw e e n  H P 0 3~ ~  a n d  I2. 
T h e  n o n - l in e a r i ty  o f t h e  p lo t  o f s e r ie s  (v iii)  m u s t  th e re fo re  b e  r e fe r re d  to  a  
p ro g re s s iv e  in c re a s e  o f K / K 2 w i th  in c re a s in g  v a lu e  o f [H 2P 0 4~ ] / [ H P 0 4 ]
t h r o u g h o u t  th e  se rie s . T h e  v a lu e s  o f K / K 2 g iv e n  in  th e  la s t  c o lu m n  
h a v e  b e e n  d e d u c e d  f ro m  e q u a t io n  (3 ) on  th e  a s s u m p t io n  t h a t  in  e a c h  
c a se  ¿ tru e  e q u a ls  th e  l im i t in g  v a lu e  o f ¿ , v iz .  5 6 5 0 . T h e  r a t io  K / K 2 is 
p r a c t ic a l ly  a  l in e a r  f u n c t io n  o f  [H 2P 0 4~], v iz .

K / K 2' =  0 -5 0 5  +  o -58 [H 2P 0 4- ] .

S in c e  [ H P 0 4— ] is c o n s t a n t  in  th e  se rie s , i t  is  n o t  p o ss ib le  to  s a y  w h e th e r  
K / K 2 is  a  fu n c t io n  o f [p h o s p h a te ]  a lo n e  o r  a lso  o f  [H 2P 0 4~ ] / [ H P 0 4— ] 
a lso . I t  is  p e r h a p s  s ig n if ic a n t,  h o w e v e r , t h a t  in  se r ie s  (v ii) w h e re  th e  
t o t a l  r a n g e  o f c o n c e n tr a t io n  o f p h o s p h a te  is sm a lle r ,  n o  a p p re c ia b le  
v a r ia t i o n  o f K / K 2 is  o b s e rv e d . I t  is, o f  c o u rse , im p o s s ib le  to  s a y  w i th  
c e r t a i n t y  w h e th e r  th e  v a r ia t i o n  o f K \ K 2 in  se r ie s  (v iii) r e la te s  to  a  v a r i a 
t io n  o f K  o r  o f K 2 o r  o f  b o th  w i th  c h a n g in g  e n v ir o n m e n t ,  b u t  s in c e  th e  
c o n c e n t r a t io n  o f p h o s p h i te  is  e x c e e d in g ly  s m a ll  (a n d  /x re m a in s  c o n s ta n t )  
i t  is  p r o b a b le  t h a t  th e  b u lk  o f th e  v a r ia t i o n  o f K / K 2 is  d u e  to  v a r ia t io n  
o f K ,  t h e  s e c o n d  io n is a t io n  c o n s t a n t  o f p h o s p h o r ic  a c id , w i th  c h a n g e s  in  
th e  c o n c e n tr a t io n  o f t o t a l  p h o s p h a te  a n d  in  th e  r a t io  in  w h ic h  th is  is 
d i s t r ib u t e d  b e tw e e n  H 2P 0 4~ a n d  H P 0 4— . T h is  v a r ia t io n  o f  K  is in  
th e  s a m e  se n se  a n d  o f t h e  s a m e  o r d e r  o f m a g n i tu d e  a s  t h a t  fo u n d  b y

C o h n  5 f o r  th e  d e p e n d e n c e  o f K '  —  ^  — - u p o n  to ta l  p h o s p h a te[H2P(J4J
a n d  p h o s p h a te  r a t io .

T h e  v a lu e s  o f ¿  fo r  th e  tw o  e x p e r im e n ts  o f se r ie s  (ix ) w i th  a c e ta te  
b u f fe r s  a t  /x =  1- 1 5 , t a k e n  in  c o n ju n c t io n  w i th  ¿ tru e  =  5 ^ 5°) th e  l im it in g  
v a lu e  o b ta in e d  w i th  p h o s p h a te  b u ffe rs  a t  th is  s a m e  io n ic  s t r e n g th ,  
p e r m i t  th e  r a t io  o f K aceu c / K 2 a t  /x =  1-15  a n d  2 0 ° to  b e  c a lc u la te d .  T h e  
tw o  v a lu e s  3 4 -2  a n d  33 -1  f o r  / ¿ a c e t ic / - ^  a re  r e a s o n a b ly  c o n s is te n t .  U s in g  
n o w  /¿ace tic  =  2 -7  X i c r 5 fo r  th e  t e m p e r a tu r e  a n d  io n ic  s t r e n g th  in d i 
c a t e d , 6 i t  fo llo w s t h a t  K 2 f o r  p h o s p h o ro u s  a c id  a t  2 0 ° a n d  /x =  1-15 
e q u a ls  8  X IO- 7 . A  s im ila r  e s t im a tio n  o f  K 2 a t  3 0 ° a n d  /lx =  0 -4  c a n  
b e  m a d e  f ro m  e x p e r im e n ts  16  a n d  19  o f T a b le  I. C o m b in in g  th e  It’s  o f 
th e s e  e x p e r im e n ts  w i th  a  ¿ t ru e =  I 9 ,7 5 0 » o b ta in e d  f ro m  ¿ true =  5 7 10  a t  
2 0 ° a n d  a  t e m p e r a tu r e  c o e ff ic ie n t (cf. T a b le  IV ) o f  3*38, i t  fo llo w s t h a t  
/ ¿ a c e t i c / ^  =  52 a t  3 0 ° a n d  / x =  0 -4 . U s in g  /¿ace tic  =  3 -* X IO“ 5 u n d e r  
th e s e  s a m e  c o n d it io n s ,  K 2 f o r  p h o s p h o ro u s  a c id  is  5-9  X IO- 7 . T h e  
d if fe re n c e  b e tw e e n  th e s e  tw o  e s t im a te s  o f  K 2 a t  2 0 ° a n d  3 0 ° r e s p e c t iv e ly ,  
m u s t  b e  a lm o s t  e n t i r e ly  d u e  to  th e  d if fe re n t  io n ic  s t r e n g th s  c o n c e rn e d

5 Cohn, / .  Am. Chem. Soc., 1927, 49, 173.
0 Hamed and Murphy, J .  Am. Chem. Soc., 1931, 53, S.
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a n d  n o t  to  th e  d iffe re n c e  in  t e m p e r a tu r e .  T h e y  m a y  b e  c o m p a re d  w i th  

N y l i n ’s v a lu e  3 o f  I < \  —  p f ^ 3.— - =  6 -6  X i c r 7 a t  o °  C. a n d

¡ i — i ,  a n d  w i th  K o l th o f f ’s  v a lu e  7 o f K 2 (p  =  o) =  2  x  i o - 7  a t  1 8 ° C.
U s in g  K 2 —  5 ’9  X I0 ~7 a t  p. =  0 -4 , th e  d a t a  o f se r ie s  (v iii) c o m b in e d  

w i th  K 2 —  8  X i c r 7 a t  p  =  1-15  g iv e

J o 7 - i E t f o r  =  4 -0 4  +  4 -6 4 [H 2P 0 4- ] .

A l th o u g h  w e  h a v e  n o t  a t t e m p t e d  to  u se  th e  m e th o d  s y s te m a t ic a l ly ,  i t  is 
c le a r  t h a t  th i s  r e a c t io n  a f fo rd s  a  m e a n s  o f e v a lu a t in g  th e  ( c o n c e n tr a t io n )  
io n is a t io n  c o n s ta n t s  o f a c id s  in  th e  r a n g e  K c =  i c r 4 — i c r 8.

I n  T a b le  I  th e  e x p e r im e n t  f o r  w h ic h  [H+] h a s  th e  h ig h e s t  v a lu e  is 
e x p t .  2 2  ( c h lo r a c e ta te  b u ffe r ) ,  fo r  w h ic h  [H +] is  a b o u t  1-5  X  i c r 3, a n d  
i t  h a s  a l r e a d y  b e e n  p o in te d  o u t  t h a t  th e  o b s e rv e d  r a te  in  th is  e x p e r im e n t  
is  e n t i r e ly  a c c o u n te d  fo r  b y  th e  r e a c t io n  b e tw e e n  H P 0 3~ ~ a n d  I2, a n d  
t h a t  n o  t r a c e  o f a  r e a c t io n  b e tw e e n  H 2P 0 3~ a n d  I2 is h e re  d e te c ta b le .  
I n  o r d e r  to  e x p lo re  f u r t h e r  fo r  a  p o s s ib le  H 2P 0 3~ — I2 r e a c t io n  a  fe w  
e x p e r im e n ts  a t  s t i l l  lo w e r  p H  h a v e  b e e n  c a r r ie d  o u t .  T h e s e  w e re  e ffe c te d  
w i th  m ix tu r e s  o f H C 1 04 a n d  H 3P 0 3 a n d — to  o b ta in  c o n v e n ie n t ly  m e a s u r 
a b le  r a te s — w i th  lo w  c o n c e n tr a t io n s  o f N a l  a t  4 5 0 C. T h e  r e s u l ts  a r e  
s u m m a r is e d  in  T a b le  I I I .

TABLE III.
Temp. =  45° ; ¡j. =  0-56 ; [TIi3PO3]0 = 4—3 - i o - 3
[TIJd =  2-io-3 ; [HC104] =  7-5—3010-3; [Nal]„ =  5—xo-io-3.

E x p t .  N o . [ I - lm - * o b s  (co rr .) . k . A'truc-

5 6 0 -0 x 2 4 7 O O I O 3 0 6 9 0 3 - 9 5 9 8 ,4 0 0
5 7 0 -0 1 9 4 2 0 -0 0 9 8 8 0 -4 2 1 2 - 3 3 9 8 ,0 0 0
5 3 O O I 9 5 9 O O O 5 2 5 0 6 8 6 2 - 3 4 9 9 . 3 0 0
5 9 0 0 3 6 3 0 O O O 5 2 8 0 -3 0 S 1 ° 5 5 9 8 ,6 0 0

Mean . 9 S , 6 o o

T h e  v a lu e s  o f ¿ 0bS w e re  c o r re c te d  fo r  th e  c o n c o m ita n t  a c id - c a ta ly s e d  
r e a c t io n  b e tw e e n  H 3P 0 3 a n d  io d in e , th e  n e c e s s a ry  d a t a  fo r  th is  c o r re c t io n  
d e r iv in g  f ro m  P a r t  B  o f th is  p a p e r .  T h e  m a g n i tu d e  o f th is  c o r re c tio n  
v a r ie d  w i th  th e  e x p e r im e n ta l  c o n d it io n s ,  b u t  w a s  u s u a l ly  less  t h a n  
5 p e r  c e n t .  T h e  v a lu e s  o f ¿ tru e  in  t h e  l a s t  c o lu m n  h a v e  b e e n  c a lc u la te d  
o n  th e  a s s u m p t io n  t h a t  th e  so le  io n  r e a c t io n  t a k in g  p la c e  is  o n e  b e tw e e n  
H P 0 3—  a n d  1», t h a t  is, f ro m  th e  e q u a t io n  :—

u s in g  fo r  K x ( th e  f i r s t  io n is a t io n  c o n s t a n t  o f  H 3P 0 3) th e  v a lu e  0 -0 7  (see 
P a r t  B ) a n d  fo r  K 2 t h e  v a lu e  5-9  X i c r 7. O n  th is  b a s is  ¿ tru e  s h o u ld  b e  
c o n s ta n t ,  a s  is  fo u n d  to  b e  th e  case . W e  m u s t  th e re fo re  in fe r  t h a t  e v e n  
w h e n  [H+] =  0 -0 3 6 , t h a t  is w h e n  [H 2P 0 3~] =  1-5 X i o +3 [ H P 0 3~ _ ], th e  
r a t e  o f a  p o s s ib le  H 2P 0 3"  — I2 r e a c t io n  is  le s s  t h a n  o n e  o r  tw o  p e r  c e n t ,  
o f  t h a t  o f  t h e  H P 0 3—  — I 2 r e a c t io n ,  so  t h a t  th e  in t r in s ic  r a te  o f th e

7 Kolthoff, Rec. trav. Chim., 1927, 46, 350.
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H 0P O 3-  — I 2 r e a c t io n  (if i t  o c cu rs)  is less  t h a n  a b o u t  IO- 7  o f  t h a t  o f th e  
H P 0 3_ _  — I 2 r e a c t io n .  I t  m a y  b e  n o te d  t h a t  th e  c o r re s p o n d in g  in 
t r in s ic  r a te s  o f r e a c t io n  o f H P 0 3 a n d  H 2P 0 3_  w i th  B r 2 h a v e  b o th  b e e n  
d e te r m in e d , 8 t h e  l a t t e r  b e in g  a b o u t  2 -IO“ 7 t im e s  th e  fo rm e r .  D o u b t le s s  
a  r e a c t io n  b e tw e e n  H 2P 0 3_  a n d  I 2 d o e s  t a k e  p la c e , b u t  i ts  r a t e  is  to o  s lo w  
fo r  d e te c t io n .  I t  is n o t  p o ss ib le  to  t e s t  fo r  i t s  o c c u r re n c e  a t  s t i l l  h ig h e r  
v a lu e s  o f  [H +] t h a n  th o s e  o f T a b le  I I I  s in c e  th e  a c id - c a ta ly s e d  r e a c t io n  
o f H 3P 0 3 a n d  I 2 t h e n  b e c o m e s  th e  d o m in a n t  p ro c e ss .

T h e  v a lu e  9 8 ,6 0 0  fo r  k t Iu e  a t  4 5 0 o b ta in e d  fro m  th e  e x p e r im e n ts  o f 
T a b le  I I I  is  in  g o o d  a g r e e m e n t  w i th  t h a t  in fe r r e d  f ro m  T a b le  I. T h u s  
w e  c a lc u la te ,  u s in g  th e  d a t a  o f T a b le  I, t h a t  &true a t  4 5 0 a n d  /j. =  0 -4  
s h o u ld  b e  a b o u t  1 0 2 ,0 0 0 . T h e  l a t t e r  f ig u re  re fe rs  to  a n  e n v ir o n m e n t  
fo r  w h ic h  [J i+ j =  0 -2  a n d  [N a +] =  0 -2 , w h ile  th e  v a lu e  9 8 ,6 0 0  re fe rs  to  
a n  e n v ir o n m e n t  in  w h ic h  [N a+] =  0 -5 6 . T h e  p r a c t ic a l  c o n s ta n c y  of 
/¿true o v e r  a  r a n g e  o f io d id e  io n  c o n c e n tr a t io n  f ro m  0 -4  to  0 -0 0 5  im p lie s  
t h a t  e v e n  w h e n  [I3_ ] / [ I 2] =  4 0 0  a n y  r e a c t io n  b e tw e e n  H P 0 3 a n d  th e  
I3~  io n  is in s ig n if ic a n t  c o m p a re d  w i th  t h a t  b e tw e e n  H P 0 3 a n d  th e  fre e  
I 2 m o le c u le . N y l6 n  3 h a s  d e d u c e d  f ro m  h is  e x p e r im e n ts  t h a t  th e  r a t io  
o f  t h e  in t r in s ic  r a te s  o f r e a c t io n  o f H P 0 3—  w i th  I3~ a n d  w i th  I2 is  a b o u t  
I : 1 0 0 0 , b u t  a l th o u g h  i t  is d if f ic u lt  to  d is t in g u is h  s a l t  e ffec ts  f ro m  a  
p o s s ib le  s l ig h t  d e p e n d e n c e  o f /¿true u p o n  [ I - ], o u r  o w n  r e s u l ts  w o u ld  
c e r ta in ly  s u g g e s t  t h a t  th e  I3_  io n  is  e v e n  less  r e a c t iv e  t h a n  N y l6n  h a s  
s t a te d .  T h u s ,  in  e x p e r im e n ts  3 2  a n d  3 3  o f  T a b le  I (w h ic h  a r e  a s  n e a r ly  
a s  p o s s ib le  c o m p a r a b le  a s  r e g a r d s  io n ic  e n v ir o n m e n t)  th e  v a lu e s  o f 
[I3~ ] / [ I 2] a r e  a b o u t  4 0 0  a n d  2 0 0  r e s p e c t iv e ly .  A c c e p t in g  N y l i n ’s r a t io  
o f th e  in t r in s ic  r e a c t iv i t i e s  o f I3~ a n d  I 2, i t  fo llo w s  t h a t  k  f o r  e x p t .  32  
s h o u ld  b e  a b o u t  17 p e r  c e n t ,  grea ter  t h a n  t h a t  fo r  e x p t .  3 3 , w h e re a s  i t  is 
a c tu a l ly  3 p e r  c e n t .  less.

F r o m  T a b le  I  a n d  o th e r  e x p e r im e n ts  n o t  l is te d  th e  t e m p e r a tu r e  
c o e ff ic ie n t o r  a c t i v a t io n  e n e rg y  E k o f t h e  r e a c t io n  b e tw e e n  H P 0 3 a n d  
I 2 m a y  b e  d e r iv e d .  T h e  r e s u l ts  a r e  s u m m a r is e d  in  T a b le  IV . T h e

T A B L E  I V .

No. of Detns. Temp. Interval. Temp. Coeff. of k. E k  (cat).

4 0 -1 0 ° 4 3 ° 2 2 ,4 0 0
3 1 0 -2 0 ° 3-74 2 1 ,7 4 0
1 2 0 -3 0 ° 3 -3« 2 1 ,4 6 0

w e ig h te d  m e a n  v a lu e  o f E k is 2 2 ,0 5 0  c a t., b u t  th e re  is a  te n d e n c y  fo r  i t  to  
fa ll  w i th  in c re a s in g  t e m p e r a tu r e .  T h e  v a lu e  o f E k is v e r y  h ig h  w h e n  
th e  a b s o lu te  m a g n i tu d e  o f k  i ts e lf  is t a k e n  in to  c o n s id e ra t io n ,  a n d  th e  
r e a c t io n  b e tw e e n  H P 0 3~  ~  a n d  I2, w h e n  t r e a te d  o n  th e  b a s is  o f th e  s im p le  
c o llis io n  th e o r y  of a  b im o le c u la r  re a c tio n , b e lo n g s  to  th e  c a te g o r y  o f 
r e a c t io n s  w i th  a b n o r m a l ly  h ig h  v a lu e s  o f  P  in  th e  e q u a t io n

k  =  P  . Z  . e - E lR T ,

t h e  f a c to r  b e in g  a b o u t  3 X i t )7. A c tu a l ly  m a n y  r e a c tio n s  o f th e  h a lo g e n s  
in  a q u e o u s  s o lu t io n  e x h ib i t  th e  s a m e  a b n o r m a l i ty ,  a n d ,  a s  less  a t t e n t i o n  
se e m s  to  h a v e  b e e n  p a id  to  th e s e  v e r y  f a s t  b im o le c u la r  r e a c t io n s  t h a n  to

s Griffith and McKeown, Trans. Faraday Soc., 1933, 29, 611.
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the abnormally slow ones, we present in Table V the data for several 
such cases the kinetics of which we have investigated in recent years. 
In the first column of the table are listed the actual reactants, in the next 
two columns the value of the bimolecular coefficient k in the units

T A B L E  V .

Reactants. fy>b.v temp. °C. -̂ ob3- A- P..

HPO,——I. . 5-7  X i o 3 2 0 2 2 ,0 5 0 2-7  X IO 7 1-9 X 1 0 s
HPO3—-—Br2<8> . 9 -6  X 1 0 ’ 20 1 1 ,4 0 0 4-8  X IO 3 6 -6  X i o 2
H2P03-—Br2(8> . 25 20 1 5 ,1 0 0 o -7 O-I
H 2P 02— 12<»> 0-92 60 2 5 ,2 0 0 4-7  X i o 3 3-2 x i o 2
H jPOj-—Bra,10> . 47 IO 2 1 ,0 0 0 I - I  X 1 0 s 8  x i o 3
NCV—I2<u> . o -44 6 0 2 7 ,0 0 0 3 X i o 4 3 X IO 3
N 0 2-—Br2‘l2> 1-2 X IO 3 30 1 8 ,7 0 0 4-7  X x o 3 3-9  X IO 2
HC.Oi"—HOI(13) . 2 X IO 3 45 1 8 ,5 0 0 1-7 X i o 3 1 -6  X i o 2
HC.Oj -—HOBr<14) 2 X IO 1 21-5 1 5 ,4 0 0 8 x io2 1 X i o 2
HC„04~—H0C1U5> . 4  X IO 2 15 1 5 ,0 0 0 12 i-5

l i t r e /m o le - m in u te  a t  th e  t e m p e r a tu r e  in d ic a te d ,  in  th e  f o u r th  c o lu m n  
¿J o b s i th e  a p p a r e n t  c r i t ic a l  in c r e m e n t  d e r iv e d  f ro m  th e  A r r h e n iu s  e q u a t io n  
d  In  kjdT  —  E o b g /R T 2, a n d  in  t h e  l a s t  tw o  c o lu m n s  v a lu e s  o f P  a s  d e d u c e d  
f ro m  th e  tw o  a l t e r n a t iv e  c o llis io n  f o r m u te  :—

k =  P1 . Z .  e-EiWT 

a n d  k =  P2 . Z .  (Ja +  i )  . .

T h e  f i r s t  o f th e s e  fo rm u lae  a s su m e s  t h a t  o n ly  th e  e n e rg y  a s s o c ia te d  w i th  
tw o  s q u a r e d  te r m s  (e.g. t h e  r e la t iv e  k in e t ic  e n e rg y  a lo n g  th e  l in e  o f 
c e n t r e s )  c a n  b e  u t i l i s e d  a s  a c t i v a t in g  e n e rg y , w h e re a s  th e  s e c o n d  p re s u m e s  
t h a t  a ll  th e  r e la t iv e  k in e t ic  e n e rg y  of th e  r e a c ta n t s  c a n  b e  so  u t i l i s e d .  
In  th e  f i r s t  c a se  th e  t r u e  c r i t ic a l  in c r e m e n t  is  g iv e n  b y  E 1  =  f J0bs — 
in  th e  s e c o n d  c a se  b y  ¿J2 =  ¿J0bs +  \ R T -  In  c a r r y in g  o u t  t h e  c a lc u la t io n s  
R 2a b  th e  s q u a r e  o f th e  d is ta n c e  of c lo s e s t  a p p r o a c h  of c e n t r e s  in  a  c o llis io n  
h a s  b e e n  t a k e n  a s  i c r 15 c m .2 in  e v e ry  case .

( B )  T h e  R e a c t i o n  i n  A c i d  M e d i a  (p s  <  i ) .

U n d e r  th e s e  c o n d it io n s  t h e  r e a c t io n  is c a ta ly s e d  b y  H + , a s  fo u n d  b y  
M itc h e ll ,1 a n d  a lso  in  g e n e ra l  b y  a c id s .  W e  s h a l l  a p p ly  to  o u r  d a t a  th e  
m e c h a n is m  o f  M itc h e ll  m o d if ie d  in  a n  a n a lo g o u s  m a n n e r  to  t h a t  w e  h a v e  
c a r r ie d  o u t  fo r  th e  H 3P 0 2 — I2 r e a c t io n  (c f . p r e c e d in g  p a p e r ) .  U s in g  
th e  s a m e  n o ta t i o n  a s  th e re ,  b u t  n e g le c t in g  th e  a n d  &_3 r e a c t io n s ,  w e  
h a v e  :—

i [H +] i [T I 2] [H +]
*b i W * i  +  [H +]} -  k ' K t +  [H +] ■ T V [ A c i d ] -  * W

3 G r if f ith ,  M c K e o w n  a n d  T a y lo r ,  T r a n s . F a ra d a y  S o c ., p re ced in g  p a p e r .
10 G r if f it h  a n d  M c K e o w n ,  T r a n s . F a ra d a y  S o c ., 1934, 3°> 53°-
11 D u r r a n t ,  G r if f it h  a n d  M c K e o w n ,  T r a n s . F a ra d a y  S o c ., 1936, 32, 999.
12 C la r k s o n ,  G r if f it h  a n d  M c K e o w n ,  T r a n s . F a ra d a y  S o c ., 1938, 34, 1274.
13 G r if f it h  a n d  M c K e o w n ,  T r a n s . F a ra d a y  S o c ., 1932, 28, 752.
14 G r if f ith ,  M c K e o w n  a n d  W in n ,  T r a n s . F a ra d a y  S o c ., 1932, 28, 107.
15 G r if f it h  a n d  M c K e o w n ,  T r a n s . F a ra d a y  S o c ., 1932, 28, 518.
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H e re  k 0\)S is th e  b im o le c u la r  v e lo c i ty  c o n s t a n t  w i th  r e s p e c t  t o  2 H 3P O 3 a n d  
U l 2, c o r re c te d ,  w h e n  n e c e s s a ry ,  fo r  th e  o c c u rre n c e  o f th e  H P 0 3—  — I 2 
re a c t io n ,  a n d  K 1  is th e  f i r s t  io n is a t io n  c o n s t a n t  o f  PI3P 0 3. H e n c e , a s  in  th e  
p r e c e d in g  p a p e r ,  a  p lo t  fo r  a n y  e x p e r im e n t  o f 1 a g a in s t  [Î7I2] / [ H +] 
s h o u ld  y ie ld  a  s t r a ig h t  l in e  (p ro v id e d  t h a t  E k f  [A cid] re m a in s  r e a s o n a b ly  
c o n s ta n t )  w i th  a n  in te r c e p t  e q u a l  to  Xl k ' K t a n d  th e  r e c ip ro c a l  o f th e  s lo p e  
e q u a l  to  2 '£ 1a [A c id ] / [H +]. F ig . 1 re p ro d u c e s  so m e  o f th e s e  p lo ts  p e r 
t a in in g  to  e x p e r im e n ts  in  H 3P 0 3— HC1— I2 s y s te m s  ; i t  is  se e n  t h a t  in  
e a c h  c a se  a  s t r a ig h t  l in e  is  o b ta in e d  a n d  t h a t  th e  in te r c e p t  is c o m m o n  to  
a ll  t h e  p lo ts .

E x p e r im e n ts  h a v e  b e e n  c a r r ie d  o u t  m a in ly  a t  4 5 0 t o  d e te rm in e  th e  
c a t a ly t ic  c o e ffic ie n ts  {kxa) o f 0 H 3+, H 3P 0 3, H 3P 0 4, H S 0 4~, c h lo ro a c e tic  
a c id ,  g ly c o llic  a c id  a n d  a c e t ic  a c id .  A  fe w  e x p e r im e n ts  h a v e  a lso  b e en  
e f fe c te d  a t  3 5 0 t o  d e te r m in e  th e  te m p e r a tu r e  co effic ien ts  o f lzya a n d  
k ' K t . A s  f o u n d  fo r  th e  a c id - c a ta ly s e d  PI3P 0 2— 12 r e a c tio n , v a r ia t io n

Fig. 1.—Plots of 1 //¡t,i against [-£I2]/[H+] for the first, second, fourth and fifth 
experiments of Table VII.

of io d id e  c o n c e n tr a t io n  h a s  a lso  c o m p a r a t iv e ly  l i t t l e  e ffe c t o n  th e  r a t e  
o f  th e  a c id - c a ta ly s e d  r e a c t io n  b e tw e e n  H ^PC ^ a n d  io d in e  (see  p . 7 7 9 ) ; 
in  m o s t  o f  th e  e x p e r im e n ts  t h e  in i t ia l  c o n c e n tr a t io n  o f io d id e  (K I)  w a s  
0 -2 5  M .

(a) I o n i s a t i o n  c o n s t a n t s  o f  H 3P 0 3, H 3P 0 4 , H S 0 4~ , C H 2C 1 C 0 0 H ,  
C H 2O H  . C O O H  a n d  C H 3C O O H .— T o  in te r p r e t  th e  k in e t ic  m e a s u r e 
m e n ts  in  t e rm s  o f  e q u a t io n  (4 ) i t  is  n e c e s sa ry  to  e v a lu a te  [H +] th r o u g h o u t  
e a c h  r u n ,  a n d  h e n c e  o n e  r e q u ir e s  to  k n o w  th e  v a lu e s  o f  K c , t h e  “  c o n c e n tr a 
t io n  ”  io n is a t io n  c o n s ta n t s  o f th e  v a r io u s  a c id s  p r e s e n t  in  e a c h  r e a c t io n  
m ix tu r e .  U n f o r tu n a t e ly  th e r e  is  n o  m e th o d  a p p lic a b le  b y  w h ic h  th e s e  
m a y  b e  u n e q u iv o c a l ly  d e te r m in e d  fo r  th e  c o n d it io n s  a p p ly in g  in  o u r  
k in e t ic  e x p e r im e n ts ,  b u t  w e  h a v e  a t t e m p te d  to  o b ta in  a p p r o x im a te  
v a lu e s  o f K e f o r  H 3P 0 3 ( 1s t ) ,  H 3P 0 4 ( 1s t) ,  a n d  H S 0 4_ b y  a n  E .M .F . 
m e th o d  a n a lo g o u s  to  t h a t  u se d  b y  L u g g .ic  F o r  th is  p u rp o s e  w e  h a v e  
e m p lo y e d  w e a k  s o lu t io n s  o f  th e  a c id  in  KC1 s o lu t io n s  o f th e  s a m e  to ta l

18 Lugg, / .  Am. Chem. Soc., 1931, 53, 2554.
28
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io n ic  s t r e n g th  a s  th o s e  u s e d  in  t h e  k in e t ic  m e a s u r e m e n ts ,  s m a ll  c o r re c 
t io n s  b e in g  a p p lie d  w h e n  r e q u ir e d  fo r  l iq u id - l iq u id  j u n c t io n  p o te n t ia l s .

I t  is  re c o g n ise d  t h a t  th e  v a lu e s  o f K c 
t h u s  d e r iv e d  c a n  a t  b e s t  b e  o n ly  a p 
p r o x im a te ly  c o r re c t,  a s  t h e y  w ill v a r y  
w i th  th e  ty p e  o f s a l t  p r e s e n t  a t  a  
g iv e n  t o t a l  io n ic  s t r e n g th  a n d  a lso  
w i th  t h e  c o n c e n tr a t io n  o f u n d is s o c ia te d  
a c id . T a b le  V I  s u m m a r is e s  th e  v a lu e s  
o f K c o b ta in e d  in  th is  m a n n e r .  T h e  
v a lu e s  fo r H 3P 0 4 a t  18 ° a n d  4 5 0 a re  
b o t h  s l ig h t ly  la r g e r  t h a n  L u g g ’s e s t i 
m a te s  o f -0 1 5 5  a n d  -0 1 1 3 .

T h e  v a lu e s  o f K e f o r  th e  r e m a in 
in g  a c id s  u s e d  a s  c a t a ly s t s  w e re  o b 
t a in e d  f ro m  th e  l i t e r a tu r e  a s  i n d ic a te d  
in  T a b le  V I I I .

(b) C a t a l y t i c  c o e f f i c i e n t s  ( k f )  o f  
O H 3+ , H 3P 0 3 a n d  H 3P 0 4. S in c e  
th e  p h o s p h o r o u s  a c id  u s e d  c o n ta in e d  

b e tw e e n  7 a n d  15  p e r  c e n t ,  o f p h o s p h o r ic  a c id  c o n d it io n s  in  a ll  e x p e r i 
m e n ts  s t a r t i n g  w i th  HC1 a n d  H 3P 0 3 (o r  H 3P 0 4 a n d  H 3P 0 3) w e re  su c h  
t h a t  s im u lta n e o u s  c a ta ly s is  b y  O H 3+ , H 3P 0 3 a n d  H 3P 0 4 w a s  o p e r a 
t iv e .  B y  c a r r y in g  o u t  a  n u m b e r  o f e x p e r im e n ts  in  w h ic h  th e  r a t io s  
[H a P C y /jH + j  a n d  [H 3P 0 4] /[H + ]  w e re  v a r ie d  o v e r  a  c o n s id e ra b le  ra n g e , 
i t  w a s , h o w e v e r ,  p o ss ib le  to  d e te r m in e  w i th  f a i r  a c c u r a c y  th e  c a t a ly t ic  
c o e ff ic ie n ts  o f t h e  th r e e  a c id s . T a b le  V I I  g iv e s  t h e  r e s u l ts  o f  th e s e  
e x p e r im e n ts .

TABLE VI.

A cid. Tem p. P- * e -

h 3po3 18 0-58-0-60 0-098
h 3po3 45 0-58-0-60 0-068
h3po4 18 0-56 0-0173
h 3po4 45 0-56 0-0133
hso4- 18 o-57 0-077
HS0 4- 18 o - 6 i 0-075
hso4- 18 o - 6 6 0-088
hso4- 30 o-57 0053
hso4- 30 0-65 0-062
hso4- 45 0-56 0035
hso4- 45 o -6 o 0-039
hso4- 45 0-65 0-040

TABLE VII.

[.SIoJo =  0 015-0-04 ; [KI]„ =  0-25 ; /i =  o-5-o-6. 
A h 3p o 3(3 5 0) =  0-08 ; A h 3p o 4(35°) =  0-013 
A h 3p o 3(45°) =  0-07 ; /iH3P04(45°) =  o-on.

[ 2 ’h 3p o 3] „ .
[H 3P 0 5] m [ T H 3P O J „ . [H 3P 0 4]m

[H +] „ - In te r c e p t . i /s lo p e  (o b sd .) . 1/s lo p e  (ca lc .).
[H +] m I H +] m

t e m p .  =  4 5 0

0-122 0 -2 9 7 0 0 3 7 0 -1 0 6 0-339 4-95 0*0128 0 -0 1 2 5
0 -1 8 7 0 -5 2 2 0 0 5 1 0-171 0 -288 4-75 0 -0 I4 2 0 -0 1 4 4
o -255 0 /8 2 3 0 -0 6 3 0 -2 5 0 0 -2 4 0 4-74 0 -0 1 6 8 0 -0 1 6 9
0 -32 I 1 0 7 9 0 0 7 6 0 -3 1 8 0 -2 2 8 4 -92 0 -0 I 9 0 0 -0 1 9 0
0-390 1-375 0 -0 8 7 0 -3 8 8 0 -213 4-98 0 -0 2 1 9 0 -0 2 1 4
0 -6 7 0 2-356 0 -1 2 9 o -575 0 -2 1 4 5-15 0-0285 0 -0 2 8 9
0-329 1-454 0-311 l-S 6 o 0 -1 5 6 4-35 0  0 3 2 4 0 -0 3 2 5 .
0 -1 9 4 0 -9 4 0 0 -53° 3 -600 0 -1 3 6 5 0 0 0 -0 4 I 7 0 -0 4 1 8
0 -1 2 3 0 -6 2 3 0 -6 7 8 4 -8 7 0 0-1 2 8 5 0 5 0 -0 4 9 I 0 -0 4 9 0

te m p .  =  3 5 0

0 -295 0 -8 7 4 0-071 0 -2 6 2 0 -2 5 7 x4 - i 0 -0 0 5 3 5 0 -0 0 5 4 4
0 -6 9 7 2 -2 4 0 0 -1 5 6 0 -6 3 9 0 -231 15-6 0 -0 0 8 7 9 0 -0 0 9 0 2
0 -195 0 -8 7 6 0 -5 2 9 3-395 0 1 4 3 15-0 0 -0 1 3 1 1 0 -0 1 2 5 6
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T h e  p e n u l t im a te  c o lu m n  in  th is  ta b le  g iv e s  t h e  o b se rv e d  v a lu e s  o f  1 / s lo p e

o f th e  l in e a r  p lo ts  o f  ,------, J } ^ r  , , T± n  a g a in s t  [j ? 2] . S u b s t i t u t i n g  in
k0\ is {K i +  [H+j} [H+J

e q u a t io n  (4 «), v is .  -

1 ~  V  +  ¿ H .P O . . 2 W ] j _ {4a)
s lo p e  1 ' 1 ' [H+] 1 1 ' [H 4

th e  d a t a  g iv e n  a re  th e n  c o n s is te n t  w i th  :—

k °  —  0 -0 0 9 8 7  ; | | F ’POs =  0 -0 0 6 3 4  ; k jH»5?0 * =  0 -0 0 7 2 2  a t  4 5 0, 
a n d  w i th  v a lu e s  o f th e  s a m e  c o n s ta n ts  re d u c e d  3 -1 8  t im e s  a t  3 5 0. T h e  
v a lu e s  o f 1 / s lo p e  (ca lc .)  o b ta in e d  b y  s u b s t i t u t i n g  th e s e  p a r a m e te r s  in  
e q u a t io n  (4 a) a r e  g iv e n  in  th e  f in a l c o lu m n .

(c) C a t a l y t i c  c o e f f i c i e n t s  o f  H S O . f ,  g l y c o l l i c  a c i d ,  a c e t i c  a c i d  
a n d  c h l o r o a c e t i c  a c i d . — A  fe w  e x p e r im e n ts  h a v e  b e e n  c a r r ie d  o u t  
a lso  a t  4 5 0 to  d e te r m in e  th e  c a t a ly t ic  co effic ie n ts  of t h e  a b o v e  a c id s .  
T a b le  V I I I  s u m m a r is e s  th e  r e s u l ts .

TABLE VIII.
Temp. =  450 ; [KI]0 =  0-25 ; ¡i =  0-56-0-62.

R n s o r  =  -038 ; K ohsci. 000H =  o -o o i2 <171 ; KchîOh.cooh =  2 -8  . ; KomoooH =  3"IO_5<61-

Acid. [TH3POJra. [27HaPOJm. -£[Add]m. Intercept. I /slope. *i“- -

* h s o 4-  . 
t  h s o 4-  . 
î  H s o r  .
§ C H X l . COOH 
§ C H jO H  . COOH 
§ CHjCO O H

•0893
•1006
•1578
•1398
•1416
•1416

•0325
-0242
•0293
•0430
•0412
•0412

•276 
•220 
•176 

I - O I I  
•972 

I -000

•351
■297
•128
•163
•152
■152

4-97
4 -84
4 -60

5-oS  
5-°4

■01581
•01565
•02250
•02140
•0x97
■0180

Æj H S O i  —  -00560  
^ n s o i -  =  -00533  
Æ j H S O j -  — -0 0564  
AjOmoicooH =  -0 0096
^jCHaOHCOOH =  -O006o 
^CHaCOOH s  -00031

* Initial reaction mixture contained [ T H j S O J  =  -276 . 
t  .. .. .. .. ¡ \ £ H 2S O J  =  -220
Î  „  „  „  „  [ Ü K H S O J  =  -176
§ .. „ ,, also [H C1J =  -072 ; [KC1J =  0-161.

T h e  v a lu e s  o f k f  in  t h e  l a s t  c o lu m n  w e re  o b ta in e d  f ro m  e q u a t io n  
(4 b) a f t e r  s u b s t i t u t i n g  th e  v a lu e s  o f k ± ,  a n d  k 1K,VOi d e r iv e d
fro m  T a b le  V I I .  N o  g r e a t  a c c u r a c y  c a n  b e  c la im e d  fo r  th e  c a ta ly t ic  
c o e ff ic ie n ts  o f H S 0 4~, C H 2C 1 . C O O H , C H 20 H C 0 0 H  a n d  C H 3C O O H  in  
T a b le  V I I I ,  s in c e  in  n o  c a se  w a s  th e  l a s t  te r m  in  th e  e q u a t io n  :—

I /s lo p e  =  k t °  +
[H 3P 0 3]

[H +]

[H 3P 0 4]
[H +]

V -
[H A ]

[H +]
(4  b)

m o re  t h a n  3 0  p e r  c e n t ,  o f th e  o b s e rv e d  1 /s lo p e . In d e e d ,  c o n d it io n s  
u n d e r  w h ic h  th e  c a t a ly t ic  c o n tr ib u t io n  o f a  w e a k  a c id  s h o u ld  p re d o m in a te  
o v e r  th o s e  o f H +  a n d  H 3P 0 3 c a n n o t  b e  r e a l is e d  in  p r a c t ic e  s in c e , fo r  c o n 
v e n ie n t  s p e e d s  o f  r e a c t io n ,  i t  is  n e c e s s a ry  to  h a v e  a  r e a s o n a b ly  la rg e

17 Wright, /. Am. Chem. Soc., 1934, 5 6 , 314 ; Dawson and Key, J.C.S., 1929, 
1239.

18 Nims, J .  Am. Chem. Soc., 1936, 5 8 ,  987; Larsson and Adell, Z. physik. 
Chem. A, 1931, 1 5 7 , 342.
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c o n c e n tr a t io n  o f f re e  H 3P 0 3 in  th e  s y s te m  a s  rea c ta n t, a n d  th is  in  t u r n  
n e c e s s i ta te s  a  m o d e r a te ly  h ig h  c o n c e n tr a t io n  o f  h y d r o g e n  io n . T h e  
r e s u l ts  a re ,  h o w e v e r , s u f f ic ie n tly  a c c u r a te  to  d e m o n s tr a te  th e  e x is te n c e  
o f a  g e n e ra l  a c id  c a ta ly s is ,  a n d  th e  v a lu e s  o f  th e  k f s  o f T a b le s  V I I  a n d  
V I I I  m a y  b e  u se d  fo r  a  ro u g h  t e s t  o f  th e  B r ô n s te d  r e la t io n  b e tw e e n  
c a t a ly t ic  c o e ffic ie n t a n d  io n is a t io n  c o n s ta n t .  T h e  p e r t i n e n t  d a t a  a re

(k  a\
- K j  a g a in s t  lo g

. iCA°^  is ro u g h ly  l in e a r ,  e x c e p t  fo r  th e  c a se  o f H + io n  fo r  w h ic h  k - f

(k  a\
j  c a lc u la te d  f ro m  a  l in e a r

lo g  =  0 -4 1 5  lo g  . ATa ° )  -  i -7 4

a r e  sh o w n  in  th e  l a s t  c o lu m n  o f T a b le  IX .

T A B L E  I X .

Acid. A ?• V - *A ° - log ^  obs- log ^  ca!n-

O H  . 1 1 0 -0 0 9 8 7 55 — 2-00Ô — 1-02
H 3P O 3 2 2 0 -0 0 6 3 4 3-7  x  i o - a -  2'499 -  2-33
h 3p o 4 3 2 0 -0 0 7 2 2 5-9 X  10-3 — 2 -6 1 9 -  2-74
h s o 4- 1 4 0 -0 0 5 5 2 8 -83  X  IO - 3 — 2 -26 -  2 -34
C h lo ro a c e t ic 1 2 0-001 1-09  X  I O " 3 — 3 - ° ° -  2 -8 6
G ly c o l l i c 1 0 0 0 0 0 6 1-44  X 1 0 - 3 — 3-22 —  3-22
A c e t ic 1 2 0 -0 0 0 3 1 1-67 X  XO-3 -  3 5 0 —  3 -6°

T h e  in n e r  m e c h a n is m  o f  t h is  a c id - c a ta ly s e d  r e a c t io n  m u s t  e v id e n t ly  
b e  s im ila r  to  t h a t  o f  th e  a n a lo g o u s  r e a c t io n  w i th  h y p o p h o s p h o r o u s  a c id  ; 
th e  n o rm a l  fo rm  o f H 3P 0 3 w i th  th e  p h o s p h o r u s  a to m  in  th e  p e n ta v a l e n t  
s t a te  is  t r a n s f o rm e d  v ia  t h e  c o m p le x  H 3P 0 3 . H +  in to  th e  a c t iv e  fo rm  o f 
H 3P 0 3, w h o se  p h o s p h o ru s  a to m  is t e r v a le n t .

(d) T e m p e r a t u r e  c o e f f i c i e n t s  o f  k xa a n d  k ' K t .— I t  w a s  se e n  fro m  
T a b le  V I I  t h a t ,  w i th in  o u r  e x p e r im e n ta l  e r ro r ,  th e  k ^ ' s  h a v e  a ll  g o t  a  
t e m p e r a tu r e  c o e ffic ie n t b e tw e e n  3 5 0 a n d  4 5 ° o f  3 - 1 8 . T h is  c o r re s p o n d s  
to  =  2 2  ,5 0 0  c a lo r ie s  fo r  th e  c r i t ic a l  in c r e m e n t  o f  th e  a c id - c a ta ly s e d  
p ro c e s s  : H 3P 0 3 +  a c id  - >  H 3P 0 3 . H + -j- b a se . A s  r e g a r d s  th e  in te r c e p t

j t j t , i t s  a v e ra g e  v a lu e  a t  4 5 0 e q u a ls  4 -9 5  ; th e  th r e e  e s t im a te s  a t  3 5 0
t

a re  n o t  v e r y  c o n c o r d a n t ,  b u t  t h e i r  m e a n  v a lu e  is  1 4 -9 . T h e s e  d a t a  y ie ld  
a  t e m p e r a tu r e  c o e ffic ie n t o f k ' K t o f  3 -0  a n d  E y Kt —  2 1 ,4 0 0  c a l.

(e) D e p e n d e n c e  o f  k '  u p o n  [ I - ] . — U n d e r  th is  h e a d in g  s im ila r  
r e m a rk s  a p p ly  to  th e  a c id  c a ta ly s e d  H 3P 0 3— 12 r e a c t io n  a s  fo r  t h e  a c id -  
c a ta ly s e d  H 3P 0 2— 12 r e a c t io n  d is c u s se d  in  th e  p r e c e d in g  p a p e r .  T h e r e  
i t  w a s  s h o w n  t h a t

k ’K t =  K t{ k \ , . +  /e'T - . 77 - l l \ u )  (5)
I n t e r c e p t  v '  * t  12 ' À' 3 +  [ I  }m  13 ' / i 3 - f [ I - ] c
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w ith  /e' l2 ( th e  sp ec if ic  r a t e  o f i n te r a c t io n  of I2 w i th  th e  a c t iv e  fo rm  o f th e  
a c id )  g r e a te r  t h a n  /e'l3-  a n d  h e re  (fo r  H , P 0 3) th e  s a m e  e q u a t io n  a p p lie s . 
T h e  e x p e r im e n ta l  o b s e rv a t io n s  fro m  w h ic h  K t . k ' l t  a n d  K t . k ' lz-  m a y  
b e  e s t im a te d  a re  s u m m a r is e d  in  T a b le  X . A ll th e  e x p e r im e n ts  w e re  
c a r r ie d  o u t  a t  4 5 ° a n d  /x =  0 -5 5 , u s in g  N a l  a s  io d id e , H C 1 0 4 a s  c a ta ly s in g  
a c id  a n d  N a C 1 0 4 a s  n e u t r a l  s a l t .

TABLE X.
Temp. =  450 ; K z — 2-iS x  10-3.

[H+] 0-240 Q-I33 0-254 0-254 0-275 0-275
[I ]co 0-0090 0-0090 00181 0-0282 0-1451 0-3493Intercept (obs.) 3-13 3-06 3-72 4'°9 4-62 4-84
Intercept (calc.) 3-10 310 3-73 4-06 4-73 4*86

T h e  d a t a  a r e  c o n s is te n t  w i th  K t . k 'Ti =  0 -8 i 8  ; K t . k ' l3-  =  0 -2 0 2  
a n d  4 -0 5 , a s  s h o w n  b y  th e  v a lu e s  o f  in te r c e p t  (calc .) in  th e
la s t  ro w , o b ta in e d  b y  s u b s t i t u t i n g  th e s e  p a r a m e te r s  in  e q u a t io n  (5 ). 
I t  m a y  b e  n o te d  t h a t  th e  r a t i o  o f th e  r e a c t iv i t ie s  o f I2 a n d  I3~ fo u n d  
h e re  is  n o t  v e r y  d i f f e r e n t  f ro m  th e  c o r re s p o n d in g  r a t io  o b ta in e d  in  th e  
a c id - c a ta ly s e d  r e a c t io n  o f io d in e  w i th  h y p o p h o s p h o ro u s  a c id .

S u m m a r y .

The kinetics of the reaction between phosphorous acid and iodine 
in aqueous solution have been investigated over a range of p H  between 0-5 
and 9, and at temperatures between 0° and 45 °. In solutions whose p u  
lies between 2 and 9 the sole detectable process is a reaction between 
HP0 3— ions and free I 2 molecules. This bimolccular reaction is found 
to have a very high P  factor in the Arrhenius equation; attention is 
directed to other reactions of halogens in aqueous solution which also have 
high P  factors.

In acid solutions of p H  less than 1 the reaction taking place involves a 
prototropic change and is subject to general acid-base catalysis. Its 
mechanism is presumed to be :—

Ai[Acid] /¿_2[Base]
H3PO3 , H3P0 3 . H+ ^ HjPOj (active)

&_j[Base] A2[Acid]

in which H3PO3 (active) contains tervalent phosphorus. The catalytic 
coefficients of a number of moderately strong acids of the hx reaction have 
been determined ; except for that of OH3+, whose reactivity is too low, 
they satisfy the Brdnsted relation.

The velocity of the reaction between H2P0 3_ and I2 was found to be 
too small (in comparison with the two above-mentioned processes) to be 
detectable.

I2 +  H20
Resultants
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M O L E C U L E S .

B y  J .  C o r n e r .

R ec e iv ed  1 4 th  M a y ,  1 9 4 0 .

T h e  in te r m o le c u la r  p o te n t i a l

w h e re  </>0, r 0 a r e  c o n s ta n t s  a n d  r  is  th e  d is ta n c e  b e tw e e n  th e  c e n t r e s  
o f  th e  m o le c u le s , h a s  b e e n  s h o w n  to  g iv e  a  g o o d  a p p r o x im a t io n  to  th e  
s e c o n d  v i r ia l  c o e ff ic ie n t o f  so m e  s im p le  m o le c u le s . L e n n a r d - J o n e s  a n d  
D e v o n s h ir e  h a v e  in te r p r e t e d  m a n y  p r o p e r t i e s  o f  l iq u id s  a n d  so lid s  in  
t e r m s  o f </>0 a n d  r0, w h o se  d im e n s io n s  a r e  th o s e  o f  e n e rg y  a n d  le n g th  
r e s p e c t iv e ly .  T h e  p a r a c h o r  [P ] c a n  b e  t r e a te d  s im ila r ly ,  a n d  b y  d im e n 
s io n a l  a n a ly s is  i t  a p p e a r s  t h a t  [ P ] ^ 0-1/‘ r 0" 5/J s h o u ld  b e  a  c o n s ta n t .  T h is  
is, in  f a c t ,  th e  c a se  e x c e p t  t h a t  fo r  n e o n  a n d  h y d r o g e n  th e r e  a re  d e v ia 
t io n s ,  p r o b a b ly  d u e  to  q u a n tu m  e ffe c ts . N i t ro g e n  sh o w s  a  d e v ia t io n  in  
t h e  o p p o s i te  d i r e c t io n ,  o f m a g n i tu d e  s e v e ra l  t im e s  th e  a v e r a g e  d e v ia t io n .  
T h e  s a m e  a n o m a ly  c a n  b e  t r a c e d  in  o th e r  p r o p e r t ie s .  F o r  e x a m p le ,  th e  
v a lu e s  o f r 0 a n d  <f>0 g iv e n  in  F o w le r ’s S ta tis t ic a l  M e c h a n ic s  (2 n d  e d n .,  
p .  3 0 6 ) le a d  o n e  to  e x p e c t  to o  la rg e  a  c r i t ic a l  v o lu m e  a n d  to o  la r g e  a  
v o lu m e  o f th e  so lid  a t  th e  m e l t in g - p o in t  a n d  a t  0 ° K .

T h e  th e o r y  a s su m e s  s p h e r ic a l ly  s y m m e tr ic a l  m o le c u le s  a n d  th e  d e v ia 
t io n s  fo r  n i tr o g e n  m ig h t  b e  c a u s e d  b y  th e  f a i lu re  o f th is  a s s u m p t io n .  
H o w e v e r ,  i t  w o u ld  b e  d i s a p p o in t in g  if  t h e  t h e o r y  c o u ld  n o t  b e  a p p lie d  
e v e n  to  n i tr o g e n ,  w h o se  m o le c u le  is  m u c h  m o re  n e a r ly  s p h e r ic a l  t h a n  
m o s t  s u b s ta n c e s  o f c h e m ic a l  in te r e s t .

T h e s e  f o r c e - c o n s ta n ts  w e re  d e r iv e d  f ro m  se c o n d  v i r ia l  d a ta .  R e c e n t ly  
H ir s c h fe ld e r ,  E w e ll , a n d  R o e b u c k  1 h a v e  s h o w n  t h a t  lo w -p re s s u re  J o u le -  
T h o m s o n  c o e ff ic ie n ts  c a n  b e  u se d  fo r  th e  s a m e  p u rp o s e .  W e  h a v e  
th e re fo re  r e c a lc u la te d  (f>0 a n d  r 0 f ro m  th e  J o u le - T h o m s o n  d a t a  o f  R o e b u c k  
a n d  O s te r b e r g ,2 a n d  th e  s e c o n d  v i r ia l  d a t a  o f  H o lb o r n  a n d  O t t o .3 T h e  
t r e a tm e n t  o f  th e  v i r ia l  g iv e n  b y  B u c k in g h a m  in  F o w le r ’s S ta tis t ic a l  
M e c h a n ic s ,  C h a p te r  X , c a n  b e  u s e d  fo r  th e  J o u le - T h o m s o n  e ffe c t a lso , 
in s te a d  of th e  p ro c e ss  u se d  b y  H ir s c h fe ld e r ,  E w e ll , a n d  R o e b u c k . T h is  
p e r m i t s  b o th  s e ts  o f  d a t a  to  b e  u s e d  to g e th e r ,  w h ic h  is  a n  a d v a n ta g e  
w h e n  th e y  a re  b e lie v e d  to  b e  o f  e q u a l  w e ig h t.  T h e  d a t a  r e fe r  to  t e m 
p e r a tu r e s  a b o v e  1 9 8 ° K . H irs c h fe ld e r ,  E w e ll, a n d  R o e b u c k  h a v e  sh o w n  
t h a t  th e  q u a n tu m  c o r re c tio n  to  th e  J o u le - T h o m s o n  c o e ff ic ie n t o f a rg o n  
a t  1 7 3 0 K . is  a b o u t  J  % , so  t h e  c o r re c t io n  w a s  o m i t t e d  in  th e  p r e s e n t  
case .

T h e  r e s u l t  w a s
<f>o =  1 -3 0 7  X  I 0 - 1H

V 0* —  r03l V 2 =  4 -8 8  X i c r 23 J

1 Hirschfelder, Ewell, and Roebuck, J. Chem. Physics, 1 9 3 8 , 6, 2 0 5 .
2 Roebuck and Osterberg, Physic. Rev., 19 3 5 , 4 8 ,  4 5 0 .
3 Holbom and Otto, Z. Physik, 1 9 2 4 , 30, 32 0 .

7S 0



J . C O R N E R 7 8 i

T h e  v a lu e s  p r e v io u s ly  a c c e p te d  w e re

<¿0 =  1 - 3 2 4  X  i o - 1 4 l  

V 0* =  5 -1 4  x  i o - M J

T h e  c h a n g e  in  <j>0 a l t e r s  p re v io u s  th e o r e t ic a l  c a lc u la t io n s  o f te m p e ra tu r e s ,  
s u c h  a s  t h e  c r i t ic a l  t e m p e r a tu r e ,  b y  a b o u t  1 %  ; th e  5 %  c h a n g e  in  V0* 
b r in g s  th e  p r o p e r t i e s  o f n i t r o g e n  m o re  n e a r ly  in to  l in e  w i th  th o s e  o f  th e  
i n e r t  g a se s . T h is  is  s h o w n  in  t h e  ta b le ,  in  w h ic h  V 0 — N V 0*, w h e re  N  
is  A v o g a d ro ’s n u m b e r .

Nc Ar Kr Xe CHj N,

Critical volume/F0 3'33 3-13 3-29 3’°5 3-08 3 04
kTc/j,0 . 1-25 1-24 (i-33) (1-33) (i-33) 1-32
Lattice distance \ obs. 3’2o 3'8i 3-94 4-33 4-16 4-02
at 0°K., in a. J calc. 3-13 376 (3'94) (4 '33) (4-16) 4-°3

5 ’£>9 5-26 5-38 5-24

(Brackets indicate that these values were assumed in the calculation of <j>0 and r0.)

I a m  in d e b te d  to  P ro f e s s o r  L e n n a r d - J o n e s  fo r  h is  in te r e s t  in  th is  
c o r re c tio n .

S u m m a r y .

A  re c a lc u la t io n  o f  t h e  in te r a c t io n  o f n i tro g e n  m o lecu les, o n  c o n v e n 
t io n a l  lin e s , e lim in a te s  so m e  a n o m a lie s  in  th e  d e r iv e d  o b se rv a b le  p r o 
p e r t ie s  o f  th is  s u b s ta n c e .

T h e  U n iv e r s i ty  C h e m ica l L a b o ra to ry  
a n d  P e te rh o u se , C a m bridge .

T H E  E X P L A N A T I O N  O F  A  R U L E  F O R  
C R I T I C A L  T E M P E R A T U R E S .

B y  J .  C o r n e r .

R ec e iv ed  1 6 th  M a y ,  1 9 4 0 .

T h e  c r i t ic a l  t e m p e r a tu r e  o f a  g a s  p ro v id e s  a  sc a le  o f re d u c e d  t e m 
p e r a tu r e ,  a n d  so  e n a b le s  i t s  p r o p e r t ie s  to  b e  c o r re la te d  w i th  th o s e  of 
r e la te d  g a se s . T h is  h a s  c o n s id e ra b le  te c h n ic a l  im p o r ta n c e .  U n f o r tu n 
a te ly ,  t h e  d e te r m in a t io n  o f  c r i t ic a l  te m p e r a tu r e s  is  o f te n  v e r y  d iff ic u lt. 
T o  t a k e  a n  e x a m p le ,  th e  p r o p e r t i e s  o f  th e  n o rm a l  p a ra f f in s  a r e  o f  sp e c ia l 
i n te r e s t  to  th e  oil in d u s t r y ,  b u t  w i th  in c re a s in g  c h a in  le n g th  th e  c r it ic a l  
t e m p e r a tu r e s  e n te r  a  t e m p e r a tu r e  re g io n  w h e re  d e c o m p o s it io n  is  r a p id ,  
so  t h a t  t h e y  c a n n o t  b e  d e te r m in e d  e x p e r im e n ta l ly .  N e v e r th e le s s ,  w h e n  
so -c a l le d  “  c r i t ic a l  te m p e r a tu r e s  ”  h a v e  b e e n  o b ta in e d  b y  e x tr a p o la t io n  
o r  f ro m  so m e  m o re  e a s ily  o b s e rv e d  p r o p e r ty  t h e y  c a n  b e  u se d  to  p r e d ic t  
m a n y  o th e r  p r o p e r t i e s  o f lo n g -c h a in  p a ra f f in s . F o r  th is  re a so n , m a n y  
ru le s  fo r  p r e d ic t in g  c r i t ic a l  t e m p e r a tu r e s  h a v e  b e e n  s u g g e s te d  in  th e  
p a s t .  I n  th is  n o te  w e  sho-w t h a t  a  r e c e n t  t h e o r y  o f l iq u id s  (a) e x p la in s
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th e  fo rm  o f o n e  o f th e  m o re  su c c e ss fu l o f th e s e  e m p ir ic a l  ru le s , a n d  (b) 
sh o w s t h a t  T e/ T B c a n  b e  c o r re la te d  w i th  c e r t a in  o th e r  p r o p e r t ie s ,  a t  
a n y  r a te  fo r  th e  s im p le r  m o le c u le s .

W a t s o n ’s  R u l e .

L e t  T c b e  th e  c r i t ic a l  t e m p e r a tu r e ,  a n d  T B t h e  b o il in g -p o in t .  L e t  
T e b e  th e  t e m p e r a tu r e  a t  w h ic h  th e  m o le c u la r  c o n c e n tr a t io n  in  th e  v a p o u r  
is  th e  s a m e  a s  in  a  p e r fe c t  g a s  a t  N .T .P .  ; t h a t  is, I g .-m o le c u le  in  2 2 -4  
l i t r e s .  L e t  V B b e  th e  m o la r  v o lu m e  a t  th e  b o i l in g -p o in t .  W a ts o n  1 
s u g g e s te d  th e  e m p ir ic a l  e q u a t io n

T e /T o  =  0 -2 8 3  ¡ V 18 . . . . ( 1)

H e  te s te d  th is  o n  a  n u m b e r  o f n o n - p o la r  s u b s ta n c e s ,  o v e r  a  r a n g e  o f  V B 
f ro m  16  to  1 9 0  c .c ., a n d  fo u n d  t h a t  th e  d e v ia t io n s  b e tw e e n  c a lc u la te d  
a n d  p r e d ic te d  v a lu e s  o f T e/ T c w e re  a b o u t  2  % .  T e c a n  b e  d e r iv e d  f ro m  
T b  b y  u s in g  H i ld e b r a n d ’s ru le .  T h e  r e s u l t  is

lo g  r e =  4 -2 6  r e / r B — 1-82  . . . ■ (2 )

H e re ,  a n d  in  t h e  r e s t  o f  th i s  n o te ,  th e  lo g a r i th m s  a r e  to  b a s e  1 0 .
T h a t  th e r e  sh o u ld  b e  a  ru le  c o n n e c tin g  T e / T c a n d  V B c a n  b e  d e r iv e d  

f ro m  th e  t h e o r y  o f  l iq u id s  d u e  to  L e n n a r d - J o n e s  a n d  D e v o n s h i r e .2 T h is  
a s su m e s  t h a t  in  th e  l iq u id  t h e  m o le c u le s  c a n  b e  t r e a te d  a s  s p h e r ic a l ly  
s y m m e tr ic a l .  T h e  n u m e r ic a l  c a lc u la t io n s  h a v e  b e e n  c a r r ie d  o u t  fo r  th e  
c a se  w h e n  th e  p o t e n t i a l  e n e rg y  o f tw o  m o le c u le s , w h o s e  c e n t r e s  a r e  r

a p a r t ,  is  J  w h e re  <j>0 a n d  r0 d e p e n d  o n ly  o n  th e

t y p e  o f m o le c u le  c o n s id e re d . O n e  r e s u l t  h a s  b e e n  th e  fo llo w in g  f o r m u la  
f o r  th e  v a p o u r  p re s s u r e  p  ( in  a tm o s p h e re s )  a t  t e m p e r a tu r e  T  :

l o g p  =  lo g  (9V 0—3) — 2 -7 4 4 <f>JkT —  4 -6 7 8  . . (4 )

T h is  g iv e s  th e  b o i l in g -p o in ts  o f  t h e  r a r e  g a se s  to  w i th in  a  fe w  p e r  c e n t .*
I t  is  c o n v e n ie n t  to  in t r o d u c e  a  v o lu m e  V 0 —  N r ^ / V l t ,  w h e re  N  is  
A v o g a d ro ’s n u m b e r .  V 0 is  a p p r o x im a te ly  th e  v o lu m e  o f a  m o le  o f  th e  
l iq u id .  L e n n a r d - J o n e s  a n d  D e v o n s h ir e  4 h a v e  p ro v e d  t h a t  th e  c r i t ic a l  
t e m p e r a tu r e  is  r e la te d  to  <f>0 b y  <j>0 =  0-7S/c7 '0. T h e  v a p o u r  c a n  b e  t a k e n  
a s  a  p e r fe c t  g a s , so  t h a t  w h e n  T  =  T e, t h e  v a p o u r  p re s s u r e  is  7 e /2 7 3  
a tm o s p h e re s .  E l im in a t in g  <j>0l r 03, a n d  th e  v a p o u r  p re s s u re ,  f ro m  e q u a 
t io n  (4 ) w i th  T  =  T e , b y  u s in g  th e i r  e x p re s s io n s  in  t e r m s  o f T c, V 0, a n d  
T e, i t  fo llo w s t h a t

2 -0 5 8  T c / T e -  lo g  r . / r .  =  5 -4 0 3  -  lo g  V 0 . . (5 )

T h is  c a n  b e  r e p re s e n te d  a p p r o x im a te ly  b y  a  f o r m u la  o f  ty p e  ( 1) , w i th
s u i t a b le  c o n s ta n ts .  F o r  V 0 b e tw e e n  18  a n d  9 0  c .c ., t h e  r a t io  T e / T c, 
c a lc u la te d  f ro m  (5 ), a g re e s  w i th  th e  f o rm u la

T e / r c =  0 -3 2 0 4  Fo0-122 ■ • • • (6 )

w i th  d e v ia t io n s  o f a b o u t  0 -3  % .

1 Watson, Ind. Eng. Chem., 1931, 23, 360.
- Lennard-Jones and Devonshire, Proc. Roy. Soc. A, 1939, 169, 317.
* We are indebted to Professor Lennard-Jones and Dr. Devonshire for the 

private communication of this unpublished formula. The boiling-point of argon, 
derived from this formula, has been given in one of their papers.2 The formula 
differs considerably from the result of an earlier version of the theory.3

3 Lennard-Jones and Devonshire, Proc. Roy. Soc. A, 193S, 165, 1.
4 Ibid., 1937, 163, 53.
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L e t  F  b e  th e  m o la r  v o lu m e  a t  t e m p e r a tu r e  T .  In  th is  t h e o r y  th e  
b e h a v io u r  o f a  l iq u id  is c o m p le te ly  d e te r m in e d  b y  th e  v a lu e s  o f F 0 a n d  
<£0 fo r  th e  c o n s t i t u e n t  m o le c u le s . In  p a r t i c u la r ,  F / F „  is  th e  s a m e  
f u n c t io n  o f <j>JkT fo r  a ll  l iq u id s . T h e  v o lu m e  of a n y  o n e  l iq u id  v a r ie s  
o n ly  s lo w ly  w i th  th e  t e m p e r a tu r e ,  so  t h a t  F / F 0 is, in  f a c t ,  a  s lo w ly  
v a r y in g  fu n c t io n  o f (¡>/kT. C o n s id e r in g  v a r ia t io n s  f ro m  l iq u id  to  l iq u id  
a t  th e  b o i l in g -p o in ts ,  i t  fo llo w s t h a t  F D/ F 0 is n o t  m u c h  a f fe c te d  b y  th e  
v a r ia t i o n s  o f  <j>Ql k T B . T h is  l a t t e r  q u a n t i t y  c a n  b e  fo u n d  f ro m  (4 ), w h e n  
w e  p u t  p  —  I a tm o s p h e r e  a n d  T  =  T B . D iffe re n c e s  o f <£0r< f3 c au se  
s m a ll  v a r ia t i o n s  o f <j>0j k T B f ro m  l iq u id  to  l iq u id ,  a n d  h e n c e  o n ly  sm a ll  
v a r ia t i o n s  o f  F B/ V 0. T h u s  T e / T c w h ic h  is , a c c o rd in g  to  (6 ), d e te r 
m in e d  b y  F 0, w ill a p p e a r  to  b e  d e te r m in e d  b y  F B. T h is  e x p la in s  th e  
fo rm  o f W a t s o n ’s ru le .

F o r  t h e  r a r e  g a se s  F B is  a b o u t  1-2  F 0 ; b y  (6 ) th is  le a d s  to

T e l T c =  0 -3 1 3  F b ° '122 . . . .  . (7 )

T h is  d o e s  n o t  a g re e  w e ll  w i th  th e  e x p e r im e n ta l  d a t a  ; e v e n  fo r  th e  r a r e  
g a se s , to  w h ic h  th e  t h e o r y  s h o u ld  a p p ly  b e s t ,  th e  d e v ia t io n s  o f  T e / T c 
a r e  a b o u t  10  % .  T h is  t e s t  is m o re  s t r i n g e n t  th a n  th e  c a lc u la t io n  of 
b o i l in g -p o in ts .

T h e  R a t i o  T c j T B .

W e  m a y  m e n t io n  tw o  o th e r  c o n sé q u e n c e s  o f th e  v a p o u r  p r e s s u r e  
e q u a t io n  (4 ). A t  t  =  t b , p  =  I a tm o s .  ; <f>0 a n d  r 03 c a n  b e  e l im in a te d  
in  f a v o u r  o f To a n d  F c , fo r  L e n n a r d - J o n e s  a n d  D e v o n s h ir e  h a v e  s h o w n 4 
t h a t  <j>0 —  0 -7 5  k T c a n d  N r 03 =  0 -7 0 7  F c .

H e n c e
T c/ T b  =  1 -597  +  0 -4 8 6  lo g  ( r c /F c )  . . . (8 )

T h e  u n d e r ly in g  th e o r y  s h o u ld  a p p ly  to  th e  i n e r t  g a se s  ( e x c e p t  th e  
l ig h t  m e m b e rs  n e o n  a n d  h e liu m )  a n d  to  N 2, C O , a n d  C H 4. W h e th e r  th e  
a s s u m p t io n s  o f th e  th e o r y  a re  t r u e  fo r  o th e r  l iq u id s  is  to  b e  d e c id e d  b y
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t e s t in g  i t s  c o n se q u e n c e s . O n e  s u c h  t e s t  is a n  a t t e m p t  to  e x p re s s  e x p e r i 
m e n ta l  r e s u l ts  in  th e  fo rm

r c / r B =  A  +  B  lo g  ( T c /F c ) ,

w h e re  A  a n d  B  a r e  c o n s ta n t s .  C e r ta in ly ,  a s  a  ru le  fo r  a ll  l iq u id s ,  th is  
is  n o t  s ig n if ic a n tly  b e t t e r  t h a n  T C/ T B =  c o n s ta n t .  I t  is  w e ll k n o w n  
t h a t  th is  is  o n ly  a  c r u d e  a p p r o x im a t io n .  If, h o w e v e r , w e  r e s t r i c t  o u r  
a t t e n t i o n  to  t h e  s u b s ta n c e s ,  l is te d  a b o v e , to  w h ic h  th e  t h e o r y  s h o u ld  
a p p ly  b e s t ,  w e  f in d  t h a t  th e  b e s t  v a lu e s  o f  th e  c o n s ta n t s  a re

A  =  1 -5 6 7 ; B  =  0 -4 7 4 4  . • . - (9 )

F ig .  I sh o w s  t h a t  th is  la w  f i ts  t h e  o b s e r v a t io n s  v e r y  w e ll. T h e  a g r e e 
m e n t  in  t h e  f i r s t  t e r m  is  h e lp e d  b y  th e  f a c t  t h a t  in  d e r iv in g  (8 ) w e  h a v e  
u s e d  th e  th eo retica l  r e la t io n  b e tw e e n  r 03 a n d  V c . T h e  e x p e r im e n ta l  
r e la t io n  in c re a s e s  th is  t e r m  b y  0 0 8 . T h e  s e c o n d  c o e ff ic ie n t is  in d e p e n 
d e n t  o f  t h is  u n c e r t a in ty .

F o r  t h e  f a m i ly  o f n o r m a l  p a ra f f in s  th e  c o n s ta n t s  A ,  B  a re

A  =  1 -3 6 0 8  ; B  =  0 -8 9 8  . . . .  ( 10 )

B e s t  v a lu e s  o f  T o a n d  T B f o r  p a ra f f in s  u p  to  o c ta n e  h a v e  b e e n  s e le c te d  
b y  C o x .5 T h is  fo r m u la  r e p ro d u c e s  T C/ T B w i th  d e v ia t io n s  a b o u t  0 -3  % . 
T h is  is  c lo se r  a g r e e m e n t  t h a n  w e  h a v e  b e e n  a b le  to  o b ta in  f ro m  a n y  o th e r  
fo r m u la  fo r  T CI T B , c o n ta in in g  o n ly  tw o  a r b i t r a r y  p a r a m e te r s .

T h e  m o la r  h e a t  o f e v a p o r a t io n  A H  is  g iv e n  in  t h is  t h e o r y  b y

A H  =  N k T ^ { loge P )

=  6 -1 9  <j>0.

T h is  le a d s  to  e x p re s s io n s  fo r  t h e  v a r ia t i o n  o f T r o u to n ’s “  c o n s t a n t ."

=  A '  +  B '  lo g  ( T c / V c).

A s r e p r e s e n ta t io n s  o f th e  e x p e r im e n ta l  d a ta ,  th e s e  a r e  n o  b e t t e r  th a n  
th e  o r ig in a l  fo rm  o f  T r o u to n ’s r u le .  B in g h a m  6 h a s  p o in te d  o u t  t h a t  
A H j T B a p p e a r s  to  b e  a  l in e a r  f u n c t io n  o f T B  o r  A H .  B a r c la y  a n d  B u t l e r 7 
h a v e  u s e d  th e  l a t t e r  fo rm  to  sh o w  a  c e r ta in  s im i la r i ty  b e tw e e n  s o lu t io n s  
a n d  p u r e  l iq u id s .

I  a m  in d e b te d  to  P r o fe s s o r  J .  E .  L e n n a r d - J o n e s  fo r  h e lp fu l  s u g g e s t io n s , 
a n d  to  t h e  G o ld s m ith s  C o m p a n y  f o r  th e  a w a r d  o f  a  s tu d e n ts h ip .

S u m m a r y .

I t  is  sh e w n  t h a t  t h e  t h e o r y  o f  l iq u id s  d e v e lo p e d  b y  L e n n a r d - J o n e s  a n d  
D e v o n s h ir e  e x p la in s  t h e  fo rm  o f  W a t s o n ’s  r u le  fo r  c r i t ic a l  te m p e r a tu r e s ,  
a n d  a lso  g iv e s  t h e  c o r r e c t  fo rm  o f  t h e  v a r ia t i o n  o f t h e  r a t io  o f  t h e  c r i t ic a l  
t e m p e r a tu r e  to  t h e  b o i lin g -p o in t,  f o r  t h e  s im p le  "  p e r m a n e n t  g a se s  ”  a n d  
th e  n o r m a l  p a ra f f in s .

T h e  U n iv e r s i ty  C h e m ica l L a b o ra to ry  a n d  P e terh o u se ,
C a m b rid g e .

5 Cox, Ind. Eng. Chem., 1935, 27, 1423 ; 1936, 28, 613.
0 Bingham, J .  Am. Chem. Soc., 1906, 28, 723.
7 Barclay and Butler, Trans. Faraday Soc., 1938, 34, 1445.



M E A S U R E M E N T S  O F  T H E  P R E S S U R E S  D U E  T O  
M O N O L A Y E R S  A T  O I L - W A T E R  I N T E R F A C E S .*

B y  F r e d e r ic  A n d e r t o n  A s k e w  a n d  J a m e s  F r e d e r ic  D a n i e l l i .

R ec e iv ed  1 4 th  M a y , 1 9 4 0 .

T h e  s t u d y  o f s u r fa c e  f ilm s  h a s  a l r e a d y  p ro v e d  i t s  u se fu ln e s s  in  r e la 
t io n  to  b io lo g ic a l p ro b le m s  ; in  n u m e ro u s  p a p e r s  A d a m  a n d  h is  c o 
w o rk e rs ,  a n d  R id e a l  a n d  h is  c o -w o rk e rs , h a v e  d e s c r ib e d  m e a s u r e m e n ts  
o f  th e  s h a p e s  a n d  s iz e s  o f  la rg e  m o le c u le s . T h e s e  s tu d ie s  h a v e  h i th e r to ,  
h o w e v e r ,  b e e n  m a d e  a t  th e  in te r f a c e  b e tw e e n  a i r  a n d  a q u e o u s  s o lu t io n s  : 
th e  r e s u l ts  o f  m e a s u r e m e n ts  a t  l iq u id - l iq u id  in te r f a c e s  w o u ld  b e  m o re  
v a lu a b le  fo r  b io lo g is ts , s in c e  t h is  ty p e  o f in te r f a c e  is  o f  m u c h  m o re  
f r e q u e n t  o c c u r re n c e  in  b io lo g ic a l s y s te m s .  T h e  w o r k  d e s c r ib e d  in  th is  
p a p e r  is  a n  a t t e m p t  to  m e a s u r e  th e  p r o p e r t i e s  o f film s o f v a r io u s  ty p e s  
(so lid , l iq u id ,  g a se o u s )  fo rm e d  a t  th e  o i l-w a te r  in te r f a c e  u n d e r  c o n d it io n s  
a n a lo g o u s  to  th o s e  a t  th e  a i r - w a te r  in te r f a c e ,  so  t h a t  t h e  v a r ia t i o n  in  
a r e a  p e r  m o le c u le  a n d  in  su r fa c e  p re s s u r e  c a n  b e  m e a s u r e d  a s  th e  f ilm  is 
c o m p re s s e d .

D a n ie l l i  a n d  H a r v e y  1 fo u n d  t h a t  p r o te in s  w e re  a b le  to  re d u c e  th e  
“  i . t . ”  ( in te r f a c ia l  te n s io n )  b e tw e e n  o ils  a n d  a q u e o u s  p h a s e s  to  t h e  o rd e r  
o f  I d y n e  o r  less , a n d  t h a t  n a tu r a l l y  o c c u r r in g  o i l-w a te r  in te r f a c e s  m u s t  
th e r e f o r e  b e  c o v e re d  b y  a  m o n o la y e r  o f a d s o rb e d  p r o te in  m o le c u le s . A  
p r e l im in a r y  in v e s t ig a t io n  o f  th e  b e h a v io u r  o f a d s o rb e d  p r o te in  film s 
u s in g  th e  d u  N o u y  in te r f a c ia l  te n s im e te r ,  sh o w e d  t h a t  th e r e  a re  v e r y  
m a r k e d  t im e  e ffe c ts  ; th e  “  i . t . ”  m e a s u re d  b y  th e  te n s im e te r  sh o w e d  
s y s te m a t ic  v a r ia t i o n s  e x te n d in g  o v e r  a  p e r io d  o f  u p  to  2 4  h o u r s  o r  m o r e .2 
T h e  w o r k  o f  G o r te r ,  R id e a l  a n d  th e i r  c o lle a g u e s  o n  p r o te in  f ilm s h a s  
sh o w n  t h a t  a  g lo b u la r  p r o te in ,  a f t e r  a d s o r p t io n  a t  a n  a ir -w a te r  in te r fa c e ,  
u l t i m a t e ly  u n fo ld s  in to  a  la y e r  o n e  p o ly p e p t id e  c h a in  th ic k ,  a n d  t h a t  th is  
u n fo ld in g  p ro c e s s  m a y  ta k e  p la c e  v e r y  q u ic k ly ,  o r  m a y  r e q u ir e  a  p e r io d  
o f m a n y  h o u r s  a c c o rd in g  to  th e  c o n d it io n s  u se d . I t  s e e m e d  p ro b a b le  
t h a t  s im ila r  b e h a v io u r  w o u ld  b e  fo u n d  a t  th e  o il-w a te r  i n t e r f a c e : to  
in v e s t ig a te  th is  th e  L a n g m u ir  t r o u g h  a n d  th e  su r fa c e  p r e s s u re  a p p a r a tu s  
o f A d a m  a n d  J e s s o p  3 h a v e  b e e n  a d a p te d  fo r  u se  a t  th e  o i l-w a te r  in te r f a c e .  
M e a s u re m e n ts  h a v e  a lso  b e e n  m a d e  o n  a  fe w  f a t t y  s u b s ta n c e s  a n d  on  
t r im e th y l  c e llu lo se  in  a d d i t io n  to  p ro te in s .

M e t h o d s  a n d  A p p a r a t u s .

Since the measurements which it was desired to make were entirely 
analogous to those made with the Langmuir-Adam trough and surface 
pressure measuring apparatus at the air-water interface, such an apparatus 
was taken as a starting-point and the necessary modifications devised.

* A preliminary account of some of this work was given at the Royal Society 
Discussion on Surface Phenomena in 1936.

1 J. F. Danielli and E. N. Harvey, J .  Cell. Comp. Physiol., 1934, 5 . 483.
7 J. F. Danielli, Cold Spring Harbour Symposia, 1938, 6, 191.
3 N. K. Adam and G. Jessop, Proc. Roy. Soc. A, 1926, 110, 423.
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The essential differences are shown schematically in Fig. x. At the air- 
water interface, the film-covered surface is divided from the clean surface 
by a metal float, coated with paraffin wax to prevent it becoming wet. 
If wet, the float will no longer retain the film. A pressure exerted on the 
left of the float causes it to move to the right and allows the mirror (M), 
to which it is attached by a fine silver wire, to tilt forward. This tilt is 
corrected by twisting the upper torsion wire (T2), which pulls the float 
back again by means of a lever and the second silver wire. The pressure 
is read directly on a pointer and scale attached to the upper torsion wire, 
and the apparatus is calibrated by hanging weights on a beam (B) and 
observing the twist necessary to compensate for this. In the interfacial 
pressure modification of this apparatus, the arrangement is very similar, 
except that the float is situated in the interface, and is wet by the upper 
liquid layer, and not by the lower.

In, the experiments to be described in this paper, the upper liquid 
consisted of aqueous buffer solutions, and the lower of brombenzene. 
The reasons for choosing brombenzene were several : (i) it is almost
completely immiscible with water ; (2) it has a considerable attraction for 
the hydrocarbon groups of molecules, as contrasted with the high attrac
tion of water for the polar groups ; (3) it has a high density (1-5) and 
low volatility, which make for convenience in manipulation ; (4) it is

( ° )
F i g .  i . — Diagram of apparatus for measuring surface pressure, (a) at air-water 

interfaces, (6) at oil-water interfaces. B, rigid beam; M, mirror; T2, 
mirror suspension ; T2, main torsion wire.

easy to purify ; and (5) it has a high interfacial tension against water, 
about 40 dynes per cm., a very important point, since this sets an upper 
limit to the values of interfacial pressure which it can be hoped to measure.

Choice of Materials for the Trough and Apparatus. The choice 
of materials for the apparatus is a good deal narrower than that available 
for work in the air-water interface. The condition obtaining in the 
Langmuir-Adam trough under which efficient sweeping of the surface by 
“  barriers ” , and retention of the film under observation, are secured is : 
in the system air/water/trough material, the contact angle in water must 
be fairly high, about 90°. This enables the trough to be filled a little 
above the level of the sides, so that when the flat “  barriers ”  are resting 
on the sides, they form a seal against movement of the film along the 
water surface. This condition is conveniently satisfied for the air-water 
interface by coating the trough and barrier surfaces with a high-melting 
paraffin wax. The wax/water/air contact angle is about 105° in water, 
and the system works well for water and solutions having surface tensions 
approaching that of water, as the experiments of many workers have 
shown.

Similar conditions will evidently apply to the choice of barrier and 
trough surfaces to work in conjunction with a liquid-liquid interface. In 
our experiments, brombenzene instead of water forms the lower liquid
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and aqueous solutions, instead of air, the upper. In order to fulfil the 
above-mentioned condition the trough material must be such that the 
contact angle water/trough material/brombenzene is about 90° in brom- 
benzene. Clean glass approximately fulfils these conditions, and was the 
material used for the inner trough and barriers in the earlier experiments. 
It was found, however, that water under slight pressure tends to displace 
brombenzene from the glass surfaces and cause leakage. Brass barriers 
were tried and found to be more satisfactory, presumably owing to forces 
of attraction between metal and the halogen of brombenzene.

The thickness of the upper layer of liquid is of some importance, for if 
it is too thin the layer is unstable, and if the brombenzene surface is exposed 
by any disturbance, its area increases instead of the break healing ; i.e. 
the water flows away, leaving the brombenzene surface exposed. By 
keeping the thickness of the aqueous layer rather greater than 5 mm. this 
particular trouble can be avoided.

Form of the Apparatus. The general form of the apparatus consists 
of two rectangular troughs, one inside the other. The outer oiie consisted, 
in our experiments, of a brass or silica surface pressure trough of the usual 
type, but unwaxed. The inner trough was made of plate glass, also 
unwaxed, and was 1 cm. deep, fitting loosely inside the outer trough. 
Short brass barriers, 12 mm. wide and 2 mm. thick, bridged the inner 
trough and were manipulated with forceps. Clean glass barriers were 
used, however, to sweep the air-water surface free from drops of brom
benzene, which tended to accumulate there during experiments.

The pressure-measuring instrument was that used by Adam and his 
co-workers to measure surface pressures at the air-water interface, with 
the following modifications :—

In the standard machine a copper or platinum “ float ”  is used to 
divide the film-covered from the clean surface, and floats by virtue of the 
fact that it is coated with paraffin wax, and therefore is not easily wetted 
by water. In the interfacial-pressure apparatus this float was made 
of a strip of paper standing perpendicular to the interface, supported by 
a slip of mahogany veneer approximately 6 cm. long by 1 cm. by 0-05 cm. ; 
this wood was extracted well with water and benzene and kept soaked in 
water. When mounted in the apparatus, this wooden float was weighted 
with small brass clips, so that it sank through the aqueous phase, but 
rested in the interface between this and the brombenzene, by which it was 
not wetted. A brass clip in the centre was attached to the pressure 
balance and mirror support of the apparatus in the usual manner, by fine 
silver wires.

In place of the platinum ribbons which, in the surface pressure ap
paratus, prevent the film passing the ends of the float strips of filter paper 
were used. In some of the earlier experiments a tendency was found for 
the film to leak underneath the float when subjected to pressure, and it 
was found desirable to continue this paper strip right across the front of 
the float, and to arrange that it should be depressed into the brombenzene 
layer. The filter paper strip was held in clips made from brass fo il; these 
clips also served to weight the float so that it sank through the aqueous 
layer. A wooden “ tail ”  to the float projecting behind the float and at 
right angles to it served to keep the float level in the surface. The outer 
ends of the paper strips were held in clips attached to the framework of the 
pressure measuring apparatus by brackets which rested on the sides of the 
inner trough and formed leak-proof joints with it. Wire hooks suspended 
from the frame of the apparatus held the float clear of the outer trough 
when the apparatus was being assembled.

The best method of filling the trough was found to be to pour the 
aqueous phase in first, until it filled and completely wetted the inner 
trough, and then to add the brombenzene through a funnel (the stem 
dipped well below the water surface), till the brombenzene layer filled the
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inner trough, displacing the water. This technique has two advantages : 
(i) prewetting of the glass surfaces by water diminishes the tendency of 
brombenzene to wet them ; (2) if water is poured onto brombenzene, the 
latter tends to break up into drops, some of which lodge in the air-water 
interface and are difficult to remove.

To test for leakage of film past barriers, float, etc., talc was injected as 
an aqueous suspension below the water surface : it then sank to the inter
face, where it remained and served to indicate the movements of the 
invisible interfacial films. Leaks were much more frequent in these 
experiments than they are at the air-water interface, probably owing to 
the comparatively small difference in wetability of glass by water and 
brombenzene.

The film-forming substances were introduced into the interface in 
solution by means of a micrometer pipette. This was provided with a 
long straight needle, ground square at the end. The position of the tip 
of the needle with regard to the interface was fairly critical, especially 
with the protein solutions, so that the pipette was clamped vertically on 
a stand, and its height adjusted before expelling the solution. For solu
tions miscible with the aqueous phase, e.g. protein solutions, the tip of the 
pipette was placed just below the interface, so that the small droplets of 
solution rose and spread at the interface. For solutions easily miscible 
with the organic phase and not with water, e.g. those solutions in CHC13, 
the tip was placed above the interface, so that the small drops fell to the 
interface and spread. Organic solutions lighter than water or miscible 
with both phases were as far as possible avoided, owing to the difficulty of 
ensuring that the material was wholly introduced into the interface.

The procedure of an experiment was as follows. The trough being 
full and level, the interface was swept once or twice with brass barriers, 
on each side of the float. Since the barriers were necessarily dipped 
through, and therefore first wet with the aqueous phase, they were wholly 
immersed in the brombenzene before being lifted gently to the interface 
near the float and moved with forceps gently back to the other end of the 
trough. A fresh barrier was used for each sweep. The barriers accumu
lating at the end of the trough were removed as necessary, rinsed with 
water and used afresh.

After the preliminary sweeping of the interface, a few drops of talc 
suspension in water were placed in the interface and a barrier brought 
from the far end of the trough up to the float, to test for leaks. These, if 
found, were stopped by the adjustment of the liquid levels, or the position 
of the paper strip. The interface was then thoroughly sw'ept until as 
much as possible of the incidental impurities were removed from the 
surface. The increase of pressure registered w h e n  a barrier was brought 
rapidly from the far end of the trough to within 3 cms. of the float -was 
observed. When spreading proteins this was usually of the order of 1-3 
dynes/cm., and was not diminished much below 1 dyne by further sweeping. 
After a number of experiments had been performed on the trough, this 
value tended to increase. After many unsuccessful attempts to secure 
greater cleanliness, it was decided when using proteins to fix the amount 
of dirt at about 2-5 dynes at 3 cms. and apply a correction (discussed 
later). When the surface pressure due to dirt (protein not removed from 
the surface by sweeping) could not be easily brought below and kept below 
3 dynes for a length of time corresponding to the duration of an experi
ment (2-3 minutes) the apparatus was dismantled and cleaned. With 
substances other than proteins dirt was not allowed to exceed 1-5 dynes 
per centimetre at 3 cms.

Having obtained a clean interface, the zero position of the float was 
noted, film-forming substance introduced into the interface and allowed to 
spread and the pressures developed when the barrier was brought to various 
positions observed in the usual way.

The brombenzene was purified after each series of experiments by
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separating it from the aqueous phase, allowing it to stand in contact with 
solid Ba(OH)2 overnight, and redistilling in vacuo in an all-glass apparatus.

The glass and silica parts of the apparatus were cleaned by water and 
grease-free alcohol, the brass parts by rubbing with emery powder on 
cotton wool. Emery paper had to be avoided, since the glue used to fix 
the emery to the paper forms excellent films at the oil-water interface.

Ovalbumin was prepared by the method of Larosa.4 Several different 
preparations were used, all of which were recrystallised four or five times.

Clark and Lubs' buffers were used except over the pH range 1-3, where 
dilute HC1 solutions were used. NaCl was added to the HC1 solutions to 
bring the total cation normality to the same value as for the buffers 
(o-i n in cation).

R e s u l t s .

The spreading of ovalbumin was found to be very rapid and complete, 
when comparison was made with the air-water interface. The protein 
molecules were completely unfolded to large areas per molecule within a 
few seconds of ejection from the spreading pipette ; at the air-water inter
face as much as 24 hours may be needed for spreading to an area com
parable with that reached in a few seconds at the oil-water interface.

Fig. 2 shows several curves of surface pressure plotted against area per 
molecule (assuming a molecular weight of 35,000). Between 3 x io14 and 
5 x  io14 molecules were placed on the surface. The areas per molecule 
are much larger than those found at the air-water interface, and the films 
at low surface pressures appear to be gaseous or semi-gaseous in type. It 
was usually not possible to compress the films to above 15 dynes pressure 
without considerable collapse occurring, but between pH 4-8 and 5-8 the 
films were comparatively stable, and in two experiments pressures of 39 
dynes were withstood, collapse being quite slow. In addition to the 
tendency to collapse at high pressures, below 12-15 dynes pressure there 
is no linear portion of the curve, such as Gorter and his colleagues have 
found at the air-water interface. It was therefore not possible to obtain 
reliable measurements of the limiting area of the close-packed film at 
zero compression.

Relatively accurate measurements of the area per molecule could be 
made at a standard pressure of 3 dynes/cm. With such measurements it 
was found that, provided the same total number of protein molecules was 
put on the surface, the observed area was independent of the concentration 
of the protein solution from which they were spread ; solutions containing

4 A. Larosa, Chemical Analyst, 1927, 16, 216.
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0-0625 % or 0-000625 % protein gave the same area per molecule.* There 
was also no significant change in area with time over a period of 40 minutes 
from spreading the film. But when different total amounts of protein 
were spread, the area at 3 dynes was the greater the smaller the amount 
of protein put on. This is shown by Fig. 3, the crosses on which give 
values for ovalbumin at pH 5-2. It will be seen that very large areas were 
obtained if very small amounts of protein were spread. This was prob
ably caused by dirt on the surface (which was kept at a constant amount). 
And if large amounts of protein were used, so as to swamp the effect of 
the dirt, very small areas were found, due to incomplete spreading. To 
make a correction for incomplete spreading does not appear to be possible, 
but a correction can be applied for the dirt on the surface if it is kept 
constant irrespective of the amount of protein spread. Let n be the

— 1---------------------- 1-----------
20,000 I S. 000
Apparent area per molecule

10,000 
at 3 dynes surface

F i g .  3 .— A p p a r e n t  
a r e a  p e r  m o le 
c u le  a t  pH  5 -2  
o f  o v a lb u m in  a t  
3 d y n e s  s u r 
fa c e  p r e s s u r e ,  
p l o t t e d  a g a i n s t  
t h e  n u m b e r  o f  
m o l e c u l e s  (n ) 
p u t  i n t o  t h e  
in te r f a c e ,  n =  
n u m b e r  o f  u n i t s  
o f  i o 14 m o le 
c u le s ;  4 -, e x p e r i 
m e n ta l  p o i n t s  ; 
0  p o in t s  c a l c u 
l a t e d  f r o m  e q u a 
t i o n  (1).

number of units of io14 molecules which were brought into the interface. 
Then the observed area A at 3 dynes pressure is given by

A "
A = A '  +  — ................................................................... (!)n '

where A' is the true area per molecule, and A" is the area occupied by the 
dirt, which is approximately constant. When n is very large A' =  A, so 
that A tends to the asymptote A'. Thus if A is plotted against n, the 
resulting curve should have an asymptote which is the true area per 
molecule. The circles and curve of Fig. 3 represent such a curve fitted to 
the data for ovalbumin at pH 5-2. The curve is A =  4800 -f- 4400/«, i.e. 
the area per molecule at 3 dynes pressure at pH 5-2 is 4800 a 2. The curve 
fits the points reasonably well up to n — 5, and then deviates increasingly 
as n increases. The deviation from the curve for larger values of n may 
reasonably be ascribed to incomplete spreading. For values of n much 
greater than 10, incomplete spreading can be detected by the rapid fouling
of the surface after cleaning off the spread film. On Fig. 4 are shown
values of the areas at 3 dynes surface pressure at various pH : the areas 
we obtained from the experimental results by using equation (1). These

»Analogous results were obtained by Mitchell at the air-water interface, 
Trans. Faraday Soc., 1937, 33, 1129.
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areas are liable to an. error of ±  500 a 2  on the acid side of p H  5-2. On 
the alkaline side of p H  5-2 the error may be larger, as the results were more 
erratic. The variations in area per molecule observed with pH variation 
may quite well be due to incomplete spreading, for we have no proof that 
the whole of the material intended to spread did, in fact, do so. We are, 
however, confident that all the molecules which remained in the surface 
did in fact unroll—it seems quite improbable that most of the molecules 
would unroll in a few seconds or less, and others take much more than 
40 minutes to unroll. The areas given in Fig. 4 must, therefore, be re
garded as the minimum possible areas for completely unrolled protein. 
The variation of the apparent area with p H  may be complicated by 
incomplete spreading and must be regarded with suspicion.*

The ovalbumin films were usually liquid at 1 dyne surface pressure, 
and were markedly elastic at 3-5 dynes.

Type II and Type III pneumococcus antibody globulins (presented by 
Professor J. R. Marrack) spread excellently, and were markedly elastic at

Fig. 4.—Upper curve: oval
bumin monolayers at oil- 
water interface ; area per 
molecule at 3 dynes sur
face pressure plotted 
against p H .  Lower curve: 
limiting areas as given 
by Gorter and Phillipi 
(Proc. Akad. Weten-
schappen Amsterdam, 
1934. 37. 3) for the air- 
water interface.

pressures as low as 1-3 dynes. Sturin (presented by Dr. J .  Northrop) did 
not spread ; this is not due to lack of surface activity, for the surface 
tension of a brombenzene interface in contact with a solution containing 
0-025 % sturin is reduced to a value of about 20 dynes or less. Evidently 
sturin is too soluble, or unfolds too slowly, to form a stable monolayer.

An attempt was also made to spread ovalbumin films on brombenzene 
containing sufficient lecithin to reduce the i.t. to about 7 dynes ; this was 
a failure, as it was quite impossible to stop leakage past the barriers.

Non-Protein Substances. Curves for a number of other substances 
are shown on Fig. 5. All of these substances were kindly provided by 
Dr. N. K. Adam, with the exception of alginic acid, given by Dr. W. Rose.

* Langmuir (Cold Spring Harbour Symposium, 1938, 6 , *72) an<f Dervichian 
(Nature, December, 1939, 629) have suggested mechanisms whereby area-^n 
curves of the form obtained by Gorter. These explanations cannot apply to the 
different form of curve obtained at the oil-water interface. The latter, if not an 
artifact, may be due to swelling, analogous to that of blocks of gelatin.

29
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Trimethyl cellulose (curves A and B) formed fairly stable films, having a 
considerably greater area per hexose residue than is found at the air- 
water interface. The surface pressure curve at the air-water interface 
(curve C) is given for comparison.6 Curves D and E are for a-amino- 
palmitic acid at p H  1-7 and 3-6 respectively. The acid was dissolved in 
warm glacial acetic acid. At large areas per molecule the films are gaseous. 
In the region of p H  4 the film may be compressed to over 30 dynes pressure, 
and is solid above 6-8 dynes. The surface pressure curve of the solid film
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Fig. 5.—Surface pressure at oil-water interface plotted against area per molecule 
(or per hexose residue). A, trimethyl cellulose p H  1-7 ; B, trimethyl cellu
lose pH 3 0 ; C, trimethyl cellulose at air-water interface 6; D, a-amino- 
palmitic acid p H  1-7; E, a-aminopalmitic acid p H  3-5 ; F, «-eicosoic amide 
p H  1 -7 ; G, alginic acid p H  6-9.

tends to a limiting area of 50 a2. At more acid or more alkaline pii films 
of a-amino-palmitic acid usually collapsed before reaching areas less than 
80 A 2.

«-Eicosoic amide (Ci9H39CO . NIL) formed moderately stable films of 
the gaseous type (curve F). It was not possible to compress these films 
above 10 dynes/cm. The area per molecule is again much larger than that 
at the air-water interface.

Alginic acid formed a film which was possibly gaseous, occupying very 
large areas per hexose residue (curve G).

D i s c u s s i o n .

T h e  m e th o d  d e s c r ib e d  a b o v e  is  to o  t im e -c o n s u m in g  to  b e  o f  g e n e ra ł  
u se . T h e  g r e a t  d e fe c ts  o f  th e  m e th o d  a re  t h a t  fo u lin g  o f th e  in te r f a c e  
u s u a l ly  in c re a s e s  m u c h  m o re  r a p id ly  w i th  t im e  th a n  a t  th e  a i r - w a te r  
in te r f a c e  a n d  th e  b a r r i e r s  f r e q u e n t ly  d e v e lo p  le a k s . I t  is, h o w e v e r ,  a n  
e s s e n t ia l  c h e c k  o n  o th e r  m e th o d s  o f  in v e s t ig a t io n .  T h e  p r e s s u r e  m e a s u r e 
m e n ts  a r e  t r u e  su r fa c e  p r e s s u re  m e a s u r e m e n ts  a n d  m e a s u r e m e n ts  m ay
b e  m a d e  a t  d if f e r e n t  a r e a s  p e r  m o le c u le  o n  th e  s a m e  film . T h is  l a t t e r

6 N. K. Adam, Trans. Faraday Soc., 1933, 29, 93.
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p o in t  is  a n  e s s e n t ia l  o n e , fo r , a s  w e  h a v e  fo u n d  h e re , th e  f r a c t io n  o f  th e  
m a te r ia l  a p p l ie d  to  th e  in te r f a c e  w h ic h  h a s  a c tu a l ly  s p r e a d  d e p e n d s  
u p o n  th e  t o ta l  a m o u n t  p u t  o n  th e  s u rfa c e . A t  su r fa c e  p re s s u re s  o f  
5 -1 0  d y n e s  th e  a m o u n t  o f s p r e a d in g  m a y  b e  a  sm a ll  f r a c t io n  o f th e  to ta l  
a m o u n t  a p p lie d .  I t  is, th e re fo re ,  im p o s s ib le  to  o b ta in  re lia b le  c o m 
p re s s ib i l i ty  c u rv e s  b y  s p r e a d in g  d if f e r e n t  a m o u n ts  o f s u b s ta n c e  a n d  
m e a s u r in g  th e  s u r fa c e  te n s io n  w i th  e a c h  a m o u n t ,  s in c e  w i th  th e  la rg e r  
a m o u n ts  o f s u b s ta n c e ,  a  c o n s id e ra b le  p a r t  o f te n  w ill n o t  s p re a d . M e a su re 
m e n ts  m a d e  w i th o u t  c o m p re s s in g  th e  s a m e  film  to  d if fe re n t  a r e a s  c a n n o t  
b e  r e g a r d e d  a s  a c c u r a t e  u n le s s  c h e c k e d  b y  c o m p re ss io n  e x p e r im e n ts  ; 
a n d  e v e n  h e re ,  in  o u r  e x p e r im e n ts ,  t h e  d if f ic u l ty  o f r e m o v in g  d i r t  f ro m  
th e  in te r f a c e  re d u c e s  th e  a c c u r a c y  to  a b o u t  ±  10  %  o f th e  a r e a  p e r  
m o le c u le  a t  a  g iv e n  s u r f a c e  p re s s u re .

In  a  r e c e n t  in te r e s t in g  p a p e r  A le x a n d e r  a n d  T e o re ll  6 h a v e  c o m p a re d  
th e  in te r f a c ia l  s u r f a c e  b a la n c e  w i th  th e  d u  N o u y  in te r f a c ia l  te n s im e te r ,  
w i th  m o s t  e n c o u r a g in g  r e s u l ts .  I t  s e e m s  p r o b a b le  t h a t  th e  d u  N o u y  
in s t r u m e n t  w ill b e  q u i te  s a t i s f a c to r y  fo r  g e n e ra l  in v e s t ig a t io n s ,  p ro v id e d  
t h a t  i t  is c h e c k e d  o c c a s io n a lly  b y  th e  in te r f a c ia l  s u r fa c e  b a la n c e . 
A le x a n d e r  a n d  T e o re ll  fo u n d  so m e  d if f ic u lty  a t  su r fa c e  p re s s u re s  b e tw e e n  
15 a n d  2 0  d y n e s .  T h e y  u se d  a  m ic a  f lo a t  a n d  a t t r i b u t e  th e  d is a g re e m e n t 
th e y  fo u n d  o v e r  th is  re g io n  b e tw e e n  th e  te n s im e te r  a n d  th e  su r fa c e  
b a la n c e  to  t h e  c h a n g e  in  a n g le  o f c o n ta c t  w i th  th e  m ic a  f lo a t.  In  o u r  
e x p e r im e n ts  w e  d id  n o t  e n c o u n te r  th is  d if f ic u lty . O u r  f lo a t  w a s  m a d e  
o f a  p a p e r  s t r i p  h e ld  p e r p e n d ic u la r  to  th e  in te r f a c e  : t h e  lo w e r  h a lf  o f 
t h i s  s t r i p  w a s  w e t te d  b y  b ro m b e n z e n e  a n d  th e  u p p e r  h a lf  b y  w a te r .  
T h is  a r r a n g e m e n t ,  th o u g h  m o re  fra g ile  t h a n  t h a t  u se d  b y  A le x a n d e r  
a n d  T e o re ll ,  is m u c h  less  l ik e ly  to  g iv e  t r o u b le  w ith  c o n ta c t  a n g le s .

I t  w ill h a v e  b e e n  o b s e rv e d  t h a t  th e  f a t t y  s u b s ta n c e s  a t  su r fa c e  
p r e s s u r e s  o f  less  t h a n  1 0  d y n e s /c m . o c c u p y  m u c h  la r g e r  a r e a s  th a n  a t  
t h e  a i r - w a te r  in te r f a c e .  T h e  s a m e  c o n c lu s io n  w a s  r e a c h e d  b y  A le x a n d e r  
a n d  T e o re ll  fo r  le c i th in ,  ly s o le c i th in  a n d  s o d iu m  c e ty l  s u lp h a te .  T h e  
.sam e  is  t r u e  o f th e  p r o te in  film s, b o th  o f  o v a lb u m in  u se d  b y  u s , a n d  o f 
s e ru m  a lb u m in  a n d  g l ia d in . T h e r e  c a n  b e  n o  d o u b t  t h a t  th e  b r o m 
b e n z e n e  b r e a k s  d o w n  a d h e s io n s  b e tw e e n  n o n - p o la r  p a r t s  o f  th e  m o le c u le s , 
l i t e r a l ly  d is so lv in g  th e  C H 2 c h a in s  w h ic h , a t  th e  a i r - w a te r  in te r f a c e ,  te n d  
to  h o ld  a d ja c e n t  m o le c u le s  to g e th e r .  I t  w a s  a lso  o b se rv e d  t h a t  a t  a  
g iv e n  p re s s u re  o v a lb u m in  film s a r e  le s s  e la s t ic  t h a n  a t  th e  a ir - w a te r  
in te r f a c e .

I t  w a s  n o te w o r th y  t h a t  o v a lb u m in  u n fo ld s  m u c h  m o re  r a p id ly  a t  th e  
o i l- w a te r  t h a n  a t  th e  a i r - w a te r  in te r f a c e .  I t  h a s  b e e n  p o in te d  o u t 2 
t h a t  t h e  h y d r o c a r b o n  re s id u e s  o f t h e  p o ly p e p t id e  c h a in s  w ill t e n d  to  b e  

.g ro u p e d  to g e th e r  in  g lo b u la r  p ro te in s ,  s ta b il is in g  th e  g lo b u la r  s t r u c tu r e .  
A t  th e  a i r - w a te r  in te r f a c e  th is  s ta b il i s in g  a c t io n  w ill n o t  b e  c o m p le te ly  
b ro k e n  d o w n , b u t  a t  a n  o i l-w a te r  in te r f a c e  a ll  h y d r o c a r b o n  a d h e s io n s  
w ill b e  “  d is so lv e d  ”  a n d  i t  is  p o ss ib le  t h a t  th e  m o re  r a p id  s p re a d in g  a t  
a n  o i l-w a te r  in te r f a c e  is  to  b e  a t t r i b u t e d  to  o il “  d is so lv in g  ”  th e s e  
s ta b il i s in g  h y d r o c a r b o n - h y d r o c a r b o n  a d h e s io n s .

W e  a re  g r e a t ly  in d e b te d  to  D r . N . K . A d a m  fo r  a d v ic e  a n d  th e  lo a n  
o f  a p p a r a tu s ,  a n d  o n e  o f u s  (F . A . A .) to  th e  M e d ica l R e s e a rc h  C o u n c il 
fo r  a  m a in te n a n c e  g r a n t ; th e  o th e r  ( J .  F .  D .)  to  th e  D e p a r tm e n t  o f 

-S c ien tif ic  a n d  I n d u s t r i a l  R e s e a rc h  fo r  a  S e n io r  R e s e a rc h  a w a rd .

6 A. E .  Alexander and T. Teorell, Trans. Faraday Soc., 1939, 35, 727.
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S u m m a r y .

The surface balance has been adapted for use at the interface between 
aqueous solutions and brombenzene. Surface pressure measurements have 
been made on ovalbumin, alginic acid, trimethyl cellulose, oc-amino- 
palmitic acid and «-eicosoic amide.

Substances occupy larger areas per molecule than would be expected 
at the air-water interface ; this is attributable to the brombenzene breaking 
down the adhesions between the non-polar portions of adjacent molecules. 
Ovalbumin spreads more rapidly, more completely, and to larger areas than 
at the air-water interface.

The effect of p u  on ovalbumin films has been studied between p H  
i and 7.

F r o m  the D e p a r tm e n ts  o f  C h e m is try , a n d  
o f  P h y s io lo g y  a n d  B io c h e m is try ,

U n iv e r s i ty  College, L o n d o n .

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

A N e w  D ic t io n a r y  o f  Ch e m is t r y . Edited b y  S t e p h e n  M ia l l . (Long
mans Green & Co. L td .; London. Pp. xv +  575. Price 42s. net.)

Dr. Miall has gathered together twenty-six experts in different branches 
of chemistry and with their co-operation has produced a most useful volume. 
There are few, if any, of us who could describe off-hand more than a com
paratively limited field of chemistry ; it is for that reason that those of 
us who can afford to do so keep Thorpe and one or two other books, such 
as Lange’s Handbook, on our shelves. Even if we have all these, but all 
the more if we have them not, we welcome a really concise and adequate 
dictionary in one volume.

There is an astonishing amount of information contained within these 
575 pages. There is a brief description of many substances by reference 
to their trade names, or, as we suspect in some cases, their registered 
Trade Marks. No longer need we wonder whether airoform is a misprint 
for something to do with aeronautics which has got lost in a chemical 
context. Strangely enough, however, viscose and “ Cellophane ”  seem 
to have escaped Dr. Miall’s encyclopaedic memory ; we mention this not 
by way of criticism but as an indication of what a perusal of this volume 
leads one to expect. We spent a very pleasant hour turning from one to 
another of the brief bibliographical notes which this unusual volume con
tains and in this respect, as wrell as in all others, we were impressed with 
the accuracy and completeness of the information given. The con
cluding 30 pages are devoted to a list of the more important physical con
stants of some organic compounds and, in the Introduction, 4 pages of 
references are given to volumes which will supplement the information 
given in the Dictionary.

The Dictionary meets a real need ; before it had been a day on the 
reviewer’s desk a would-be borrower became a buyer ! It is excellently 
printed and strongly bound.
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INSTRUCTIONS TO AUTHORS

Authors submitting papers for publication are requested to note the 
following particulars :—

i. All communications made to the Society are the property of 
the Society. When papers have been accepted for publication, authors 
are not at liberty, save by permission of the Council, to publish them 
elsewhere. Such permission will not be unreasonably withheld. 
Communications which have appeared in any other Journal may not 
usually be published in the Transactions.

ii. (a) Papers should be as brief as is compatible with clarity, 
and no experimental details should be included which are not necessary 
for the understanding of the paper or for verifying any conclusions that 
may be drawn. Paragraphs should not be unnecessarily sub-divided.

(6) Tables should be reduced to a minimum and, where possible, 
results should be shown by means of curves rather than tables. Only in 
exceptional cases may tables be published as well as graphical representa
tions of their contents.

(c) Each paper should include a brief summary indicating in general 
terms its purpose and conclusions.

iii. (a) Papers must be typewritten, with double spacing, on one 
side only of the paper, with a good margin on the left side.

(h) References should be typed in numerical order (and in the 
following sequence : journal ; date ; volume number ; page) at the end 
of the paper; the necessary reference numbers only should appear 
in the text.

(r) Symbols, formulas and equations should be written or typewritten 
with great care. The symbols recommended in the Report of the Joint 
committee of the Chemical Society, the Faraday Society and the Physical 
Society should be employed.

iv. (a) Line drawings may in the first instance be submitted in sketch 
form. For publication, however, they must be made with Indian ink on 
Bristol-board or preferably tracing cloth. Freehand must not be employed 
and all lines must be firmly and evenly drawn. Drawings should, generally, 
be capable of reduction to about one-half scale, depending on their nature 
and complexity; all drawings relating to one paper should be so 
made that they will all be reduced to the same extent. In the case of 
curves the ordinates and abscissae must be drawn in ink and reliance 
must not be placed on the printed lines of scale paper.

(bj Where possible, lettering should be outside the diagram. Letter
ing should be put in lightly with lead pencil.

(v) Rapidity of publication is facilitated if papers are submitted in 
duplicate with duplicate photographs or tracings of diagrams, so that each 
paper with its drawings and photographs will go into a foolscap envelope.

(vi) Authors must retain copies of their communications.
Correction of Proofs.—The address to which proofs are to be sent

should be written on every paper. Authors resident overseas may name 
agents in Britain to whom may be referred matters concerning their papers, 
including the correction of proofs, in order that delay in publication may 
be avoided.

Two galley proofs are provided, one of which duly corrected should be 
returned'to the Editor. Authors are required to submit their communica
tions in such form that corrections other than of printer’s errors will be un
necessary. Authors making other corrections will be required to bear 
th e  cost thereof.

Reprints— Twenty-five reprints (without covers) are presented to 
each author who Is a member of the Society. Other reprints may be 
obtained by authors or co-authors at cost price.


