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In  r e c e n t  y e a rs  i t  has been re c o g n ise d  th a t  m e ta l io n s  

must p lay  a n  im p o rtan t p a r t  i n  some b io lo g ic a l  r e a c t io n s 0 

A la rg e  number of enzymes a re  known to  have m etal io n s  

a s s o c ia te d  w ith  them, and the  p re se n c e  of th e se  io n s  i s  

n ecessa ry  f o r  the enzymes to  e x h ib i t  c a t a l y t i c  a c tiv ity * .

Among th e  most common o f  th e s e  m eta l io n  c o fa o to rs  a re  

m anganese, magnesium, ca lc iu m , cop p er, i r o n ,  n ic k e l ,  c o b a lt  

and zinc* T h is  i n t e r e s t i n g  o b se rv a tio n  has a ro u sed  much 

s p e c u la tio n  a s  to  th e  mechanism of m e ta l io n  a c t iv a t io n  o f 

enzymes^o In  an a ttem p t to  f in d  an answer to  t h i s  problem  

a  study  haB been made, by s e v e ra l w orkers, o f  m e ta l io n  

c a t a l y s i s  of sim ple r e a c t io n s ,  which a r e ,  n e v e r th e le s s ,  

e s s e n t i a l ly  s im ila r  to th e  enzyme c a ta ly s e d  r e a c t io n s  o c c u rr in g  

in  nature*

M etal io n s  may e x h ib it  c a t a l y t i c  a c t i v i t y  i n  two d i s t i n c t  

ty p e s  of r e a c t io n  in  homogeneous system s; (a )  r e a c t io n s  i n  

which o x id a tio n  and r e d u c t io n  occur, where th e  m e ta l io n  a c ts  

a s  an ao o ep to r o r  donor o f  e le c t ro n s ,  th e  mechanism in v o lv in g  

a  change i n  th e  v a len cy  o f th e  m e ta l io n ; (b ) r e a c t io n s  i n  

which c a t a l y s i s  i s  due to  th e  i n i t i a l l y  f a s t  fo rm a tio n  o f  a  

complex between m e ta l io n  and s u b s t r a te  fo llo w ed  by some r e a c t io n  

o f  t h i s  oomplex, which does n o t in v o lv e  a  change in  th e  valency  

s t a t e  o f  th e  m etal ion#

S p e c i f ic /



S p e c if ic  examples of (a )  a r e  th e  c a t a l y s i s  o f th e  

decom position  of hydrogen p e ro x id e  by m e ta l c h e la t e s ,  s tu d ie d
p

by Langenbeck % and th e  a c c e le r a t io n  o f  th e  dry ing  o f  l in s e e d  

o i l  by m e ta l c h e la te s ,  r e p o r te d  by Myers^® Langenbeck showed 

th a t  the p resen ce  o f  s u i t a b le  c h e la t in g  a g e n ts  such a s  

o -p h e n a n th ro lin e , h i s t i d in e ,  a rg en in e  and h i s t id in e  anhydride  

g re a t ly  enhanced th e  c a t a l y t i c  e f f e c t  of i ro n , c o b a l t  and  copper 

in  th e  decom position  of hydrogen peroxide© Myers in v e s t ig a te d  

th e  c a t a l y s i s  of th e  d ry in g  of l in s e e d  o i l  by a number o f  m eta l 

io n s and m eta l c h e la te s ,  and p roposed  a mechanism which e x p la in e d  

c a t a l y t i c  a b i l i t y  in  term s o f e le c t ro n ic  struc tu re©  T h u llie r^  

has observed  the  c a t a l y t i c  e f f e c t  o f  i r o n  c h e la te s  on ihe oxi~  

d a tio n  o f v a n i l l i n  by sodium p e rs u lp h a te  in  aqueous s o l u t i o n  

Examples of ty p e  (b) a re  numerous© The d ec a rb o x y la tio n  

o f some £ k e to  a c id s  has been shown to  be c a ta ly s e d  by m e ta l 

io n s  and a  mechanism, which a g ree s  w ith  th e  observed  k in e t i c s ,

f o r  the  d eca rb o x y la tio n  o f <x dim ethyl o x a lo a c e tic  a c id  in  

th e  p re se n ce  of a  d iv a le n t 

S te in b e rg e r  and Y/esfcheimer^,

o.
th e  p re se n ce  of a  d iv a le n t  c a t io n  M has been g iven  by

o= c- c- c (ch3: > - <
- 0 0 4 . r t*  "

* +  c o i

H- O ^
> ^ C  —  C -C H (c H i\ - f -  M ‘
'O  0
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T h u s .th e  c a t a l y s i s  o f the d e c a rb o x y la tio n  may be ex p la in ^  

ed in  te rm s of th e  e le c t r o n  w ithdraw ing power o f th e  m e ta l 

io n  which f a c i l i t a t e s  th e  e le c t r o n  s h i f t  r e q u ir e d  to b re a k  the 

ca rb o n -ca rb o n  bond«>

In  t h i s  ty p e  of c a t a l y s i s  th e  m eta l io n  in f lu e n c e s  th e  

r a t e  o f  r e a c t io n  o f  a s u b s t r a te  by w ithdraw ing  e le c t ro n s  

tow ards th e  s i t e  of a ttachm ent*  th u s  in c re a s in g  th e  suscept-* 

i b i l i t y  to  n u e le o p h il ie  a t ta c k  o f some o th e r  p a r t  o f th e  

s u b s t r a te  moleculeo Henoe the  m e ta l ion  behaves a s  a  g e n e ra l­

is e d  a c id  in  th e  le w is  se n se , b e in g  cap ab le  of a c c e p tin g  

e le c t ro n s  from donor g ro u p sQ For* a m etal io n  to  e x e rc is e  any 

in f lu e n c e  on th e  r a t e  o f r e a c t io n  o f a  s u b s t r a te  m o lecu le , 

th e r e fo r e ,  i t  would seem n ecessa ry  f o r  t h i s  m olecu le  to  p o sse ss  

a t  l e a s t  one atom cap ab le  of donating  e le c tro n s*  I t  i s  th u s  

n o t s u rp r is in g  to  f in d  t h a t  m eta l io n s  have been shown to  have 

a c a t a l y t i c  e f f e c t  in  th e  h y d ro ly s is  of some b io lo g ic a l ly  

a c t iv e  compounds such a s  o( amino e s te r s *  am ides and p e p t id e s ,  

s in c e  th e se  a l l  c o n ta in  atoms cap ab le  of d o n a tin g  e le c t ro n s 0 

In  1956 i t  was shown by M eriw ether and Westheimer th a t  

th e  io n s  of C u(II)«  N i ( l l )  and C o (II)  c a ta ly s e d  th e  h y d ro ly s is  

o f gLycine amide and p h en y la la n y l g ly c in e  amide0 T h is c a ta -  

l y s i s  was ex p la in ed  in  term s of th e  i n i t i a l l y  f a s t  fo rm a tio n  

o f  a  m eta l io n  — s u b s t r a te  complex which was more s u b je c t  to  

a t t a c k /
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a t ta e k  by hydroxyl io n s  o r w ater m o lecu les  than  th e  s u b s t r a te  

i t  s e l f  o

A nother m eta l io n  c a ta ly s e d  h y d ro ly s is  which has r e c e iv e d  

a t t e n t io n  in  r e c e n t  y e a rs  i s  th e  a lk a l in e  h y d ro ly s is  of 

d iis o p ro p y l flu o ro p h o sp h o n a te  (D«,F.P0 )„ I t  has been  observed  

th a t  DoFoPo which i s  r a p id ly  h y d ro ly sed .b y  a n  enzyme found  in  

b lood c e l ls *  i s  a l s o  h y d ro ly sed  r a p id ly  in  th e  p re se n c e  of 

m eta l o h e la te so  P re lim in a ry  work i n  t h i s  f i e l d  was done by

W agner-Jauregg%  who found th a t  the 1 j1  c h e la te  of copper 

d ip y r id y l was th e  most e f f e c t iv e  c a t a l y s t  f o r  th e  h y d ro ly s is  

of DoF«Po The c a t a l y s i s  was a t t r i b u t e d  to  th e  foxm ation  Of 

in te rm e d ia te  a d d i t io n  compounds ca u s in g  an  in c re a se d  p o la r i s a ­

t io n  of P*0 and P«F bonds, th u s  f a c i l i t a t i n g  the approach of 

hydroxyl io n s  to  th e  P atom* w ith  the  ex p u ls io n  o f  a  f lu o r id e  

io n .

8Courtney e t  a l ,  ex tended  th e  p re lim in a ry  work o f Wagner» 

Jau reg g  /



Jau regg  and examined th e  c a t a l y t i c  a c t i v i t y  o f  a  la rg e  

number o f m etal c h e la te s  in  th e  h y d ro ly s is  o f D*F03?o 

and s a r in  ( iso p ro p y l m ethy lphosphonofluoridate)®  I t  was

found th a t  w h ile  th e  m easured r a t e  c o n s ta n ts  in c re a s e d  

w ith  an in c re a s e  in  hydroxy l io n  and m eta l c h e la te  concen­

t r a t i o n s ,  in  accordance w ith th e  mechanism g iv en , they 

d id  n o t in c re a s e  w ith  th e  f i r s t  power o f  th e  c o n c e n tra t io n  

of th e se  su b s tan c e s  and s id e  r e a o t io n s  or e q u i l ib r i a  

were assumed to  b e ta k in g  p la c e 0 There was a ls o  a 

c o r r e la t io n  betw een the  s t a b i l i t y  o f a  c h e la te  and i t s  

c a t a l y t i c  a c tiv ity ®  In  g e n e ra l ,  th e  l e s s  s ta b le  th e  

c h e la te ,  th e  g r e a te r  was i t s  c a t a l y t i c  a c t i v i t y  bu t a  

c e r t a in  minimum s t a b i l i t y  was of cou rse  necessary  to  av o id  

p r e c ip i t a t io n  of th e  m e ta l io n  a t  h igh pH® In  a d d i t io n  

i t  was shown th a t  f o r  c h e la te s  to  e x h ib i t  maximum c a t a l y t i c  

a c t i v i t y  i t  was e s s e n t i a l  t h a t  only two of the  c o -o rd in a tio n  

v a le n c ie s  shou ld  be f i l l e d  by th e  b id e n ta te  l ig a n d , th e  

o th e rs  b e in g  f i l l e d  by w ater m olecu les which would a llow  

easy fo rm atio n  of th e  in te rm e d ia te  complex®

T his e x p la n a tio n  o f c a ta ly s i s  was very  s im ila r  to
Q

t h a t  g iven  by Kroll*^ in  1952 to  e x p la in  th e  c a t a l y s i s  

of th e  h y d ro ly s is  o f olsmino e s t e r s  by m etal ions® A 

mechanian was p o s tu la te d  in v o lv in g  a second o rder r e a c t io n  

between th e  m eta l complex o f th e  amino e s t e r  and hydroxyl 

ion  a s  shorn below 0
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The mechanisms g iv en  by b o th  K ro ll and Bender and 

T urnqueet f o r  m e ta l io n  c a ta ly s e d  h y d ro ly s is  o f <X amino 

e s te r s  d i f f e r e d  i n  one r e s p e c t  o n ly c K ro ll  en v isag ed  a  hydroxyl 

io n  a t ta c k  on th e  m e ta l e a te r  complex w hereas Bender r u le d  

out t h i s  p o s s i b i l i t y  and su g g es ted  t h a t  a  w ater m olecu le  was 

in  f a c t  th e  a t ta c k in g  s p e c ie s 0 These a u th o rs  ag re e d  however 

th a t  th e  m e ta l io n  m ust e x e r t  a  d i r e c t  in f lu s n o e  on th e  ca rbony l 

oxygen of th e  e s t e r  g ro u p 0 T his h y p o th e s is  was no t su p p o rted  

by thermodynamic in fo rm a tio n  o b ta in e d  by W hite, Manning and l i ^  

who, from com parison of th e  s t a b i l i t y  c o n s ta n ts  of m e ta l 

complexes form ed by amino a c id s  and t h e i r  e s t e r s ,  concluded  

th a t  in  g ly c ih e  m ethyl e s t e r  complexes th e  s i t e  of b in d in g  of 

the  e s te r  to  th e  m eta l io n  was th rough  th e  amino group o n ly 9 

w hile f o r  c y s te in e  m ethyl e s t e r  which a ls o  c o n ta in s  a  su lp h u r 

atom cap ab le  o f d o n a tin g  e le c t ro n s ,  th e  m eta l io n  was a tta o h e d  

to  bo th  th e  n itro g e n  and su lp h u r atoms,, T h is  su g g e s ted  t h a t  

in  n e i th e r  o f  th e s e  e s t e r  m e ta l complexes was th e  ca rb o n y l 

oxygen d i r e c t ly  in v o lv ed 0 F u rth e r  evidence f o r  t h i s  was 

p ro v id ed  by th e  o b se rv a tio n  th a t  w h ile  i n  copper ( I I )  gLycine 

complexes th e  maximum number o f  a c id  m o lecu les bound i s  tw o, 

more th an  two g ly c in e  e s t e r  m o lecu les may c o -o rd in a te  t o  each  

cu p ric  io n , a lth o u g h  th e  ex a c t number cannot be a s c e r ta in e d  

b e c a u se /
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because of e s te r  h y d ro ly sis  at high pHo

White* Manning and L i a ls o  m easured th e  r a t e s  o f  

a lk a l in e  h y d ro ly s is  o f  c y s te in e  and g ly c in e  e s t e r s  in  th e  

absence and p re se n ce  of. v a r io u s  m e ta l ions* i n  a n  e f f o r t  to  

c o r r e la te  th e  s t a b i l i t y  o f  th e  m e ta l e s te r  com plexes w ith  th e  

* r a t  e a t  which th ey  hydrolysed,, The h y d ro ly s is  o f the e a te r  s# 

which was fo llo w ed  by a  c o n d u c tiv i ty  method* was shown to  obey 

second o rd e r  k in e tic s *  in d ic a t in g  a  b im o lecu la r  r e a c t io n  

between hydroxyl io n  and e s t e r 0 The c a t a l y t i c  e f f e c t  o f  

m eta l io n  was shown to  be more pronounced th e  la r g e r  th e  

s t a b i l i t y  c o n s ta n t o f  th e  complex form ed and was a t t r i b u t e d  

to  th e  a d d i t io n  o f p o s i t iv e  charge to  th e  e s t e r  w ith  a  g e n e ra l 

w ithdraw al o f e le c t ro n s  away from th e  carbonyl group* th u s  

f a c i l i t a t i n g  n u c le o p h il ic  a t ta c k  by hydroxyl ions<>

In  1957# L i, Loody and White12 ex tended  t h i s  woxfc on 

m eta l io n  c a ta ly s e d  h y d ro ly s is  o f o< amino e s t e r s  to  in c lu d e  

h i s t i d i n e  m ethyl e s t e r ,  whose a lk a l in e  h y d ro ly s is  was s tu d ie d  

i n  th e  absence and p resen ce  of m e ta l io n s 0 C a ta ly s is  was 

a g a in  shown to  be a p p re c ia b le  and  th e  fo llo w in g  mechanism 

was p o s tu la te d  f o r  p a r t  o f  th e  r e a c t io n  -

O
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From the foreg o in g  resumes o f the work done in  the f ie ld .  

o f  m etal io n  c a ta ly se d  h y d ro ly s is  i t  isdL ear th a t a number o f  

q uestions remain unansweredo I t  seems to  he g en era lly  agreed  

that m etal io n  c a t a ly s i s  o f c< amino e s te r  h y d ro ly sis  i s  due to 

h yd ro ly tic  cleavage o f  m etal com plexes, hut no c le a r  in d ic a t io n  

has been given  as to  whether th e  a tta ck in g  s p e c ie s  i s  a
q  11 12hydroxyl ion  or a water m oleculeo K roll^ and L i * assume

that the re a c tio n  i s  due to the a tta c k  of hydroxyl io n s  on th e
10m etal su b stra te  complex w hile Bender favours water molecule 

p a r t ic ip a t io n 0 Another q u estion  which a r is e s  i s  whether th ere  

i s  any d ire c t  in te r a c t io n  of m etal io n  w ith  the carbonyl 

oxygen o f  the e a ter  group0 K roll and Bender suggest th a t  

in te r a c tio n  i s  an e s s e n t ia l  r e q u is ite  for  m etal ion  c a t a ly s i s  

w hile L i favours the view  that c a ta ly s is  i s  due s o le ly  to  an 

in d ir e c t  in d u ctiv e  e f f e c t  r e s u lt in g  from the proxim ity of the  

m etal ion  to  the e s te r  groupQ

In an attempt to  answer th ese  q u estion s i t  seemed 

necessary to  undertake a d e ta ile d  study o f th e  m etal io n  . 

ca ta ly sed  h y d ro ly sis  of an c< amino e s te r ,  over a range o f  pH 

and m etal io n  con cen tration , and i t  was e s s e n t ia l  th a t k in e t ic  

data should be provided by a su ita b le  experim ental teohnique0 

I t  i s  th erefo re  of in te r e s t ,  a t  t h i s  p o in t, to  examine th e  

experim ental techniques which have been used in  k in e t ic  s tu d ie s  

o f h yd ro lytic  reaction s*
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In  t h e i r  work on amino e s te r  h y d ro ly s is  b o th  K ro ll and 

Bender perform ed r e a c t io n s  i n  b u f fe r  s o lu t io n s  o f  known pH, 

the  co u rse  o f  th e  r e a c t io n s  being  fo llo w ed  by t i t r a t i o n  o f 

a  g iven  volume o f r e a c t io n  m ix tu re  to  a  f ix e d  pH0 The 

i n t e r p r e t a t i o n  o f r e s u l t s  o b ta in e d  by t h i s  method i s  com pli­

c a te d  by th e  f a c t  t h a t  th e  b u f fe r s  used , t r i s h y  droxym ethyl 

amino methane and g ly c in e , both i n t e r a c t  a p p re c ia b ly  w ith  m eta l 

io n s b e in g  stud iedo  The tech n iq u e  used by L i on th e  o th e r  

hand was more d i r e c t  in  th a t  th e  s o lu t io n s  under stucty c o n ta in ­

ed only  m etal io n s  (when p r e s e n t ) ,  s u b s t r a te ,  and hydroxyl 

io n s  in  th e  r a t i o  Is  3: 3* th e  r e a c t io n  b e in g  fo llo w ed  by th e  

change in  r e s i s t a n c e  of th e  s o lu t io n  w ith  tim e0 One l im i t a t i o n  

of t h i s  te ch n iq u e  i s  th a t  r e a c t io n s  b e in g  s tu d ie d  must not be 

too  r a p id  compared w ith  th e  tim e ta k e n  to  make c o n d u c tiv ity  

readings® I t  i s  a l s o ,  by the  v e ry  n a tu re  of th e  te c h n iq u e ,

im possib le  to  m a in ta in  th e  r e a c t io n  s o lu t io n  a t  a  c o n s ta n t pH®
8The method used by Courtney e t  a l # a llow ed  h y d ro ly tic  

r e a c t io n s  to  be s tu d ie d  a t  c o n s ta n t pH® By use o f an a u to ­

m atic t i t r a t i o n  a p p a ra tu s , th e  tendency  fo r  the  pH to  drop 

a s  h y d ro ly s is  p ro ceed s i s  co u n te rb a lan ced  by th e  a d d i t io n  of 

a l k a l i  from a burette®  Thus a m easure of the  a c id  produced, 

and hence th e  e x te n t  of h y d ro ly s is  a t  any p a r t i c u l a r  tim e , 

i s  g iv eh  by th e  volume of a l k a l i  added® One l im i t a t i o n  of 

t h i s /
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t h i s  m ethod i s  t h a t  th e  volume o f th e  re a c tio n , m ix tu re  does 

n o t rem ain  co n s t ant* F o r com parative p u rp o ses  however th e  

te ch n iq u e  i s  q u i te  s u i t a h l e 0 An e s s e n t i a l  f o r  th e  use o f  

t h i s  method i s  th a t  th e  s u b s t ra te -m e ta l  io n  com plex must be 

s u f f i c i e n t ly  s tro n g  to  p rev en t p r e c i p i t a t i o n  of th e  m e ta l io n  

in  s o lu t io n  o f h igh  pHc

The ch o ice  of experim ental method to  be used  in  t h i s  

in v e s t ig a t io n  was governed by th e  advan tages and d ia ad v an tag es  

o f th e  th r e e  m ethods o u t l in e d  above0 One obvious way of 

a tte m p tin g  to  answer th e  q u e s tio n  o f w hether hydroxyl io n  

or w a te r m olecule i s  r e s p o n s ib le  f o r  h y d ro ly t ic  a t ta c k  Is to  

m easure th e  r a t e  of h y d ro ly s is  over a ran g e  o f pHo I t  was 

e s s e n t i a l  th e re fo r e  t h a t  some method o f  m a in ta in in g  c o n s ta n t 

pH shou ld  be in c o rp o ra te d  and hence the  c o n d u c tiv ity  method 

could  n o t be usedo The o th e r  two methods both  fo llo w ed  

h y d ro ly tic  r e a c t io n s  a t  c o n s ta n t pH, one by b u f fe r in g  and th e  

o th e r  by au tom atic  pH co n tro lo  The l a t t e r  o f  th e s e  was 

chosen s in c e  i t  d id  not have th e  co m p lic a tio n  o f a d d i t io n a l  

complex fo rm a tio n  w ith b u f fe r  io n s 0 An amino e s t e r  

s u i t a b le  fo r  study  was h i s t id in e  m ethy l e s t e r ,  s in c e  i t  was 

known to  complex s u f f i c i e n t ly  w e ll w ith n ic k e l and copper to  

p rev en t p r e c i p i t a t io n  a t  h igh  and was one \&ose m e ta l io n  

c a ta ly s e d /
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ca ta ly se d  h y d ro ly sis  had been stu d ied  by another technique©

The work describ ed  in  t h is  s e c t io n  o f the t h e s i s  

rep resen ts  an attem pt to  provide a more d e ta ile d  understanding  

o f the mechanism o f  m etal ion  ca ta ly se d  h y d ro ly sis  o f amino 

e s te r s .  To t h i s  end k in e t ic  inform ation  has been supple** 

mented by inform ation  a r is in g  from p oten tiom etric  work©
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P re p a ra t io n  o f R eag en ts :

S tan d ard  s o lu t io n s  were made up from  A»R* re a g e n ts  and 

Grade A v o lu m e tric  a p p a ra tu s  was used  th ro u g h o u t*

H is t id in e  m ethyl e s te r -d ih y d ro c h lo r id e «

H is t id in e  m ethyl e s te r  d ih y d ro c h lo rid e  was p rep a red  by 

th e  e s t e r i f i c u t i o n  of h i s t i d in e  in  m ethanol in  th e  p resen ce

of dry HC1 o The method used  was e s s e n t i a l l y  th a t  due to
1 ^P is h e r  and Gone BoD*H* h i s t id in e  m onohydrochloride

(lOg) was re f lu x e d  in  dry m ethyl a lc o h o l (200ml) w h ile  

dry hydrogen c h lo r id e  was bubbled th rough  th e  suspension*

The dry hydrogen c h lo r id e  was g en e ra ted  by m ixing c o n c e n tra te d  

su lp h u ric  and h y d ro ch lo ric  a c id s ,  th e  gas evolved b e in g  

p assed  th rough  a column of g la s s  beads c o n ta in in g  concen­

t r a t e d  su lp h u r ic  acid* A fte r  r e f lu x in g  f o r  2-3 hours a 

c le a r  s o lu t io n  o f h i s t id in e  m ethyl e s te r  d ih y d ro c h lo rid e  

remained* On s ta n d in g  and co o lin g  th e  crude p ro d u c t 

se p a ra te d  and i t  was r e c r y s t a l l i s e d  tw ice  from dry AoR* 

m ethyl a lc o h o l to  remove any excess of HCi * (M*pt* 197°C 

found C, 34<>65#; H,5«35#; N; 17o62#« C a lc u la te d  f o r

C7H13°2N3Cl 2 ,  c 1 34o 73$; H, 5* 41#; N,17.36#* Pound f o r
a d ib a s ic  a c id  by t i t r a t i o n  w ith  a l k a l i  MW*242*2;

C a lc u la te d  fo r  C.jH^OgN^Clg MoW0 242*1)



A pp ara tu s,,

D uring t h i s  work use  was made o f an  au tom atic  

t .H r im e te r  (E<,XoL*Model 24) to  o b ta in  bo th  p o te n t!o m e tr ie  

and k in e t i c  in fo rm ation*  T h is  c o n s is t s  of a v o lu m etric  

t i t r a t i o n  u n i t  i n  c o n ju n c tio n  w ith  a c o n tro l  u n i t  which i s  

in  e f f e c t  an  e le c t ro n ic  pH meter* S o lu tio n s  under study  

were p la c e d  in  a double w alled  v esse l*  W ater from a 

th e rm o s ta t was c i r c u la t e d  to m a in ta in  th e  r e q u ir e d  tempera* 

tu r e ,  and n i t ro g e n , p r e s a tu r a te d  w ith  w ater vapour, was 

bubbled  th rough  s o lu t io n s to  exclude carbon  dioxide* The 

r e a c t io n  v e s s e l  was f i t t e d  w ith  a sm all bu t e f f i c i e n t  

s t i r r e r  and pH m easurem ents were made by means of a g la s s  

e le c tro d e  in c o rp o ra te d  in  th e  c e l l ,

Ag/AgPl/HDl /g la s s /S o lu t io n  under study/KCl conc»/^jJgi(}fsJae

The e le c tro d e  system  was s ta n d a rd ise d  w ith  th re e  b u f fe rs ;  

BoBcH* ta b lo id  phthsJLate b u f fe r ,  pH 4*01 a t  25°C; B*D*Ht, 

ta b lo id  phosphate b u f fe r ,  pH 6*99 a t  25°C; bo rax  b u f fe r  

pH 9ol8 a t  25°Co The r e a c t io n  v e s s e l  was seaLed w ith  a 

t i g h t l y  f i t t i n g  ru b b e r bung th rough  which th e  s t i r r e r ,  

n itrp g e n  i n l e t ,  b u r e t te  t i p  and e le c tro d e s  passed,. The 

ap p a ra tu s  i s  shown d i& g ram atica lly  in  Pigs* 1 and 2«



Figure l o

3  Double W alled R e a c tio n  V essel* 

b  Rubber Bung*

C Calomel E lectrod e  

d  G lass E lectrod e  

6  G lass S t ir r e r  

f  N itrogen I n le t  

0  B u rette  Tip*

Figure 2.

3  Control Unito 

b  pH Reading D ia ls 0

C E lectrod e Terminals and B urette Tap Switch* 

d  Tap U nit and S tir r e r  Motor*

6- R eaction  V esselo  

f  Alkali Reservoir
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P o te n t io m e tr ic  S tu d ie s *
"4

H is tid in e 'm e th y l-  e s t e r  d ih y d ro c h lo r id e  (4 x 10 mole)

was weighed a c c u ra te ly  in to  the double w a lled  v e s s e l  and

volumes o f d i s t i l l e d  w a te r , metal cb lc ra& e  s o lu t io n

(0*1 M when p r e s e n t ) ,  and sodium c h lo r id e  (1M) were added
t - 4

such t h a t  th e  a d d i t io n  of sodium hydrox ide  x 10 mole

s  4 ml. Ool MNaOH) would b r in g  th e  t o t a l  volume of s o lu t io n

to  80 ml. (0*005 M w ith  r e s p e c t  to  e s t e r ) ,  and g iv e1 an  io n ic

s tr e n g th  of 0 ,1  M. When th e  s o lu t io n  had re ac h ed

e q u ilib r iu m , app rox im ate ly  decinorm al NaOH was added from

th e  b u r e t te  and re a d in g s  o f pH of s o lu t io n  w ith  volume of

a l k a l i  added were ta k e n , tim e being  allow ed f o r  e q u ilib r iu m

to  be reach ed  a f t e r  each  ad d itio n *  In  t h i s  way t i t r a t i o n

cu rv es were o b ta in ed  f o r  the  e s t e r  d ih y d ro ch lo rid e  in  th e

absence and p resen ce  of copper ( I I )  and n ic k e l ( I I )  io n s

a t  an io n ic  s tre n g th  cf 0*1 M. Per th e  t i t r a t i o n  of th e

e s te r  d ih y d ro ch lo rid e  a t  low io n ic  s t r e n g th ,  th e  a d d i t io n

cf sodium c h lo r id e  s o lu t io n  was om itted  from the  above

p rocedu re .

K in e tic  S tu d ie s .

H is tid in e  m ethyl e s te r  d ih y d ro ch lo rid e  (4 x lG~*mole)

was weighed cu t a c c u ra te ly  in to  the  double w a lled  r e a c t io n

v e s s e l  and volumes o f d i s t i l l e d  w ate r, m e ta l c h lo r id e  
s o lu t io n /
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s o lu t io n  (Ool M when p r e s e n t)  and  sodium c h lo r id e  (1M) were

added such t h a t  th e  a d d i t io n  o f  NaOH (8 x 10“"* mole 5 8 ml

O ol  MNaOH) would b r in g  th e  t o t a l  volume of s o lu t io n  to  80 ml
x- —4.th e  io n ic  s t r e n g th  b e in g  0„lMo A pproxim ately 6 x 10 moles 

NaOH were added and the  r e s u l t i n g  s o lu t io n ,  which had a  pH 

c o n s id e ra b ly  l e s s  th an  th a t  a t  which h y d ro ly s is  was a p p re c ia b le  

was a llow ed to  reac h  th e  r e q u ir e d  tem pera tu re*

A f in a l  a d d i t io n  of a l k a l i  was made to  b r in g  th e  pH to  

a  s u f f i c i e n t ly  h ig h  v a lu e  fo r  h y d ro ly s is  to  occur and a s to p  

clock  was s t a r t s  do The t o t a l  volume of a l k a l i  added a t  ze ro  

tim e was ta k en  to  be th e  i n i t i a l  volume (Vo) end th e  pH 

a t ta in e d  by the  s o lu t io n  a f t e r  th e  a d d i t io n  of Vo was main-* 

ta in e d  by adding  sm all volumes of a l k a l i  from the b u r e t te ,  

to  c o u n te ra c t the  tendency fo r th e  pH to  be low ered a s  th e  

e s te r  hydrolysed* I f  th e  volume of a l k a l i  added a t  tim e t  

was Vt th e n  th e  amount off e s te r  h y d ro ly sed  was p ro p o rtio n a l 

to  Vt — Vo, and th e  p e rcen tag e  r e a c t io n  was g iven  by

x 100, where Voo~Vo corresponded  to  th e  a l k a l i  uptake 

fo r  com plete h y d ro ly s is  o f  the e s te r*  R e ac tio n  tim e c u rv es  

were th e re fo r e  e a s i ly  c o n s tru c te d  from b u re t te  re a d in g s  a t  

s u i ta b le  tim e i n t e r v a l s 0

S ince t h i s  tech n iq u e  in v o lv ed  c o u n te ra c t in g , by a d d i t io n s

o f /

/
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of a lk a l i*  th e  tendency fo r  pH to  drop due to  h y d ro ly s is ,  th e  

pH of th e  s o lu t io n s  under study  v a r ie d  somewhat above and below 

th e  re q u ir e d  valueo  When th e  r e a c t io n  was m onito red  automa­

t i c a l l y  by th e  t i t r i m e t e r  i t  was found th a t  pH c o n tro l  was no 

b e t t e r  th an  *0ol  u n i t s ,  due to  the  sm all tim e la g  between 

a d d i t io n  of a l k a l i  and e q u i l ib r a t io n  of the  r e s u l t i n g  so lu tio n *  

When th e  pH of r e a c t io n  s o lu t io n s  was c o n t r o l l e d  by manual 

a d d i t io n  o f  a l k a l i ,  volumes of 0o01 ml co u ld  be added and th e  

pH cou ld  be m a in ta in ed  w ith in  -O0O 3un itso Hence manual a d d i­

t i o n  was used  th roughou t t h i s  worko
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P o te n tio m e tr ic  S tu d ie a 0  ̂ .

I n  o rd er to  e v a lu a te  th e  degree o f  I n te r a c t io n  o f  a  

m eta l io n  w ith th e  l ig a n d  i n  aqueous s o lu t io n  i t  i s  f i r s t ,  

n e cessa ry  to  u n d e rs ta n d  th e  behav iour o f  th e  l ig a n d  tow ards 

p ro to n s , s in c e  complex fo rm a tio n  has been lo o k ed  on a s  a  

c o m p e titio n  betw een m etal io n  and p ro to n s  f o r  th e  l ig a n d  

mol eculeo

The s t r u c tu r e  o f h i s t i d in e  m ethy l e s t e r  d ih y d ro c h lo r id e  

i s  shown below

In  aqueous s o lu t io n  t h i s  g iv e s  r i s e  to  a  d iv a le n t c a t io n .

The e s t e r  d i hydro c h lo r id e  c l e a r ly  behaves a s  a  d ib a s ic  a c id

a c id  i s  th e  f i r s t  e s s e n t i a l  i n  th e  in v e s t ig a t io n  o f  m e ta l io n  

in te r a c t io n  w ith  th e  e s t e r 0

C o n f lic t in g  v a lu e s  of th e  pK,*B f o r  th e s e  e q u i l ib r i a  have 

appeared  i n  th9  l i t e r a t u r e  and i t  was th e re fo r e  th o u g h t 

d e s i r a b le /

X C H *C f Cl

HISTIDINE METHYL  

ESTER. DlHYDROCHLORIDE

o.
EH^ » which i s  capable o f lo s in g  two p ro to n s , y ie ld in g  th e  

uncharged e s te r  m o lecu le , E

EHi + —  EH+ —  E '

and th e  measurement of th e  two d is s o c ia t io n  c o n s ta n ts  o f  t h i s
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d esirab le  to  redeterm ine them0 The method used was th a t  ot
14. 2+S p e a k a a n , ap p lied  to  EH  ̂ as a d ib asic  acid* The thermo­

dynamic d is s o c ia t io n  co n sta n ts  o f  the d iv a len t e s te r  c a t io n  

may be defined  as fo llow s?

eh2£ = ;  eh* + h* k boA

EH* E + H*- K2 "   IE

where f o ,  fj and f^  a re  th e  a c t i v i t y  c o e f f i c i e n t s  o f th e  sp e c ie s  

E, EH*” and E h |+ r e s p e c t iv e ly ,  and the b ra c k e ts  [ ]  and {_} 

r e f e r  to  c o n c e n tra t io n s  and a c t i v i t i e s  r e s p e c t iv e ly .

In  a s o lu t io n  o f t o t a l  e s te r  c o n c e n tra t io n  a (m o la r) ,

a  = [EH|^j + j^EH*j - + [E l    (1)
and when a s tro n g  monoacid b ase , which may be ta k e n  a s  com plete­

ly  d is s o c ia te d , has been added to  g iv e  a  m olar c o n c e n tra t io n  b 

e le c tr ic a l n e u t r a l i ty  r e q u ir e s  t h a t

b + 2 [EHg  + [isifj + [h*] = 2a + joH”"] ............. (2 )

S u b s t i tu t in g  ( l )  in  ( 2 ) ,

b + | v ]  = M  + 2 [e] + (p in j

I f  now L, M and N a re  d e fin e d  by th e  eq u a tio n s

L = £ +  P d  -  toirJ + 2&] ) • • • • • •»• • • • • • ................(3)
M « a  -  b -  H  + K ] ( S[ E H |3 -  [e]   (4 )
H = 2a -  b -  |V J + JoH^ («2 jEH|*j + |EH*J ) .............. . . . . . . ( 5 )
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th e n  I t  can  he shown th a t

-  v  0 3 -  • i f -  • 1  + * i v

which may be r e w r i t te n  i n  th e  form

X w K^Y + Kj^Kgt

r fo  L r n
where I  -  |H7 # ~ f t  * IT anft 1  * (H7.|8. . M

Hence a  p lo t  o f  I  v s  I  sh o u ld  be a s tra igh t l i n e  o f g ra d ie n t  

K^9 w ith  in te r c e p t  on th e  X a x i s ,  K^Kg* $he v a lu e s  o f £  

and [H*} may be o b ta in e d  from  th e  pH t i t r a t i o n  o f  th e  e s te r  

d i h y d ro ch lo rid e  w ith  s ta n d a rd  a lk a l i*
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pH T i t r a t i o n s o

Two a e r ie s  o f  pH t i t r a t i o n s  were made on th e  e a te r  

d ih y d ro c h lo rid e  a t  25°C$ (a )  i n  s o lu t io n  whose io n ic  s t r e n g th

was a d ju s te d  to  0*1 by a d d i t io n  o f 1MN&C1; (b ) i n  s o lu t io n  

of low io n ic  s t r e n g th ,  w ith o u t added  s a l to  P a r t  off the  t i ­

t r a t i o n  c u rv es  i s  shown in  f i g .  3*>

The v a lu e s  of b and £h*} o b ta in e d  from cu rv e  A (fig #  3) 

were s u b s t i tu te d  i n  e q u a tio n s  ( 3 ) 9 (4 ) and (5 ) and X and Y 

ca lcu la te d o  The r e s u l t s  a r e  summ arised i n  t a b l e  X and a  p lo t  

o f X v s  Y i s  shown in  f i g 04o The d is s o c ia t io n  c o n s ta n ts  ob­

ta in e d  from t h i s  l i n e a r  p lo t  were,

Zx = 9o8? X lC f6 , E2 = 5 .73  X 10-8

i© e© p K j B ^ a O l ,  ~  7 o 2 4 o

The a c t i v i t y  c o e f f i c i e n t s  were c a lc u la te d  by means o f th e  
1*5Davies' '  eq u a tio n

l ° g  « •  -  A x 2  (  i — j i  - 0 . 2 1 ) ................................... ( 6 )

where f g i s  th e  a c t i v i t y  c o e f f ic ie n t  o f  an  io n  o f  v a len cy  z 

in  a  s o lu t io n  of io n ic  s tr e n g th  I 0

X and Y v a lu e s  shown in  ta b le  XX were o b ta in e d  from  th e  

and d a ta  o f cu rv e  B (f ig *  3)* The c a lc u l a t i o n  o f  X

and Y fo r  any p o in t on cu rve  B in v o lv ed  th e  d e te rm in a tio n  o f 

th e  co rresp o n d in g  io n ic  s tre n g th s  This in  tu rn  re q u ir e d  a  

know ledge/
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knowledge of th e  c o n c e n tra t io n s  o f  eaoh o f th e  io n ic  species®

Thus th e  d i s s o c ia t io n  c o n s ta n ts  d e riv e d  from  th e  d a ta  <£ t a b le  X 

were used  to  e s t im a te  th e  c o n c e n tra t io n s  of th e  io n ic  sp e c ie s  

p re se n t a t  each p o in t  i n  th e  t i t r a t i o n  curve® The a p p ro p r ia te  

a c t i v i t y  c o e f f i c i e n t s  were th e n  s u b s t i tu te d  in  the e x p re s s io n s  

f o r  X and Y and new v a lu e s  o f  and Kg e s tim a te d  from th e  

r e s u l t in g  p lo to  These in  tu r n  were used  to  g iv e  more a c c u ra te  

v a lu e s  o f  io n ic  strength®  A fte r  two such app rox im ations a 

s e t  o f s e l f  c o n s is te n t  v a lu e s  resu lted®  The f i n a l  XY p lo t  

i s  shown i n  fig® 5 and  gave 

^  = 9 .8  x 156 Eg = 6 .12  x 15

i » eo pK 55 5® 01 pKg ~ To 21 ,

which i s  in  v ery  good agreem ent w ith  th e  v a lu e s  o b ta in e d  by 

ap p ly in g  a c t i v i t y  c o r r e c t io n s  to  th e  r e s u l t s  a t  c o n s tan t io n ic  

s tr e n g th  o f  0®1 M® pK « 5® 38 and pK0 = 7o33 have been g iv e n9 *
by L i ^ |  and pK^ = 5® 20 and pKg = 7® 1 0 , by B ruioe1 0 I n  bo th  

c a se s  however i t  i s  no t d e a r  w hether th ey  r e f e r  to  thermodynamic 

or c o n c e n tra t io n  values®



„.3»

T i t r a t i o n  of h i s t i d i n e  m ethyl e s te r  d ih y d ro c h lo rid e  

( 4-x 1CT4 M oles) w ith  NaOH (O .IN ). T=15°C.

A0 a t  c o n s ta n t io n ic  s t r e n g th  (X » 0*111)

Bo a t  low io n ic  s tren g th *



2  ^ r

Q .

Fig.3
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Table_Io

T i t r a t i o n  o f  h i s t i d in e  m ethyl efeter d ih y d ro c h lo r id e  w ith  
HaOfl. 3t = 0 .1 M

pH h  * io] 
m oles/litre X J 0 IZ Y . i o 7

5.85 4 .008 3.627 3.109

5 .90 4 .128 3.028 2.493

6 .00 4. 355 2.104 1.528

6 .1 0 4.558 1.446 0 .864

6 .2 0 4.736 0.983 0.424

6 .60 5.510 0 .198
. . .  ................... ...........

-0 .3 6 1

Ta-ble I I .

T i t r a t i o n  o f h i s t i d in e  m ethyl e a te r  dA hydrochloride w ith  
fifaOHl. a t  low Io n ic  s t r e n g th !

pH
b*IO?
moles/litre f, k x i 6l Y.107

5.650 4.008 0.918 0,103 4 . 6 9 0 4 .1 7 0

5.705 4 . 1 2 8 0.918 0, 704 3 . 8 2 6 3 . 301

5.820 4 .  3 5 5 0.920 0.706 2.477 1 .950

5.925 4 . 5 5 8 0 . 9 a 0o?08 1.659 1.091

6.025 4.736 0.922 0.710 1.124 0.536

6 .485 5.510 0.924 0o721 0.189 -0 .4 3 6



CVJ

Fig. 4



Fig. 5



pH T i t r a t io n s  i n  th e  p re se n ce  o f  m e ta l ib n s 0

T i t r a t io n s  were n ex t c a r r i e d  out on th e  e s t e r  d ih y d ro -  

c h lo r id e  i n  th e  p re se n ce  of C u ( l l )  and N i( I I )  io n s0 When 

th e se  io n s  a r e  added to  s o lu t io n s  of th e  di h y d ro c h lo rid e  th e r e  

i s  a f a l l i n  pH and th e  whole t i t r a t i o n  cu rv e  i s  low ered  u n t i l  

two e q u iv a le n ts  of a l k a l i  have been addedo The t i t r a t i o n  

cu rv es  f o r  th e  e s te r  d ih y d ro ch lo rid e  alone*  i n  the p re sen ce  

o f h a l f  an e q u iv a le n t of N i ( I I )  ion* and in  th e  p re se n c e  o f 

h a l f  an  e q u iv a le n t o f  C u ( I I )  io n  a re  shown i n  f i g 060 T h is  

lo w erin g  o f th e  t i t r a t i o n  curve i n  the  p resen ce  o f m e ta l io n s  

i s  to".be ex p ec ted  s in c e  th e  fo rm a tio n  o f  c o o rd in a te  bonds .between 

th e  l ig a n d  and m e ta l io n  w i l l  be accom panied by th e  l i b e r a t i o n  

o f  p ro to n s  from  Eh|*

Eh| + + M2+ ; k ME2+ + 21^

H is t id in e  m ethyl e s t e r  p o sse sse s  fo u r atoms ca p ab le  o f  

donating  e le c t ro n s  to  a m e ta l io n ; th e  c( amino n itro g e n , 

th e  " p y r ro le ” and " p y r id in e ” n itro g e n s  o f th e  im idazo le  r i n g  

and the ca rb o n y l oxygen o f  the  e s t e r  groupo The fo rm a tio n  

of c h e la te s  in v o lv in g  two of th e se  groups w ith  a  m e ta l io n  

would seem l i k e l y ,  and th e re  i s  c o n s id e ra b le  ev idence i n  th e  

l i t e r a t u r e  to  su g g est which o f  th e se  fo u r a re  boundo By <

com paring th e  d if fe re n c e  in  s t a b i l i t y  o f h i s t id in e  and h i s t id in e  

m ethyl e s te r  com plexes o f  C u (I I)  and N i ( I I ) ,  w ith  the  

c o rre sp o n d in g /
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co rresp o n d in g  d if fe re n c e  between g ly c in e  and g ly c in e  e s t e r  

com plexes L i ,  Loody and toh ite  were ab le  to  co n c lu d e  th a t

th e  b in d in g  s i t e s  i n  h i s t i d in e  e s te r  com plexes and  h i s t id in e
1 7complexes were th e  same0 E d sa ll e t a l o , have shown, from

s p e c t r a l  ev id en ce , th a t  the amino and im id azo le  groups a re

the c h e la t in g  s i t e s  in  th e  C u (II)  -  h i s t id in e  oomplex.
1 ftE a r l ie r  work by L i ,  Y/hite and  Loody had shown th a t  th e  

b ind ing  s i t e  in  the im id a z o le -  Cu(lX) complex was th e  

‘•p y rid in e '1 r a th e r  th an  th e  "p y rro le "  n itro g en *  More recen tly , 

Leberman and R a b in ^  have shown th a t  th e  C u (II)  com plexes of 

h is tam in e  and 3 m ethyl h is tam in e  a re  very  s im ila r ,  in d ic a t in g  

th a t  th e  "p y rid in e "  n i tro g e n  m ust be involvedo

The 1 :1  c h e la te  of a  d iv a le n t m e ta l io n  w ith  h i s t i d i n e  

m ethyl e s te r  may th e re fo re  be re p re s e n te d  a s  f o l lo w s :-

/ CH>\
^ H = 0  O H - C . - O C H 3 

H N  N N Hi 0
\  / /  \ 2 < v
n c h  m

A lthough only  th e  1 :1  c h e la te  i s  shown h ere  i t  shou ld  

be p o in te d  ou t th a t  o th e r  c h e la te s  a re  p o s s ib le ,  i n  p r in ­

c ip le ,  where th e  r a t i o  o f e s te r  to  m eta l io n  i s  h igher*

The number o f  e s t e r  m olecu les which may c h e la te  i s  governed 

by th e  number o f  v a le n c ie s  i n  th e  c o o rd in a tio n  s h e l l  o f  

th e  m eta l ion*
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ffiff lre  60

T i t r a t i o n  o f h i s t i d in e  m ethyl e s t e r  d ih y d ro c h lo r id e

( 4  *  10“* m oles) I  =0.111 T =  2 5 °C ,

A« B st e r a l  ona©

Bo E s te r  i n  the presSnoe o f  KiClg ( 2 x 10~^ m oles)

Co E s te r  i n  the  p resen ce  o f CuClg (2 x 10~^ m oles)



O  O  
- 5  N '

CL

Fig.6
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D ete rm in a tio n  o f S t a b i l i t y  C onstan tflo 

The in fo rm a tio n  re q u ir e d  f o r  th e  e v a lu a tio n  o f  th e  

s t a b i l i t y  c o n s ta n ts  o f th e  1 :1  and 2:1 c h e la te s  o f  h i s t i d i -  

d ine  m ethyl e s t e r  w ith  co p p e r(11) and n ic k e l (11) may be 

o b ta in ed  from pH t i t r a t i o n  cu rv es  f o r  th e  e s te r  d ih y d ro c h l-  

o r id e  in  th e  p re sen ce  o f m e ta l ion*

The fo llo w in g  e q u i l i b r i a  were assumed to  be th o se  

p re s e n t in  s o lu t io n s  o f e s t e r  d ihydroc h i o r id e  and m e ta l 

ions(M )  to  which NaOH was added*

EH*1- EH+-t- H 

EHTJ l i  E +  Hr

j  L"J

K.sa4

. + [HEiJ. . . .  (7)

=[e]+[eh^ ^ | ^ ^ 2 [ m^ ] .  . ( 8 )

T o ta l m e ta l c o n c e n tra t io n  =C *=

T o ta l e s t e r  c o n c e n tra t io n  = A = 

F or e le c t ro n e u t r a l i ty *

T herefore*

From e q u a tio n s  (7) & (9)*



- 34-

i o  9<

I f

[e]
E

2A 4- fo r ]- M  -  fe1  
+ 2

2 1 2 2

A P , th e  r a t i o  o f t o t a l  e a te r  to  t o t a l  m e ta l i n  
C 55

s o lu t io n  th e n  A= CP, and com bining (7) and(8)

?  [ 4  p ^® rj=  [ e ] + M + ^ 4  ^ ^ 2  [ < ]

? 1 4  (£ -1 )  ^ 4  (P -2 ) [ e] + ] e H% Je H ^]

&*]{* +(p- x)k3 [eJ+ (p-2 )e4 O f] = [e] + £ 4  [ < |
Also from eq u a tio n  (7 )

[M^fx + K3 [eJ+ K4 [e]1 j  = C

• -P [ i f f  (P~2)E^Ef” l  + eJ eJU E4 [E]j-

Now l e t  Q ss [®]+^H^+ c o n c e n tra t io n  o f uneompleated
e s t e r Q

Then,

Q+(JE3 ^e]+ QE4[e] = PC + (P-1)CK3[e1+ (P-2)CE4 [e]

io6c E ^ (5g- (P-X) [ ^ j  + E4 ^ q[eJ -  (P -2)c [e]J+  ($ -  PC) = 0

D iv id in g  by K -. ( Q—PC) , we have
x x

qLe] -  ( P - X )[e ]c  + Ktof e l -  (P-2) c LeI + _x.
x<$- K !) ^  ( Q - P C ) E.

i . e 0 fefl f  Q -  (P —X)C ( » k J e ]  f o -(P -2)c~) 1
I  Q - P C  J  K$ I  M  J  x :
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T his e x p re s s io n  i s  ©f th e  form 

Y « MX + C
where

Y = M fq -  (P -  1)0 ]I Q - PC J
and

x .  QoY q -  (p -  2)c"]Yq -  (P -  2)c] 
\  PC -  Q J

Hence a  p lo t  o f  Y vs* X shou ld  he a s t r a i g h t  l i n e  

o f  g ra d ie n t th e  in te r c e p t  on th e  Y a x is  b e in g
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The t i t r a t i o n  cu rv e s  used  fo r  th e  e v a lu a t io n  o f  and

were o b ta in e d  f o r  s o lu t io n s  o f e s t e r  d ih y d ro c h lo r id e  in

th e  p resen ce  o f h a l f  an e q u iv a le n t o f  metal ion* Thus P = 2 

and th e  e x p re s s io n s  fo r  X and Y a re  somewhat s im p lif ie d *  

Where P » 2

These cu rv es  a re  shown in  f i g c6 and th e  r e s u l t s  sure g iven  

in  ta b le s  I I I  and IV* The r e s u l t in g  p lo t s  of Y v s  X a re  shown 

in  f ig * ?  and 8 r e s p e c t iv e ly  * The good l i n e a r i t y  of th e s e  p lo t s  

suggested  t h a t  th e  scheme of e q u i l ib r i a  chosen was in  f a c t  a

s a t i s f a c to r y  one and and K^ v a lu e s  a re  shown in  t a b le  Vo
12The s t a b i l i t y  c o n s ta n ts  g iv en  by L i f o r  th e  co rresp o n d in g  

complexes a re  i n  a l l  c a se s  s l i g h t ly  higher* and th i s  i s  accoun t­

ed f o r  by th e  d i f f e re n c e s  i n  Kj and Kg a lre ad y  mentioned* The 

v a lu e s  o b ta in ed  in d ic a te  t h a t  th e  c h e la te s  form ed by bo th  

copper ( I I )  and n ic k e l ( I I )  w ith  h i s t i d in e  m ethyl e s t e r  a r e  

f a i r l y  s ta b le  and th e  k in e t i c  study  of th e  e f f e c t  of th e se  

m etal io n s  on the  h y d ro ly s is  o f  th e  e s t e r 9 by th e  ex p erim en ta l 

tech n iq u e  o u tlin ed *  was th e re fo r e  made* The r e l a t i v e  s t a b i l ­

i ty  o f  th e se  com plexes was a s  to  be expected  from th e  I rv in g
20W illiam s o rd e r 9 copper hav ing  th e  g r e a te s t  a f f i n i t y  of 

th e  t r a n s i t i o n  m e ta l io n s  f o r  l ig a n d  m o lecu les0



- 37 “

T able I I I .

T i t r a t i o n  of h i s t id in e  m ethyl e s te r  di h y d ro c h lo rid e  
(4 x 10~4 m oles) in  presenc&of CuQ£ (2 x 10"*>^le.)I« 0.1M

jj»<f]xicfc
moles/litre pH C * io \

roofes/Jitte
io8 n

moles/litre imolgs/Jik'g X.IO’5 y . i d 1

3.807 3o62 Z 532 1.125 3.029 0 .189 -2 .7 6

4. 358 3o 77 2. 516 2.044 2.779 0.515 - 2.38

4 .596 3.85 2o 510 2.823 2. 672 . 0 .907 -1 .9 5

4 .997 4 c 00 2. 499 5.184 2*489 2.666 0 .207

5.255 4 .10 2.492 7.735 2.370 5.424 3.610

5.476 4 .20 2.486 11.58 2. 271 11 .27 9 .32

5.743 4 .3 0 2.479 17.03 2.143 22.2 20o 3

6.031 4 .40 2.471 24.70 2.005 44*6 39*2
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Fig. 7
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Table I Vo

T i t r a t io n  of h i s t i d i n e  m ethyl e s t e r  (4 x 10~^ m oles) in  

p resence  o f Hi + (2 x m o le s ) , I„ = 0olM

M « i o »
moles/litre JdH c Vmotes/litre

[E jxIO 6 
moles/litre Q x ic? X . i o " Y . i o 7

3.741 4.570 2. 532 0 .8 7 9 3.425 0.162 -4 .7 9 4

4.218 4 .650 2 .519 1 .149 3.186 0 .227 -4 .1 3 7

4.455 4 .690 2. 513 1 .308 3.067 0 .268 -3 .6 9 8

4.925 4. 781 2.500 1 .763 2.836 0 .4 0 7 - 2  737

5.391 4 .871 2.488 2. 333 2,604 0 .597 -1 .1 4 1

5.851 4 .962 2.475 3.051 2.371 0.856 1 .2 3

6.308 5.057 2.463 3.965 2.137 1 .205 4 .635

6.647 5.145 2.454 5.083

-----------------

1 .9 6 8 1 .730 8 .37
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Fig.8



T able V»

S ta b i l i ty  c o n s ta n ts  o f  O u ( l l)  and N i ( I I )  c h e la te s  w ith  

h ie t id in e  m ethyl e s te p o

M e ta l
Ion log l° 9 K *

Cu2+

H l2+

8,55  

6 .21

14 .57

11.15



TITHATIONS IN THE PRESENCE 0ff ONE EQUIVALENT OF M EM  XQN>

When h i s t i d i n e  m ethyl e s t e r  i s  t i t r a t e d  w ith  a l k a l i  i n  

the p resence o f  one e q u iv a le n t o f C u ( I I ) ? th e  pH cu rve o b ta in e d  

shows a v ery  i n t e r e s t i n g  f e a tu r e  (f ig o 9 )o  An eq u iv a len ce  

po in t a t  abou t pH 5® 5 o ccu rs  a f t e r  th e  expected  a l k a l i  up take  

of two m oles p e r  mol© of e s te r  d ihydrochloride®  T h is end 

po in t however i s  fo llo w e d  by a  f u r th e r  b u f fe r  r e g io n  co rrespond­

ing  to th e  r e le a s e  o f an a d d i t io n a l  photon  per complex m olecule* 

in d ic a t in g  t h a t  th e  fo llo w in g  e q u ilib r iu m  m ust be ta k in g  p la c e

No s im ila r  io n i s a t i o n  was found i n  t i t r a t i o n s  o f th e  e s te r  

in  the p resen ce  o f  one e q u iv a le n t o f H i( l l ) »  S ev era l examples 

cf t h i s  b eh av io u r o f 1 :1  copper c h e la te s  have been re p o r te d  i n  

the l i t e r a t u r e 2****"2^®

A c o n s id e ra t io n  o f the  s t r u c tu r e  of the  1*1 c h e la te  o f  

h is t id in e  m ethyl e s t e r  w ith  copper ( I I )  in d ic a te s  t h a t  a  p ro to n  

could be l i b e r a t e d  i n  one o f  two ways0

( i )  The io n i s a t i o n  of th e  p ro to n  on th e  p y r ro le  n i t r o g e n :—

Cu E+ + H*

/  \
c  nc h - c o o g h »
V 1*Nv KHx

C B i

* N N M H i
V . . . /  ^  *



A p ro to n  r e le a s e  mechanism of t h i s  ty p e  has been su g g e s ted  by
pc

Bender ^ a s  a  p o s s ib le  s te p  i n  th e  jm idazole c a ta ly s e d  

h y d ro ly s is  o f  p -n itro p h e n y l a c e ta te ?

( i i )  The io n is a t io n  of a p ro to n  from  one of th e  w ate r m o lecu les 

bound to  th e  copper io n , g iv in g  a monohydroxo complex*

The second o f  th e s e  mechanisms fo r  p ro to n  r e le a s e  i s  more 

l ik e ly  s in c e  in  t i t r a t i o n s  o f  e s te r  in  th e  p resen ce  o f  h a l f  

an e q u iv a le n t of co p p er, a d d i t io n a l  io n is a t io n  i s  n o t observed  

although th e  p ro to n  r e le a s e  mechanism ( i )  would s t i l l  be 

expected to  operate*, F a r th e r  ev idence f o r  t h i s  was p ro v id ed  

by Leberman and Rabin‘S w h o  showed t h a t  th e  3“*&6thyl h is tam in e
v

O u (ll) complex r e le a s e d  one eq u iv a le n t of p ro to n , a lth o u g h  i t  

does n o t have a  p ro to n  on th e  "p y rro le "n itro g e n *

Henoe th e  fo rm a tio n  o f th e  hydroxo form o f th e  1»1 

c h e la te /

CH.
HC=C CH-COOCH*
'  N NHx

H£T oh

H-GOOCH3
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c h e la te  a f f o rd s  th e  b e s t  e x p la n a tio n  f o r  th e  r e l e a s e  o f  

proton* An a c c u ra te  va lue  of th e  d is s o c ia t io n  c o n s ta n t  f o r  

th i s  io n i s a t i o n  was n o t  o b ta in ed  but th e  pKL ap p eared  t o  be 

about 7 .0 0  from  th e  t i t r a t i o n  cu rve  (fig « 9 )o
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ffig u re  9 .

T i t r a t i o n  of h i s t i d i n e  m ethyl e a te r  d ih y d ro ch lo rid e  

(4 x 10“^  m oles) in  th e  p re se n ce  o f CuClg (4 x 10“*m oles) 

1 =  O - I W j T :  2S°C



Fig.9
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Wri4,‘?  ̂ VKV:

Cl

l^^oxicm -c*r;

V*v ’v/'~ ;̂ .- : ;v '■ ■

KINETIC STUPIESo

/- “Tj :' ■ ̂r> -..Vv- 4e



PNOATALYSEP HYBROLYSIS.

I f  th e  e f f e c t  of a  m e ta l ion. c a ta ly s t  on th e  r a t e  

of h y d ro ly s is  of h i s t i d i n e  m ethyl e s t e r  i s  to  he u nderstood  

i t  i s  d e s ira b le  to  know som ething of th e  way in  which the 

u n o a ta ly sed  r e a c t io n  p ro ceed s  over a ran g e  o f pH0 I t  was 

found th a t  th e  e s t a r  h y d ro ly sed  a t  a  co n v en ien t r a t e  in  

s o lu tio n s  o f pH >  9o4 and a  s e r ie s  o f  k in e t ic  ru n e , u s in g  

the a p p a ra tu s  and te ch n iq u e  p re v io u s ly  d e s c r ib e d9 was c a r r ie d  

o u t, i n  which th e  h y d ro ly s is  o f ihe  e s t e r  was fo llo w ed  from 

pH 9o40 to  10o30o Prom the  r e a c t io n  tim e cu rv es o b ta in e d ,

f i r s t  o rd e r lo g  p l o t s  were drawn ( f ig d O )  and found to  be 

l in e a r Q I f  the f i r s t  o rd e r  r a te  c o n s ta n ts  were d iv id e d  by th e  

ap p ro p ria te  hydroxyl ion c o n c e n tra tio n s  an approx im ately  c o n s ta n t 

value was o b ta in e d  (see  ta b le  VI)o T h is  in d ic a te s  th a t  th e  

u n ca ta ly sed  h y d ro ly s is  p ro ceed s by a sim ple b im o lecu la r 

r e a c tio n  betw een hydroxy l io n  and e s te r  m olecule0 The r a t e  

exp ression  may th e r e f o r e  be w r i t te n

— M  M
where k Q i s  th e  second o rd e r  r a t e  c o n s ta n t fo r  th e  re a c tio n o  

At o o n stan t pH, io e Q c o n s ta n t hydroxyl io n  c o n c e n tra t io n , t h i s  

becomes

= fcobs [fister]

w here/
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where kobs ^ M

kobs v
• •  p r j  "  o

From ta b le  VI, th e  av e rag e  v alue  o f k Q i s  47ol*0o8
—1li t r e -m o le  «  m in0 , which a g re e s  re a so n ab ly  w e ll w ith  th e

—i l  s>value 37 l i t r e  -m ole -  m in0 , o b ta in ed  by I»i from

c o n d u c tiv ity  m easurem entsD
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F igure 1 0 o

Hydrolysis o f H is t id in e  Methyl E ster a t  constant pH* 

T = 25°C, I .  = 0 .1  S .

P lo ts  O f  lo g  (q  -  3C) VB t o
a

d .-p H  9 .4 0  

b -p H  9 .6 5  

C -pH  9 .8 0  

d -p H  9 .9 0  

e -p H  10 .00  

f -p H  10 .30



CM

1 0 -

o .

■CM

Fig.10
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CQPPER I01T CATALYSIS*

The h y d ro ly s is  of h i s t id in e  m ethyl e s te r  i n  the p resence  

of copper io n , over a  ran g e  of pH, was fo llo w ed  i n  s o lu t io n s  

co n ta in in g  t o t a l  e s t e r  to  t o t a l  copper r a t i o s  o f 2:1 and 1 :1 0 

H ydro lysis of th e  2 :1  ch e la te*

C o n s id e rin g  th e  h igh  s t a b i l i t y  c o n s ta n t f o r  the  o h e la te  

CuE^Clog a= 14o6) i t  i s  re a so n a b le  to  assume th a t ,  in  

so lu tio n s  o f pH > ?  c o n ta in in g  an e s te r :  copper r a t i o  of 2 :1 ,

the c o n c e n tra t io n s  o f f r e e  Cu^*? CuE^+ , CuE* and f re e  e s t e r
O rare  v e ry  sm all compared w ith  the c o n c e n tra t io n  of CuEgl For 

the p u rposes o f th e  k in e t ic  s tu d ie s  on s o lu t io n s  of t h i s  type  

i t  was assumed t h a t  th e  on ly  sp e c ie s  i n i t i a l l y  p re s e n t ,  cap ab le  

of h y d ro ly s in g  was th e  2 :1  o h e la te , GuEgl

The h y d ro ly s is  of th e  e s t e r  i n  th e  p resen ce  ©f h a l f  an  

eq u iv a len t o f C u (II)  was found  to  p roceed  a t  a co n v e n ie n tly  

m easurable r a t e  in  s o lu t io n s  o f pH >7© The r e a c t io n  tim e 

curve8 o b ta in e d  f o r  th e  h y d ro ly s is  a t  c o n s ta n t pH over a pH 

range of ? o80 to  9*40 a re  shown in  f i g d l o  I t  i s  a t  once 

obvious t h a t  a n  in c re a s e  i n  hydroxyl io n  c o n c e n tra t io n  produces 

an in c re a s e  i n  the  r a t e  o f  r e a c t io n ,  which su g g e s ts  th a t  th e
Q

hydroxyl io n  i s  th e  a t ta c k in g  ap e c ie s  a s  su ggested  by K ro ll 

and H 120 

T h e /
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P igure IXo

H ydrolysis o t H is t id in e  Methyl E ster a t  constant pH 

Ester: Copper » 2 :1 , T » 25°Cf I  * 0*1 Mo

5  PH 7 .8 0  

5 pH 8 .0 0  

C pH 8<>10 

d  pH 8 .4 0  

e  PH 8 .7 0  

f  pH 9 .0 0  

3  pH 9 .4 0



Time(min.)

Fig.11
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The in t e r p r e t a t i o n  o f th e  r e a c t io n  tim e cu rv es p re se n te d

an in te r e s t in g  problem® Assuming a f i r s t  o rd er ex p re ss io n

lo g  a  -  lo g  (a -x )  a k t
2 c 303

in  which a  s  i n i t i a l  t o t a l  concentration o f e s te r  (» 4 ml NaOH

OolN), and x = c o n c e n tr a t io n  of a c id  formed by h y d ro ly s is

(» Volume of NaOH* a t  tim e t ,  to  m a in ta in  c o n s ta n t pH)* p lo ts

of lo g  ( a~x) vb  tim e were c o n s tru c te d  from ©eieh of th e  
a

reac tio n  tim e curves® (These lo g  p l o t s ,  an example of which

is  given in  fig® 12* were a l l  o f th e  same n a tu re , showing

in i t i a l l y  a marked c u rv a tu re ,  which developed in to  a  f a i r l y

lin e a r  p lo t  a f t e r  abou t one h a l f  life®  T h is su g g ested  th a t

the h y d ro ly s is  of th e  e s te r  i n  th e  presence of h a lf  an

equivalent o f copper was p roceed ing  by two su ccess iv e  r e a c t io n s ,

an i n i t i a l l y  f a s t  r e a c t io n  of th e  2 i l  c h e la te  being  fo llow ed

by a slower r e a c t io n  of th e  prim ary p ro d u ct

CuE|+ CuEA* where A“° re p re s e n ts  th e  an io n
o f h i s t i d in e ,  the h y d ro ly s is  

CuEA+ - M U  CuAg pro  duo t 0

This e x p lan a tio n  seems a l l  th e  more p ro b ab le  when one 

considers th e  hydroxyl io n  to  be th e  a t ta c k in g  sp e c ie s  s in c e  

on e l e c t r o s t a t i c  grounds^ th e  n e g a tiv e ly  charged  re a g e n t would 

be expected to  r e a c t  a t  a  g r e a te r  speed w ith  a sp e c ie s  

having a  double p o s i t iv e  ch arg e  th an  w ith  one hav ing  a  s in g le  

p o s itiv e  charge®
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I f  th e  d i f fe re n c e  in  th e  r a t e s  o f  r e a c t io n  o f th e  

two sp e c ie s  i s  s u f f i c i e n t ly  la rg e  in  t h i s  ty p e  o f  k in e t i c  

soheme* th e n  th e  o v e r a l l  r e a c t io n  may be c o n s id e re d  to  

proceed in  two s e p a ra te  stages*  th e  f i r s t  s te p  being  alm ost 

com plete b e fo re  th e  c o n t r ib u t io n  of th e  second s te p  becomes 

ap p ree iab leo  The r a t e  e x p re ss io n  w i l l  be g iv en  b y : -

i n i t i a l l y ,  and a  p lo t  of lo g  ( a -2 x ) v s  tim e tak en  from  th e
a

r e a c t io n  cu rve sh o u ld  g ive r i s e  to  a s t r a i g h t  l i n e  o f

l in e a r  i n i t i a l l y  (fig « 1 3 ) and th e  v a lu e s  of k£* when d iv id ed  

by th e  a p p ro p r ia te  hydroxide io n  c o n c e n tra t io n  gave r i s e  to  

an app ro x im ate ly  c o n s ta n t v a lu e  ( ta b le  YII)o T h is  p ro v id ed  

a d d i t io n a l  ev idence t h a t  hydroxyl io n  i s  in v o lv ed  i n  a 

b im o le c u la r /

J -  * i  LOH J |0uK ^J + k2 
where te~t and kg a re  second o rder co n s t  a n t  s^ which a t  c o n s ta n t

pH s im p l i f ie s  to

-  A - l i t s f l  ,  ^  ^

where k£ * k^ and k£ =

I f  k^ kg th e n  i n i t i a l l y  

-d  fe a te d  _

• 2+S ince th e  i n i t i a l  c o n c e n tra t io n  of CulSg i s  equal to

h a l f  th e  t o t a l  c o n c e n tra t io n  of e s te r*  th e n

P lo ts  were c o n s tru c te d  and shown t o  be
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F ig u re  13<>

H ydro lysis o f  H istid in e  Methyl Ester a t  constant pHo 

Esters Copper 2s 1 ,  T « 25°C, I  » 0 * 1  Mo 

p lo ts  of lo g  ( q -  2x ) v s  to
a

a pH 7.80

b PH 8<>00

c PH 8=10

d PH 8.40

e PH 8.70

f PH 9.00

3 PH 9.40



_Q

C\J

p ~ o

U )O v+—

Fig.13



T alple VIXo

D eterm in atio n  of from lo g  (a  -2.x) v s , t  p l o t ,
~ a_______

M jOH^mdes/lifte "k.7Co^n<r4

7 .80 8 .13  x 10"7 1*58 lo94

8.00 1 .2 9  x 10“ 6 2,70 2,09

8.10 1 .6 2  x 10~6 3o60 2o 22

8,40 3.24 x 10"6 6,49 2,00

8.70 6 .46  x 10 12o 2 lo89

9.00 1.29 x 1 0 "5 23*9 lo85

9.40 3„ 24 x 10~5 79*5 2*45
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bim oleeular r e a c t io n  w ith  th e  2 :1  ch e la te*

The g ra p h ic a l  m easurem ent o f k^ g iven  above, c l e a r ly  

had se v e ra l l i m i t a t i o n s  and i t  was th e re fo re  necessary  to  

apply a more d e ta i l e d  tre a tm e n t to  the r e a c t io n  tim e cu rv es 

in  order to  o b ta in  v a lu e s  f o r  both and 

pH, The tre a tm e n t used  was baaed on th e  method of Pro a t 0 

Assuming t h a t  th e re  i s  no d is p ro p o r tio n a tio n  o f the  

in term ed ia te  p ro d u c t CuEA+ ( i* e , i f  2 GuDA+̂  CU^tCuE|+ ) and 

th a t c h e la t io n  i s  com plete such th a t  a  2:1 c h e la te  i s  th e  

only sp e c ie s  cap ab le  o f  h y d ro ly s is  a t  th e  s t a r t  of the r e a c t io n  

then the  k in e t ic  scheme w i l l  invo lve  two co n secu tiv e  second 

order re a c tio n s*

Cue| + + 0H“ > CuEA+ +  CH3OH

CuEA+ + OH" --*«■ ■) C»A2 + CH,OH

At oonstan t pH th e s e  w i l l  become psuedo f i r s t  o rder 

OuB|+ CuEA+ - » - )  OuAg

with r a t e  c o n s ta n ts  k£ and k |

How i f  Rq i s  th e  i n i t i a l  c o n c e n tra t io n  o f  Oufi^ S,

and U th e  c o n c e n tra t io n s  o f  C uE ^t CuHA+ and C11A2 Qt  any 

time t ,  th e  a l k a l i  u p ta k e t dueto  h y d ro ly s is  w i l l  co rrespond  

to S + 2U«

The/

kA a t  any co n s tan t
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Ihe r a t e  e x p re s s io n s  f o r  th e  v a r io u s  sp e c ie s  in v o lv ed  may 

be w r i t te n  a s  fo llo w © s-

2  -  -  4  R -- .................................d o )
a t  A

S  0 0 0 0 0 * 0 0 0 0 * 0 0  ( l l  )

= k £ S .* # ••0o• •* * * « • • • • • • • (1 2 )

In te g ra t io n  o f (10) g iv e s

S u b s ti tu t in g  (1 3 ) in  (1 1 ) ,

R = R /  T  ...............  (13)

S S ! E p j  - • • * * * ) ............. &♦>
where SQ * Ob

Since, a t  any tim e , R + S + U « RQ, when S(:) and U0 a re  zero  

then .

U = R0 ~ R ~  S

-  H„ -  -  R0k |  ( e ^ i *  -  .•* * *  )

-  ■ B0 [ l  -  1 -  (k 2. - ^ * .....................) ] .............. (15)

E quations (1 3 ) , (14) and (15) may he s im p lif ie d  by th e  

in tro d u c tio n  o f  th e  fo llo w in g  d im ension!ess param ete rs  and 

v a r ia b le s ;

0 4 - I  > 1 3 2 \  '  * - &  * *  s * p f i y
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The v a lu e s  of oC , &nd Y  a re  th e  c o n c e n tra t io n s  o f 

R, S and U r e l a t i v e  to  th e  i n i t i a l  c o n c e n tra t io n  o f  Rf

V
u  1

I f  now we le tthe p a ram ete r Y  =  f<*£ and K  =
1

then th e  e q u a tio n s  above become

o( -  -e. • ( I 3 ‘)  
•0+')

•  : y  • - K t v -  • •

@ (-^ — & ) • •

y  = l . . < 1 5 ’)

ant s »p*iy «z - y 0 f £ y— JLKy. - ■ (it)
Since the u p tak e  o f a l k a l i  due to  h y d ro ly s is  a t  ar^r tim e 

corresponds to  S + 217, th e  fu n c tio n  §  i s  elBo r e l a t e d  to  

the amount o f  a l k a l i  u sed  i n  t h i s  time* As the  r e a c t io n  

prooeede & w i l l  vary  from  0 to  2, and th e  p ercen tag e  

re a c tio n  a t  any tim e  w i l l  be equal to  50 x 8

E q u atio n  (16) may be r e w r i t te n  in  th e  form 

d = 1 ~gg e + 1__ - £  T
i" " ~ T  T ^ T k  e

where d » 2 h  

In  a  r e a c t io n  o f t h i s  type K, th e  r ^ t i o  o f  th e  r a te  

co n s tan ts  f o r  th e  two co n secu tiv e  r e a c t io n s  i s  c o n s ta n t,  

and a t  any g iv en  p e rc e n ta g e  r e a c t io n  d must be oonstan to  

Hence f o r  a  p a r t i c u l a r  v a lu e  of K, a t  3 p a r t ic u la r  p e rcen tag e  

o f /
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r e a c t io n . ,  Y  w i l l  be c o n s ta n t ,  and the v a lu e  of T  w i l l  

he dependent on th e  v a lu e  of &>

Table V III  was c o n s tru c te d  showing the  way in  which th e  

v alue  of T a t  any g iven p e rcen tag e  r e a c t io n  v a r ie s  w ith  £•

The evaluation of & for th e  two s tag e  h y d ro ly s is  o f  the 2:1  

c h e la te  a t any c o n s ta n t pH was done by a tim e r a t i o  method©

This in v o lv ed  com paring th e  r a t i o  o f the tim es re q u ire d  fo r  

given p e rc e n ta g e s  of r e a c t io n  w ith  the r a t i o  of T  v a lu es  fo r  

s im ila r  p e rc e n ta g e s  of r e a c t io n ,  over $ range  of v a lu e s  of K© 

The v a lu e  of K f o r  th e  r e a c t io n  was t h a t  f o r  v&ioh the  r a t i o  

of Ys e q u a lle d  the tim e ratio©

In  o rd e r  t o  e v a lu a te  K th e r e fo r e ,  a knowledge o f  th e  

time f o r  known p e rc e n ta g e s  of r e a c t io n  was re q u ire d  and t h i s  

in fo rm atio n  i s  g iv e n  in  ta b le  IX, which was c o n s tru c te d  from 

re a c tio n  tim e curves©

The d a ta  i n  t a b le s  V III and IX a re  s u f f i c ie n t  to  e s tim a te  

K fo r  th e  r e a c t io n ,  by th e  tim e r a t i o  method, A s e r ie s  of 

tim e r a t i o s  was chosen a t  random and i s  shown in  ta b le  %>

In  th e  c o n s tru c t io n  of t h i s  t a b le ,  tim e r a t i o s  in v o lv in g  very  

sn a il tim es o r very  la rg e  tim es (i®e0 tim es fo r  low p ercen tag e s  

of r e a c t io n s  a t  h igh  pH, and tim es fo r  high p e rcen tag e s  of 

re a c t io n  a t  low pH), have been excluded; the form er because 

they were s u b je c t  to  la rg e  experim ental e r ro r  and th e  l a t t e r  

b ecau se /
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T am e V III .

V a ria tio n  of T  , a t  v a r io u s  p ercen tag e  a. w ith &0

K Yio y%o <30
. . . .

140 ^SO y&a ^ 70 T 8o T 90
.05 0o 222 0o 502 0 .881 1.454 2.556 5.570 11.10 i 8 . 33 32-19
.10 0o 220 0a494 0.851 1 . 354 2.149 3.594 6.129 10. 217 17.148

.12 0o 220 0o 491 O084O lo 322 2.049 3.272 5. 377 8.701 14.477

.14 0o 219 0 o 488 O083I lo 293 1.967 3.039 4.808 7.630 12.573

.20 0o 218 0 .479

rtf'OCO00

lo  222 1.787 2.594 3.809 5.730 9.163

Table IXo

Time (m inu tes) r e q u ir e d  fo r  com pletion  o f given p ercen tag e  

of r e a c t io n  over ran ^e  of pHo

6 0 . 2 0 .4 Oo6 0 o 8 1 . 0 I .  2 1.4 1 . 6 1 . 8

PH7.80 14 30 50 05 7 8 0 6 125o 2 i 8 6 0  5 - -

pH8 . 0 0 8 0
COH

32* 5 51o 2 80o4 1 2 2 . 1 no «*»

PH8.10 6.35 14o4 25 0 5 4 O0 6 62o7 99*1 157o 1 -

PH8.40 3.4 To 9 14a 3 23o4 36 0  6 56o 5 87 0 7 145 252

PH8 . 70 1 .9 0 4 d 60 90 11.* 18o4 2 8 o 5 45. 9 73.4 127

PH9.00 1 2o 3 3o 9 60 00 9o4 14o2 2 1 o8 35.5 58o9

PH9.40 <1 <1 lo 4 2«> 1 3o3 5.1 80 2 13.0 23.4
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Table %0

Random tim e r a t i o s  f o r  h y d ro ly s is  o f h i s t id in e  m ethyl e s te r 0

t=>H t8 %/  t i o
t7 0 /

' t * 0
te o /

1 H 0
t  to /

'ty a
7. 80 — 13c 32 3 .69

8.00 - — 15o 26 3.76

8.10 - - 10o90 15o 60 3.89

8.40 4o46 l8o 35 l lc lO 16« 60 3.95

8.70 4o46 17o 90 11«19 15.00 4 .13

9.00 4o l5 15o43 9.50 14.20 3.64

9.40 4® 59 - - 3.64

4o 42 17o 23 IO068 14.99 3.81

Table XIQ

T r a t i o s  com parable w ith  tim e r a t i o s  of Table Xo

K V - Y fc0 ^ A x o V67 t io
.05 5o 76 36.51 22.11 25.09 60 32

.10 4c 77 20.68 12.41 16.34 4« 22

.12 4 .42 1 7 .7 2 10.95 14.87 3.90

.14 4o 14 15.64 9.85 13.88 3.66

.20 3o 53 11.95 7.94 11.91 3.23



because they were n o t measured,,

A com parison  o f th e  average tim e r a t i o s  in  ta b le  X 

with the  c o rre sp o n d in g  T  r a t i o s  f o r  a range of K v a lu e s  

( ta b le  XI) i n d ic a t e s  t h a t K -  0*12 g iv es the b e s t  agreem ent, 

and t h i s  was ta k en  to  be K fo r  th e  r e a c t io n .  The c a lc u la t io n  

of in d iv id u a l k£ and k^ was now made p o s s ib le  simply by 

in s e r t in g  th e  a p p ro p r ia te  v a lu e  of Y in  the ex p ress io n  kJ
t

Table f e l l )  shows th e  v a lu e s  o f k |  o b ta in ed  in  t h i s  way fo r  each 

r e a c t io n  pHo The av erag e  v a lu e s  of k£ may be compared w ith  

the k£ v a lu e s  d e r iv e d  from  th e  g ra p h ic a l method ( ta b le  VII)® 

Once a g a in  th e  e x p re s s io n  k£ rem ains p r a c t i c a l ly  c o n s ta n t, 

and t h i s  i s  a  good in d ic a l? ln  th a t  th e  r e a c t io n  mechanism 

may be com plete ly  d e sc rib e d  a s  an a t ta c k  of hydroxyl ions on

the  c h e la te s  CuEo* and CuEA* The average v alue  o f th ed 0
ex p ress io n  k £ w a s  tak en  a s  the  second order r a t e  

co n s tan t f o r  th e  r e a c t io n

0H“ + CuE|+ kl } CuEA+ +0H30H

k, = 1„93 x 10 l i t r e s  /  mole-mino 

For th e  r e a c t io n

OlT + Cui3A+ k2 , CuA2 + CH30H

Since
S  3# k 2 . k 2 = = 2. 32 x  103 1-mole-1 -  aim " „
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H ydro lysis  of th e  1 :1  e h e la te 9 0

In  the  k in e t i c  study  o f th e  h y d ro ly s is  o f  h i s t id in e  

methyl e s te r  i n  th e  p resen ce  of one e q u iv a le n t o f  copper

i t  was assumed th a t  i n  s o lu t io n s  of pH > 6 th e  amounts o f  2 :1
2+c h e la te , f r e e  Cu , and f re e  e s t e r  were n e g l ig ib le  compared 

w ith the  c o n c e n tr a t io n  of 1 :1  o h e la te 0 The only  sp e o ie s  in  

so lu t io n  cap ab le  of h y d ro ly s in g  were th e re fo r e  th e  diaquo
r\

c h e la te , CuE  ̂ and th e  monohydroxo c h e la te  CuE+0

Once a g a in  h y d ro ly s is  was found to proceed a t  a  co n v en ien tly  

m easurable r a t e  in  s o lu t io n s  of pH > 7 and th e  r e a c t io n  time 

curves o b ta in e d  over a range o f pH from  7® 00 to  9®40 a re  shown 

in  fig*  14„ The g e n e ra l shape of th e  r e a c t io n  tim e cu rv es was 

very d i f f e r e n t  from th o se  o b ta in ed  fo r  the h y d ro ly s is  of tlhe 

2:1 c h e la te D F i r s t  o rd e r  lo g  p lo t s  were ag a in  c o n s tru c te d  

and th e  Be a r e  shown in  f ig *  15® The l i n e a r i t y  of th e  p lo t s  

in d ic a te s  t h a t  the r e a c t io n  p ro ceed s, a t  c o n s ta n t pH, aco o rd - 

ing to  a sim ple f i r s t  carder la w  w ith  r e s p e c t  to  t o t a l  ester®  

The v a lu e s  o f the  observed  f i r s t  o rd e r~ ra te  c o n s ta n ts  a re  

Bhown in  ta b le  X I I I ,  to g e th e r  w ith  kobs* I t  i s  c l e a r  th a t
" p F j

the ex p re ss io n  kobs s te a d i ly  d ec rease s  a s  th e  pH i s  r a i s e d

and te n d s  tow ards a  l im i t in g  v a lu e  a t  h igh  pH0 A p la u s ib le  

ex p lan a tio n  of t h i s  o b se rv a tio n  i s  to  be found i f  i t  i s
2 +  iassumed th a t  ihe  two s p e c ie s  p re se n t i n  s o lu t io n ,  CuB and 

C«E+, /
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F igu res 14 and 15»

H ydrolysis o f  H is tid in e  Methyl E ster a t  con stant pHo 

E ster: Copper » 1 :1 * T » 25°C, X « 0#1 M«

F ig . 14 R eaction  -  time curves*

F ig . 15 P lo t s  ofLj(o«~x) v s  tp

a PH 7.0 0

b pH 7.50
C PH 7 .8 0

d PH 8 .0 0

e PH 8.2 0

f PH 8 .9 0

9 PH 9 .1 0

ft PH 9 .2 0
•i PH 9 .4 0



Time(min.)
120

Fig.14



Fig.15
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gable XX I l o

H y d ro ly sis  o f  h i s t id in e  m ethyl e a te r  i n  p reaeaa e  of one 

e q u iv a le n t o f  C u (II)«  I  = Q«1A\ T= 25®C' 1 1 1  1
>H [0H]™ l*/litre kobs. litne-imlAwi

7 .0 0 1 .2 9  x 10 -7 9 .7 2  x 10-* 7 .5 3  x 10+3

7 .5 0 4 .0 7  x 1 0 '7 1 .68  x 10~3 4 .1 3  x 103

7 .8 0 8 .13  x 10~7 2 .6 7  x 10"3 3 .28  x  103

8 .0 0 1 .2 9  x 10**6 3 .7 2  x 10-3 2.88  x 103

8 .2 0 1 2 .04  x  10"6 5 .53  x 10"3 2 .71  x 103
1

8 .9 0 1 .0 2  xlO-5 1.91X 10“ 2 1 .8 7  x 103

9.10 1 .6 2  x 10~5 2 .88  x 10“ 2 1 .7 8  x  103

9 .20 2.04 x 10~5 3 .57  x 10“2 1 .7 5  x 103

9.40 3 .24  x  10-5 5 .60  x 10“2 1 .7 3  x  103
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CuE*, r e a c t  a t  d i f f e r e n t  rates®  The r a t e  e x p re s s io n  fo r  th e  

h y d ro ly s is  of the e s t e r  i s  th en  g iven  Toy

-d  feste r] jpg--j ^.uE2+j 4. ^  |cu £ +]  [o it]

“ k0bS [ ig 1& ]

where k^ and a re  th e  second o rd e r r a t e  c o n s ta n ts  f o r  the 

a lk a l in e  h y d ro ly s is  o f CuE2+ and CuE+ re s p e o tiv e ly o  The r a t e  

o£ h y d ro ly s is  w i l l  th u s  depend on th e  r e l a t i v e  v a lu e s  o f  k^ 

and k ^ , and th e  r e l a t i v e  c o n c e n tra t io n s  o f  Cu£2+ and CuE+f 

whioh in  tu r n  w i l l  be dependent on pH® At h igh  pH th e  

c o n c e n tra t io n  o f CuE2+ i s  v e ry  sm all compared to  th a t  o f CuE+ 

and th e  o v e r a l l  r a t e  w i l l  be due alm ost e n t i r e ly  to  the 

h y d ro ly s is  o f  CuE+ i 0e0

kobs LTotal E s te r]  » k^ [p«S+j>

Hence in  th e  lim it® kobs -  k„o T h is# th e re fo re *  would
p F f ~  *

ex p la in  th e  f a c t  th a t  a  l im i t in g  v a lu e  f o r  kobs i s  found0
TjOSTJ

On th e  b a s is  of th e  above scheme a q u a n t i ta t iv e  t r e a t ­

ment was a p p lie d  a s  follows® Assuming the c o n c e n tra t io n s  of 

fre e  co p p er, f r e e  e s t e r  and 2:1  o h e la te  to  be n e g l ig ib le  

oompared w ith  the c o n c e n tra t io n  o f th e  1 :1  c h e la te ,  th e n

lo t a l  E s te r  = A = IpuE2 }̂ + jc n E ^  . » . . . . ............. (17)

I f  the  above r e a c t io n  scheme i s  c o r r e c t ,  th e n  

k o b s/
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kobs. A = k jtp H "] |cuE2tl + k. joH"] [?UE+]

and k o b s .  A = k, lcu£2*| * k. IffuE'd*........................T5fP| 3 L  J * ^
L et Ki be the d is s o c ia t io n  c o n s ta n t for th e  e q u il ib tiu m  

CuE2* -S=a. OuE+ + H*

i . e .  Ki = fcurf . j V ]_ _ _  f )
(UI25  -  '  f

. . |CuE+] * K i Is EuE2̂ ..... ........... .......(19)
F T

S u b s t i tu t in g  (19) in  ( l 8 ) # we have

E g g  . A » k3 [cuE2+]  + k4 K iff  [cuE2+] ................. . . . ( 2 0 )

From (19)

■ 1 * ^

« \  g f e ]  “  1  <21)

S u b s t i tu t in g  (21) in  (2 0 ) ,

kobs .A = k .  ... A * k . E i A
“ T  ’ I ? * #  ‘- f t - ' — #

F i  ' ■ " f t

t* l U & -  * j • 4 - ‘i * k« - (K)
fT

I h i s  i s  o f  th e  form Y  = B4X + C, where



Y ' ® r ( ^  .“ ) “ a x -  ^
A p lo t  of Y v s  & should  th e re fo r e  be l i n e a r ,  th e  s lo p e

b e in g  k^ and Y  in te r c e p t  k^ . Prom th e  p o te n tio m e tr ic  d a ta  
f2  —7£  iT  ( f ig o 9 )  and t h i s  v a lu e  was used  in  th e  c o n s t r u e ~

t i o n  o f an  X ,y p lo t  ( f ig ,  16) which proved to be a s t r a i g h t  

l i n e ,  w ith in  ex p e rim en ta l error® The v a lu e s  of k^  and k^ 

o b ta in e d  from  t h i s  p lo t  were 1®29 x 10^ L-mole~^~min.~^ and 

1®70 x 10^ lrmoler^-min®"*’1',  re sp ec tiv e ly ®
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F ig u re  16 a

P lo t  o f Y v s  X from  th e  d a ta  o f f a b le  X I I I ,  

* « . ,  Y - i j j O M *  < ^ + l

and

* = &L
K if .

t .
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N ick e l Ion  C a ta ly s is ®

H a v in g 'e s ta b lis h e d  the  n a tu re  o f  th e  copper (XX) 

c a t a l y s i s  o f th e  h y d ro ly s is  of h i s t i d i n e  m ethyl e a te r ,  a 

study o f th e  n ic k e l ( I I )  c a t a l y s i s  was made in  o rd e r  to  

compare the c a t a l y t i c  e f f e c t  o f th e se  two io n s  w ith  th e  

s t a b i l i t y  o f th e  c h e la te s  formed® P re lim in a ry  experim en ts 

showed th a t  a s im ila r  h y d ro ly s is  p a t t e r n  was to  be expected  

in  th e  N i ( l l ) ~ e s te r  astern®

H y d ro ly sis  of th e  2 :1  c h e la te ®

The r e l a t i v e  v a lu e s  of and K f o r  th e  N i ( l l )
4

e s te r  system , ( ta b le  V) a re  such th a t  i n  s o lu t io n s  of pH>

7«>00 where th e  e s t e r :  Ni r a t i o  i s  2 :1 , th e re  i s  a n o t 

in s i g n i f i c a n t  d is s o c ia t io n  o f  th e  2 :1  complex 

N iE |+ v=± NiS2+ + E 

To en su re  th a t  e f f e c t iv e ly  a l l  th e  N i ( I I )  was p re s e n t a s  

th e  2 :1  com plex, i t  was th e re fo r e  n ecessary  to  observe . 

h y d ro ly s is  in  s o lu t io n s  c o n ta in in g  an ex cess  o f  f r e e  ester©

Par t h i s  re a s o n , h y d ro ly s is  o f NiEg was observed  in  s o lu t io n s  

where th e  e s te r -N i  r a t i o  was 1 0 :3 , and c o r r e c t io n s  were made 

to  th e  r e a c t io n  tim e cu rv es  to  a llo w  f o r  th e  alow h y d ro ly s is  

o f  th e  f r e e  e s t e r  which m s  a lm o st, but n o t q u i te  n e g l ig ib le  

in  th e  pH ran g e  studied® The tim es f o r  com pletion  of g iven  

p e rc e n ta g e s  of h y d ro ly s is  o f  the 2 :1  c h e la te ,  over th e

pH/
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pH range  8*40 to 8 o90 a re  g iv en  in  Table X I Vo C a lc u la t io n  

of a p p ro p r ia te  tim e r a t i o s  ( t a b le  XV) and com parison w ith th e  

'T 'r a t i o s  of t a b l e  X I, le a d  to  a IK v a lu e  of 0*14© V alues o f 

k ^ , calculated assum ing E » 0 o14 a re  shown in  ta b le  XVI, a lo n g  

w ith average k^ v a lu e s  and ® e x p re s s io n  was
T3JSF3

ag a in  found  to  be ap p ro x im ate ly  co n s tan t and th e  a v e ra g e , k^ =*

7© 09 x 10Jl«mole~’ ~min'~ , was th e r e f o r e  ta k e n  to  be the second 

o rd er r a t e  c o n s ta n t foir th e  a lk a l in e  h y d ro ly s is  o f  the  2 :1  

n ic k e l ch e la te*  I t  fo llo w s  th a t  th e  second carder c o n s ta n t 

Kg fo r  th e  h y d ro ly s is  o f NiEA* i s  9«92 x lO ^ litre -m o le r^ -m in T 1 

H ydro lysis  of th e  1 :1  che la teo

S o lu tio n s  c o n ta in in g  e s t e r  and n ic k e l  in  th e  r a t i o  1 :1  

showed a tendency to  p r e c i p i t a t e  n ic k e l  hyd rox ide , due to  

s l ig h t  lo c a l  a l k a l i n i t y  a t  the  b u r e t te  t ip *  T h is  caused  any 

k in e t ic  m easurem ents made on such s o lu t io n s  to  be s u b je c t  to  

much l a r g e r  ex p erim en ta l e r r o r  th an  in  s o lu t io n s  where no p re ­

c i p i t a t i o n  occurred* I t  i s  f o r  t h i s  re a s o n  th a t  Only a  v e ry
- 1 - 1approxim ate v a lu e , 4 .7  x 10 jL itre-m ole. -min* , can  be a s s ig n ­

ed to  th e  second o rd er r a t e  c o n s ta n t f o r  the  h y d ro ly s is  o f  th e  

1 :1  c h e la te  NiE2+*
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gatale XIV

Time (min) f o r  com ple tion  o f ,gLven p e rc e n ta g e  of r e a c t io n s

i n  h y d ro ly s is  o f NiE^  .T  -2 5 ° C   ̂ I  - O' / ^
f>H t l0 to o

C.
t*o t+ o t s o tfco t  70 t« o

8 .40 9 .60 21.5 37 59 86 132 «■»

8 .60 6 .0 1 3 .5 23oO 36« 5 55 83 135
8.90 2 .9 6 .5 l lo  2 l 8 o0 27 oO 40o0 62 .0 103

TABLE XV.

Time r a t i o s  for h y d ro ly s is  o f  M e | +

tioy
^coo ^ClO

t koy
t8^ ta o

80 40 

80 60

8o90

10*00 

9o 54

13. 75 

13o83 

13o 79

3o 57

3o6l

3o 57 15 .85

Table  XYIo

f o r  th e  h y d ro ly s is  o f NiEg* (min* ^ x 10^)

»>H 10% 00% 30% 40% 50% 60% 70% 80% k!mean % r3
8.40 2. 28 2 .27 2. 25 2.19 2.24 2.30 — - 2o 26 6.98,10^

8.60 3.65 3.62 3.61 3.54 3.58 3.66 3o56 - 3.60 7.02*10*

8.90 7.55 7.51 7.42 7 .18 7 .2 9 7.60 7 .? 7o27 7o44 7 .29*K?
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The h y d ro ly s is  of h i s t id in e  m ethyl e s te r  h as  been 

ghown to  p ro ceed  v ia  a b im o lecu la r r e a c t io n  between a 

hydroxyl io n  and an e s te r  m o lecu le , e i th e r  f r e e  i n  S o lu tio n  

or bound to  a m eta l io n 0 The r e a c t io n s  s tu d ie d  and the second 

order r a t e  c o n s ta n ts  o b ta in e d  a re  shown below -

1. E -f-O H  — * ko  =  4-7* i d  litre-mofcrLmiir*.

2 .  G tE ^ f -O H  —--*■ G i E / f k <G «Ef =  I -94>t I04 " « 1/ II

3. f  0 H ~ - C u A i •faCwBf =  2 - 3 3 x l ( ^  .1 II II

4-. G ^ t O H " - - *  C u A + =  \ t % \ &  >' n It

5 .  G«E+  - t  0 H ~ - —» G * A — I 70xlC? » it II

6 .  N i ^ - h O H - - Ni EA+ R E x =  7  0 g x ic ?  » u II

7 . N i E A * + O H ~ -—* N i A z = •  < H x l 0 2  » u II

S .  N iE 2*"+■ O H  - —* NiA+ k 3  NtE21’ =  4 -  7x to ?  » #/ II

Prom th e  above in fo rm a tio n  a n  o rd e r of r e a c t i v i t y  f o r  th e  

various s p e c ie s , cap ab le  of h y d ro ly s in g , may be c o n s tru c te d , 

as fo llo w s* «

Cue|+ > CuE2+ > NiE2+ > KiE2+ > CuEA.+ >  C u E *  >  NiEAr  >  E  .

Several c o n c lu s io n s  may be drawn from t h i s ,  co n cern in g  th e  

fa c to rs  in f lu e n c in g  th e  c a ta ly s i s  o f th e  h y d ro ly s is  o f  th e  ester*

I t /
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I t  may be seen  th a t  th e  r e a c t i v i t y  o f  a sp e c ie s  

depends to  a  la rg e  e x te n t on the overall p o s i t iv e  c h a rg e , 

s ince  sp e c ie s ' p o s se s s in g  two p o s i t iv e  ch a rg es  ar® more 

re a c t iv e  than  th o se  p o sse ss in g  one p o s i t iv e  ch a rg e , and th e  

r e a c t i v i t i e s  of both o f th e s e  a re  much g r e a te r  th a n  t h a t  o f  

the uncharged e s t e r  m o lecu le0 A nother f a c to r  i s  th e  number 

of e s t e r  m o lecu les  p re s e n t in  th e  sp e c ie s , s in c e  s p e c ie s  o f  

s im ila r  ch a rg e , b u t having d i f f e r e n t  numbers of e s t e r  m o lecu les  

p re se n t have d i f f e r e n t  r e a c t i v i t i e s 0

These two f a c to r s  do n o t, however, accoun t e n t i r e ly  f o r  

the o rd e r o f r e a c t i v i t y  g iven  above0 I f  th e  r e a c t i v i t i e s  of 

copper and n ic k e l  c h e la te s  of s im ila r  charge  and p o sse ss in g  

equal numbers of e s t e r  m o lecu le s , a re  compared i t  i s  found 

th a t in  a l l  c a se s  th e  copper c h e la te  i s  more r e a c t iv e  th a n  the 

nickel* An e x p la n a tio n  of t h i s  o b se rv a tio n  may be found from  

a c o n s id e ra t io n  o f th e  r e l a t i v e  s t a b i l i t i e s  of th e  copper and 

n ickel c h e la te s  w ith  h i s t id in e  m ethyl e s te r ,  ( t a b le  V)0 The 

fo rm ation  c o n s ta n ts  of copper c h e la te s  a r e  c o n s id e ra b ly  g r e a te r  

than th o se  of s im ila r  n ic k e l c h e la te s  and th e  r e a c t i v i t y  of a  

ch e la te  tow ards hydroxyl io n  would th u s  seem to  depend on th e  

degree of in t e r a c t i o n  of th e  m e ta l io n  w ith  th e  e s t e r  m o lecu le0 

M etal io n  c a t a l y s i s  o f th e  h y d ro ly s is  o f h i s t id in e  m ethyl 

e s te r , th e r e fo r e ,  may be reg a rd ed  a s  be ing  due to  th re e  e f fe c ts *

( i ) /
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( i )  In tro d u c t io n  of p o s i t iv e  ch arg e  in to  th e  
e s t e r  m olecule,,

( i i )  S t a t i s t i c a l  effect®

( i i i )  E le c tro n  w ithdraw al effect®

These o b v io u sly  must be in t im a te ly  con n ec ted  w ith  one 

an o th e r , and i t  would be v e ry  d i f f i c u l t  to  a s s ig n  q u a n t i ta t iv e ly  

the c o n t r ib u t io n  made by each to  th e  o v e r a l l  c a t a l y t i c  effect®

I t  i s  however, u s e fu l  to  compare the r e a c t i v i t i e s  of s u i t a b le  

hy d ro ly sin g  s p e c ie s ,  b e a rin g  the th re e  c a t a l y t i c  e f f e c t s  in  

mindo

( l )  The o v e r a l l  e f f e c t  o f th e  in t ro d u c t io n  o f p o s i t iv e  

charge to  th e  e s te r  m olecule may be seen by com paring the 

r e a c t i v i t i e s  o f th e  uncharged e s t e r ,  w ith  th e  r e a c t i v i t i e s  o f  

the  m e ta l c h e la te s  b e a r in g  one and two p o s i t iv e  ch a rg es  

respective ly* ,

k 3 CuE** 2 .6  x 102 k4CuE'l~ ^ 4 i l 0 1
O 0

k 3NiE2'1' ^  I x l O 2 k 2HiEA+ ^  2 x  1q1
- E 7 ~  - S —

The r e a c t i v i t y  r a t i o s  must a l s o  in c lu d e  the e le c t ro n  w ithdraw al 

e f fe c t o f th e  m e ta l io n  and hence th e  r a t i o s  f o r  copper c h e la te s  

are somewhat l a r g e r  th an  th o se  f o r  s im i la r ly  charged n ic k e l 

c h e la te s . I t  would seem reaso n ab le  to  assum e, however, th a t  

th e /
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th e  in t ro d u c t io n  of a n e t  s in g le  charge in  th e  v ic in i ty  of 

th e  e s te r  group in c re a s e s  th e  r a t e  of. h y d ro ly s is  by a t  l e a s t  

a f a c to r  o f t e n ,  where a s  the- in t ro d u c t io n  o f a double p o s i t iv e  

charge in c re a s e s  th e  r a t e  by a t  l e a s t  a  f a o to r  o f 50o

The in c re a s e  in  h y d ro ly tic  r a t e  i s  e a s i ly  u n d ersto o d  

i f  we b ea r in  mind th a t  th e  a t ta c k in g  sp e c ie s  iB a  n e g a tiv e ly  

charged hydroxyl ion® The in tro d u c t io n  of p o s i t iv e  charge  

to  th e  v i c in i t y  o f  th e  e s t e r  group would have th e  e f f e c t  of 

in c re a s in g  th e  c o n c e n tra t io n  of hydroxyl ions in  the  neighbour­

hood of the e s te r  m o lecu le , th u s  in c re a s in g  th e  chance o f 

e f fe c t iv e  c o l l i s i o n s 0

The e f f e c t  of in tro d u c t io n  o f p o s i t iv e  charge  on a lk a l in e  

h y d ro ly s is  has been studied® Weatheimer and S h o o k h o ff^  

measured th e  r a t e s  of a lk a l in e  h y d ro ly s is  o f  t —b u ty l d im ethyl

g ly c in a te  and t - b u ty l  b e ta in iu m  c h lo r id e  and found th a t  th e
■a

r a te  of h y d ro ly s is  was in c re a s e d  by a f a c to r  10 , on in t r o ­

duction o f p o s i t iv e  charge on th e  o( nitrogen®  At f i r s t  e ig h t  

the r e s u l t s  o f th e  p re s e n t work m ight seem to  bei n  d isagreem ent 

with th o se  of W eatheimer, in  th a t  in t ro d u c t io n  of a s in g le  

p o s itiv e  charge  has been shown to  have a very  much sm a lle r  e f f e c t .  

In t - b u ty l  b e ta in iu m  c h lo r id e ,  however, the  o( n itro g e n  b e a rs  

a s in g le  p o s i t iv e  ch a rg e ,



- 78-

and must th e r e fo r e  e x e r t  a  v e ry  pow erfu l in d u c tiv e  e f fe c t*  

w ithdraw ing e le c t ro n s  away from  the  e a te r  ca rb o n y l group , and 

g re a t ly  enhancing i t s  r e a c t i v i t y c In  a charged  m eta l c h e la te

on th e  o th e rh an d , th e  p o s i t iv e  charge  i s  d i s t r ib u t e d  over 

se v e ra l atom s and th e  in d u c tiv e  e f f e c t  of the  o( n i tro g e n  w il l  

be g r e a t ly  red u ced  compared w ith  th a t  in  the  beta in ium  ion*

(11) The s t a t i s t i c a l  e f f e c t  observed  may be e x p la in e d  

as a c o r o l la ry  of e f f e c t  ( 1 ) ,  s in c e  th e  in tro d u c t io n  o f ad d i­

t io n a l e s te r  groups in to  a  r e g io n  of p o s i t iv e  charge w i l l  

f u r th e r  in c re a s e  th e  chance of re a c tio n ,, Yifhen th e  r a t e s  of 

r e a c tio n  of s im ila r ly  charged  c h e la te s  c o n ta in in g  one and two 

e s t e r /

O

H H

Thus f r a c t i o n a l  p o s i t iv e  charge on th e  o( n itro g e n  

p rov ides a p la u s ib le  e x p la n a tio n  fo r  th e  ap p a ren t d i f f e r  enoe<>
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e s te r  m o lecu les  a re  compared i t  i s  found  th a t  th e s e  a r e  no t 

2 a s  would be ex p ec ted  on s t a t i s t i c a l  g rounds, bu t abou t 1*5

klCuiif+ klN iE f+
 57- . 'Z± X»5 ---------§~- ^ 1 . 5
k^Cuil lt^NiE

A p o s s ib le  e x p la n a tio n  of t h i s  may l i e  in  th e  d if fe re n c e  i n  

d i s t r ib u t io n  of th e  p o s i t iv e  oharge i n  th e  diaquo l s l  c h e la te ,  

and in  the 2:1 c h e la te ,  c a u s in g  the  o( n i t r o g e n  to  e x h ib i t  a  

d i f f e r e n t  in d u c tiv e  e f fe c to

(111) A m easure of  th e  r e l a t i v e  e le c t ro n  w ithdraw al 

e f f e c t  o f th e  copper and n ic k e l  io n s  in  th e  h y d ro ly s is  of 

h i s t id in e  m ethyl e s t e r  may be e s tim a te d  by comparing th e  

r e a c t i v i t i e s  of s im ila r  copper and n ic k e l  c h e la te s«

klC uE |+ ^  2 7 kJC » .2J:. 2 ,7  k2CuEA+ ^ 2 , 4

kXNiE|+ k 3NXE2+ k2KAEA+ ^

We can conclude t h a t  th e  r e a c t i v i t i e s  o f copper c h e la t e s  a r e  

abcut two and a  h a l f  tim e s  a s  g r e a t  a s  th e  r e a c t i v i t i e s  o f  

s im ila r  n ic k e l  c h e la t e s 0 S ince i t  has been shewn t h a t  copper 

has a  g r e a te r  i n t e r a c t i o n  w ith  h i s t id in e  m ethyl e s te r  th an  does 

n ick e l i t  i s  n o t un reasonab le  to  suppose th a t  th e  e f f e c t  of th e  

presence o f  a  copper io n  on th e  e le c t ro n  d i s t r i b u t io n  w ith in  

the  e s te r  m olecu le  would be more pronounced th a n  th e  e f f e c t

of/
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o f a n ic k e l ±on0 The w ithdraw al o f e le c t ro n s  tow ards th e  

m etal in c re a s e s  th e  s u s c e p t i b i l i t y  to  n u o le o p h ilie  a t ta o k  of 

th e  e s te r  ca rb o n y l group0

Very few com parisons of m etal io n  c a ta ly s e d  and u n c a ta -  

ly s e d  h y d ro ly s is  o f ©( amino e s t e r s  have appeared  in  th e  

l i t e r a tu r e *  b u t i t  i s  of i n t e r e s t  to  examine them0 In  1957 

Bender and T u m q u est3*0 m easured th e  r a t e s  of h y d ro ly s is  Of 

s e v e ra l amino e s t e r s ,  i n  copper g ly c in e  b u f fe r  so lu tio n s*  

and concluded  t h a t  th e  mechanism f o r  th e  c a ta ly s e d  h y d ro ly sis  

was a s  fo llo w s  s-*

O

0

\ u '
/ /  \  

NHx' ?
I I:

■>

R -eH —  Q-OCHa
A t
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T his mechanism c l e a r ly  in v o lv ed  d i r e c t  in t e r a c t i o n

between th e  ca rb o n y l oxygen of th e  e s te r  group and th e  m etal

ion0 The ev idence  f o r  t h i s  was based  on a com parison o f

th e  c a lc u la te d  r a t e s  o f a c id  and a lk a l in e  h y d ro ly s is  w ith  th e

r a t e  of th e  m etal io n  c a ta ly s e d  re a c tio n ,. The a lk a l in e  and

oupric  io n  c a ta ly s e d  h y d ro ly ses  were compared fo r  th e  h y d ro ly s is

of p h e n y la la n in e  e th y l  e s te r  and th e  r a t i o  o f th e  r a t e  c o n s ta n ts

was found to  be o f  th e  o rd er of lO^o I t  had been shown 
27p rev io u s ly  th a t  the in t ro d u e t io n  o f a  p o s i t iv e  charge  two atoms 

away from  th e  ca rb o n y l group of an  e s te r  in c re a s e d  th e  r a t e  

co n stan t fo r  a lk a l in e  h y d ro ly s is  by a f a c to r  of 10^o Hence 

Bender and T urnquest fav o u red  th e  view t h a t  th e  c a ta ly s is  

could not be due to  th e  a t t a c k  of hydroxyl ions on th e  p o s i t iv e ly  

oharged e s t e r  m olecule* b u t th a t  th e  m e ta l io n  was a c t in g  a s  a 

super o a ta ly s t*  in te r a c t in g  d i r e c t ly  w ith  the ca rb o n y l group0 

The r a t i o  of r a t e  c o n s ta n ts  d e riv ed  by Bender i s  s u b je c t  to  

some doubt* s in c e  th e  c a ta ly s e d  r a t e  c o n s ta n t in v o lv e s  b u f fe r  

in te r a c t io n ,  and th e  a lk a l in e  r a t e  c o n s ta n t was c a lc u la te d  from  

a second o rd e r  c o n s ta n t f o r  a lk a l in e  h y d ro ly s is  m easured in  85# 

ethanol^® *

A a cre  d i r e c t  com parison of c a ta ly s e d  an d  unoatalysed
1 2r a te s  o f  h y d ro ly s is  was made by L i ,  Doody and W hite o a

c o n d u c tiv ity  m ethod th ey  m easured th e  r a t e s  of a lk a lin e  hydro­

l y s i s /
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l y s i s  of h i s t i d i n e  m ethyl e a te r  in  th e  absence end p re se n ce  

of copper and n ic k e l  ione<> The s o lu t io n s  under s tu ty  

co n ta in e d  m eta l io n s  (when p r e s e n t ) 9 e s te r  and  hydroxyl io n s  

in  th e  r a t i o  1 :3 s 3, and th e  second o rd er c o n s ta n ts  which th ey  

o b ta in ed  a re  shown in  te ib le  XVIXo They found th a t  th e  

p resence  o f n ic k e l  and copper in c re a s e d  th e  m easured r a t e  

co n s tan t by a  f a c t o r  of 20 5 and 4*5 r e s p e c t iv e ly , which i s  

v a s t ly  d i f f e r e n t  from th e  f a c to r  of 10 observed by Bender 

and T urnquest f o r  copper c a ta ly s i s  and c o n s id e ra b ly  d i f f e r e n t  

from th e  v a lu e s  cf r a t e  c o n s ta n t  r a t i o s  m easured in  th e  

p resen t work which ran g ed  from 20 to  400o

An e x p la n a tio n  o f th e  d if fe re n c e  i n  th e  r e s u l t s  o b ta in ed  

by L i, Doody and W hite and th o se  o b ta in e d  in  the  p r e s e n t  work 

i s  to  be found in  th e  r e a c t io n  c o n d itio n s  employed by th e s e  

author So S ince  th e  s o lu t io n s  co n ta in e d  e s t e r ,  hydroxyl io n s 

and m eta l io n  in  th e  r a t i o  3* 3*1? th e  s p e c ie s  p re se n t 

i n i t i a l l y  would be MEg and E in  equal p ro p o rtio n s , and th e  

i n i t i a l  r a t e  e x p re ss io n  would be g iv en  by

= S J § g S » l = kx [oh]  [me| +]  + k o [oh] [e]

S ince i t  i s  known from th e  p re se n t work th a t  k *

for bo th  n ic k e l  and copper, th e  c h e la te  MEg* W ill be a lm ost 

com pletely h y d ro ly sed  to  MAg, b e fo re  an a p p re c ia b le  amount o f  

f r e e /
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Table XVII*
Initial Ester 
Concentration Metal Ion fJitre/rooJe-mirO
.00478M - 3.72 x 101
.00382M HiS+ 9.44 x 101
.00382 aa Cu2+ O•c**-H x 101
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f r e e  e s t e r  has reacted<i T h is  means th a t  a f t e r  com plete

h y d ro ly s is  of th e  c h e la te s  th e  a l k a l i  c o n c e n tra t io n  w i l l  

s t i l l  be ohe t h i r d  of i t s  i n i t i a l  value* I n  th e  k in e t i c  

ru n s  r e p o r te d  th e  i n i t i a l  t o t a l  e s te r  and  a l k a l i  concentra** 

t io n  was 3 .8  x 10^M and hence a f t e r  com plete h y d ro ly s is  of
0 4 .the  c h e la te  ME* th e  a l k a l i  c o n c e n tra t io n  m ust have been 

about 1 x 10~3 I0L* i o0o th e  pH must have been a t  l e a s t  11 

during  th e  h y d ro ly s is  of th e  ch e la te*  Prom th e  k in e t i c  

in fo rm a tio n  d e riv e d  during  th e  p re s e n t wozk, th e  tim e s  tak en  

f o r  9 0 h y d ro ly s is  o f NiE$+ and C ue |+ a t  pH ll a re  1 .8  m in-and 

0o7 min. re s p e c tiv e ly *  I t  i s  th e re fo r e  d o u b tfu l w hether very  

much o f  th e  h y d ro ly s is  o f th e  m e ta l c h e la te s  c o u ld  have been 

fo llow ed  by a  c o n d u c tiv i ty  method in  s o lu t io n s  o f such h igh  

hydroxyl io n  co n c en tra tio n *

In  c o n c lu s io n , th e  work p re se n te d  h ere  has shown t h a t  

the m e ta l io n s  Mi (IX ) and C u ( ll)  c a ta ly s e  th e  h y d ro ly s is  of 

h is t id in e  m ethyl e s te r  by c h e la te  fo rm a tio n  which in c re a s e s  th e  

r e a c t iv i t y  o f  th e  e s te r  tow ards hydroxyl ions* The o v e ra l l  

c a ta ly t i c  e f f e c t  may a r i s e  i n  th re e  w a y s '( i )  the in tro d u o tio n  

o f p o s i t iv e  ch a rg e  ( i i )  a  s t a t i s t i c a l  e f f e o t  ( i l l )  an  

e le c tro n  w ithdraw al e f f e c t .  A com parison of the  r a t i o s  o f 

c a ta ly se d  and u n c a ta ly se d  r e a c t io n s  shows th a t  th e  m sehanisx  

of c a t a l y s i s  may be d e sc r ib e d  i n  term s of th e s e  th re e  e f f e c t s  

and
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and need no t in v o lv e  d i r e c t  i n t e r a c t i o n  of m eta l io n  w ith 

th e  ca rb o n y l oxygenG

/ cHxv r°H ?h
/ H ~ \  + H _ e i r  —  o c h 3  ------}  CH—  o - 4 b c H 3

CH M  CH /vf

CH= C CH— C

CH-  A
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P a r t  I I .

T H E  C O N D U C T I V I T Y  0 1  S O M B  

S Y M M E T R I C A L  R A R E  E A R T H

S A L T S  I N  W A T E R  A N D
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I N  P R O D U C T I O N

k.
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The b eh av io u r o f e l e c t r o ly t e s  i n  s o lu t io n  i s  a  s u b je c t  

which h as f a s c in a te d  p h y s ic a l  ch em is ts  fo r  over a century©

The f i r s t  a tte m p t a t  a q u a n t i ta t iv e  d e s c r ip t io n  o f th e  p ro p e r t ie s  

cf io n s  in  s o lu t io n  was g iven  by A rrh en iu s , who observed  t h a t  

th e  e u q iv a le n t conductance o f  e l e c t r o l y t e s  d ec re ased  w ith  

in c re a s in g  c o n e e n tra t io n G He ex p la in ed  t h i s  by assum ing th a t

dynamic e q u ilib r iu m  e x is te d  between n e u t r a l ,  non co n d u c tin g  

m o lecu les of e l e c t r o ly t e  and th e  f r e e  ions in to  which th e  

e l e c t r o ly t e  d issocia ted©

MX M 2 *  +  XZ~

A p p lic a tio n  of th e  mass a c t io n  law  to  th e  eq u ilib r iu m  gave 

th e  e q u a tio n ,

K = M  [xH = m'i 2 . . ( 2 3 )
 p s f —  T F T

where Y  was th e  f r a c t io n  of f r e e  io n s  produced and m th e

m olar concen tra tion* , He n ex t assumed th a t

V -  A .  . . . . . . . . . . . . . . . . . . . . . . .   iZ4)
/Ao

where A  was th e  e q u iv a le n t c o n d u c tiv ity  and A 0 th e  c o n d u c ti­

v i ty  a t  i n f i n i t e  d ilu tion©  A com bination  of (23) and (24)

le d  to  the Ostwald d i lu t io n  law ,
_L =  _L_ 4. OlA,......................... C z5)
A A0 ^Ao (

and when t h i s  was te s te d  ex p e rim en ta lly  by p lo t t in g  A  

a g a in s t /

L
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a g a in s t  mA i t  was found t h a t  e q u a tio n  (25) d e sc r ib e d  f a i r l y

w ell th e  behav iou r of e l e c t r o l y t e s  f o r  which X was sm a ll ,

b u t  was in ad eq u a te  f o r  th o s e  e l e c t r o l y t e s  which were h ig h ly  
d is so c ia te d *  These two c l a s s e s  were a e f in e d  a s  be ing  weak

anu s t ro n g  e l e c t r o l y t e s  r e s p e c t iv e ly *  Typica l o f  th e  f i r s t  

c l a s s  were the  ca rb o x y lic  a c id s  w hile examples of th e  second 

were simple u n i - u n iv a le n t  in o rg an ic  s a l t a

In  h i s  t r e a tm e n t  of e l e c t r o l y t e  s o lu t io n s  A rrh en iu s  had 

assumed t h a t  the m o b i l i t i e s  of io n s  were independent of con­

c e n t r a t i o n  and t h a t  any d e v ia t io n  of A from A0was due e n t i r e l y  

to  incom ple te  d i s s o c ia t io n .  K ohlrausch , a contemporary of 

A rrh en iu s , had observed th a t  fo r  th o se  s a l t s ,  whose behaviour 

was n o t  d e s c r ib e d  by the  Ostwald d i l u t i o n  law, th e  e q u iv a le n t  

c o n d u c t iv i ty  dec reased  l i n e a r l y  w ith th e  square r o o t  o f  th e  

co n cen tra t io n *

With the advent of s t r u c t u r e  d e te rm in a t io n  by X-ray 

c ry s ta l lo g ra p h y  in  th e  e a r ly  p a r t  o f  t h i s  c e n tu ry ,  i t  became 

e v id e n t  t h a t  in o rg a n ic  s a l t s  c o n s is te d  of se p a ra te  io n s  h e ld  

to g e th e r  i n  a c r y s t a l  l a t t i c e ,  th e re  being  no in d iv id u a l  mole­

cu le  w i th in  th e  crysta l©  The f a c t  t h a t  ions i n  th e  l a t t i c e  

were h e ld  to g e th e r  by e l e c t r o s t a t i c  f o r c e s ,  suggested  t h a t  

th e se  f o r c e s  might co n tinue  to  e x e r t  co n s id e rab le  in f lu e n c e  a f t e r  

d i s s o lu t io n  of the  c r y s t a l  i n  a so lv en t.  The consequences to  

be e x p e c te d /
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expected  from  t h i s  were th a t  the movement of io n s  under th e  

in f lu e n c e  o f an  e l e c t r i c  f i e l d  would he somewhat r e s t r i c t e d  

by io n s  of o p p o s ite  c h a rg e , and a d ec re ase  in  e q u iv a le n t 

c o n d u c tiv ity  w ith in c re a s in g  c o n c e n tra t io n  was th u s  explained© 

I t  was a ls o  r e a l i s e d  about t h i s  tim e th a t  th e  a c t i v i t y  

c o e f f ic ie n t  o f an io n  would be in f lu e n c e d  by th e s e  Coulombic 

fo rc e s  and s e v e ra l  w orkers a ttem p ted  t o  g ive a q u a n t i t a t iv e  

trea tm en t of e l e c t r o ly t e  s o lu t io n s ,  which would ta k e  in to  

account io n ic  in te r a c t io n s .  The f i r s t  m ajor su c c e ss  was 

achieved in  1923 by Del> ye and Huckel , who p ic tu re d  an e le c ­

t r o ly te  s o lu t io n  a s  c o n s is t in g  of com plete ly  d is s o c ia te d ,  r i g i d  

s p h e r ic a lly  sym m etrical io n s . Having chosen  a  r e f e re n c e  io n , 

a l l  th e  o th e r  io n s  were r e p la c e d  by a co n tin u o u s space ch arg e  

whose d e n s ity  was assumed to  be a fu n c tio n  of th e  d is ta n c e  

from th e  origin©  The e l e c t r o s t a t i c  p o te n t ia l  around th e  

re fe ren ce  io n  was r e l a t e d  to  th e  charge d e n s ity  and d i e l e c t r i c  

constan t o f th e  su rro u n d in g  medium by means o f  th e  Polssoo equa^- 

tion© A p p lic a tio n  of the  Boltzmann d i s t r ib u t io n  to  d e sc r ib e  

lo c a l c o n c e n tra t io n s , a llow ed  th e  d e n s ity  in  th e  P o isso n  

equation to  be re p la c e d  by th e  s to ic h io m e tr ic  c o n c e n tra t io n s , 

charges and p o te n t i a l s  of th e  ions© T his le d  to  th e  w ell 

known i)e2>ye Huckel e q u a tio n  fo r  th e  mean a c t i v i t y  c o e f f ic ie n t  

of an io n 9

log Tv =  A v i ' i T  . . . . .  ( 26 )
I i-p & C
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where A and B a r e  d e fin e d  by th e  tem p era tu re  and n a tu re  of th e  

so lv e n t and a °  i s  th e  d is ta n c e  of c lo s e s t  approach o f t h e  io n s 0 

U sing  th e  same co n cep t of an io n ic  atm osphere o f ions of 

one ty p e  around a c e n t r a l  io n  of o p p o s ite  ch a rg e , O n sa g e r^  

gave th e  f i r s t  s u c c e s s fu l q u a n t i ta t iv e  tre a tm e n t of conductance 

of com plete ly  d is s o c ia te d  e le c tro ly te s©  Two e f f e e t s  of i n t e r -  

io n ic  a t t r a c t i o n  were co n s id e red ; th e  r e la x a t io n  and e le c t r o ­

p h o re tic  e ffe c ts*  The fo rm er d e sc rib ed  th e  r e ta r d in g  fo rc e  

e x e r te d  by th e  io n ic  atm osphere on an io n , under the in f lu e n c e  

of an e l e c t r i c  f i e l d ,  when i t  moved from  th e  c e n tre  o f  i t s  

atm osphere; the  l a t t e r  d e sc r ib e d  th e  slow ing of an io n  by 

so lv en t m o lecu les moving in  the  o th e r d i r e c t io n  and a tendency  

fo r  the  io n  to  d rag  such m olecu les a lo n g  w ith  ito  C onsidera­

t io n  o f th e s e  e f f e c t s  gave r i s e  to  the f a m il ia r  Onsager 

equation ;

A  =  A 0  -  ( c *  ( i )  f C . . . . . . . . . . . . . . . . . . . . . . . . . . . ( ? - 7 )

where th e  two c o n s ta n ts  of, and fb a re  d e sc rib ed  by tem p era tu re , 

v is c o s i ty ,  and d i e l e c t r i c  c o n s ta n t o f th e  medium, th e  valency 

type of th e  s o lu te  and p h y s ic a l constan ts*  T h is  had th e  same 

form a s  K oh lrausch8s equation*

Both th e  D ekye-H uckel and Onsager eq u a tio n s h e ld  only 

a t  v ery  low concen tra tions©  T his was a  n a tu ra l  consequence 

o f /



of th e  ch o ice  o f  a  model in  which io n s  were c o n s id e red  to  

be p o in t  charges® S ince  th e n , b o th  e q u a tio n s  have been  

improved and  ex tended  t o  a llo w  fo r  f i n i t e  io n ic  size® H igher 

te rm s in  th e  m athem atica l expansions which w ere n e g le c te d  i n  

the p re lim in a ry  d e r iv a t io n s ,  and f o r c e s  o th e r  th a n  io n - io n  

fo rc e s  which may occur i n  s o lu t io n  have a l s o  been taken in to  

accounto

While th e  Onsager eq u a tio n  was vary  s u c c e s s fu l in  

p r e d ic t in g  th e  c o n d u c t iv i t ie s ,  in  w ate r, of many s a l t s  which 

hadnot obeyed th e  O stwald d i lu t io n  law , n e g a tiv e  d e v ia tio n s  

from th e  p r e d ic te d  Onsager slope  were known to  occur fo r  some 

s a l t s  i n  w ate r, and s t i l l  more p u z z lin g  was th e  f a c t  t h a t  

e l e c t r o ly t e s ,  which appeared  s tro n g  i n  w ater gave c o n d u c tiv ity  

curves ty p ic a l  o f  weak e l e c t r o ly t e s  i n  l iq u id  ammonia® 

.D eviations of t h i s  ty p e  were s u c c e s s fu l ly  ex p la in ed  by a  r e tu r n  

to  th e  A rrh en iu s  th eo ry  o f incom plete d isso c ia tio n ®  In  the 

b a se  of weak e l e c t r o l y t e s  such as  c a rb o x y lie  a c id s  th e  equiljU- 

brium was assumed to  in v o lv e  n e u t r a l  m o lecu les,

HA A" +

where a s  w ith  th e  in o rg an ic  s a l t s  th e re  was no u n io n ised  

n e u tra l m olecule to  d is s o c ia te  and th e  p ro cess  was co n s id e red  

to  be an  a s s o c ia t io n  o f  io n s  to  form an io n  p a i r 0
-J. Y x ~  ---------*  MX ( m '~x )+



A q u a n t i ta t iv e  th e o ry  of io n  p a ir  fo rm a tio n  was g iven  

by Bjerrum^* in  1926, which a ro se  from a  c o n s id e ra t io n  of 

th e  e f f e c t s  o f e l e c t r o s t a t i c  fo rc e s  on r i g i d ,  u n p o la r ie a b le , 

charged  sp h e re s  o f d iam eter a* in  a medium o f d i e l e c t r i c  

c o n s ta n t,  Do Non p o la r  quantum bonds between io n s  were 

n e g le c te d  a s  were io n  so lv e n t in t e r a c t io n s .  He showed th a t

the  p r o b a b i l i ty  o f f in d in g  an  io n  o f ty p e  Mi fl i n  any u n i t  

volume a t  a  d is ta n c e  V from an io n  of type  " i " ,  o f  o p p o s ite  

charge , was a t a minimum a t  a  d is ta n c e  <j g iven  by

Q = e2 lz iz
* - w r ­

i t  fo llo w s  th a t  c[ i s  th e  d is ta n c e  o f s e p a ra tio n  o f  io n s  f o r  

which th e  m utual p o te n t ia l  energy i s  2kT* For v a lu e s  o f  t  

le s s  th a n  q th e  p r o b a b i l i ty  in c re a s e s  r a p id ly  a s  r  d ec re a se s ; 

fo r r > q th e  p r o b a b i l i ty  in c re a s e s  slowly., B jerrum  assumed 

th a t  two io n s  a t  a  d is ta n c e  r<q were a s s o c ia te d , so th a t  a l l  

ions a t  a d is ta n c e  f  where vcT< r  < q were co n s id e red  to  be 

p a ire d  and to  e x h ib it  p r o p e r t ie s  c h a r a c t e r i s t i c  of th e  new 

e n t i t y 0 A r e l a t i o n s h i p  between the d is s o c ia t io n  co n s tan t  

the d i e l e c t r i c  c o n s ta n t D, and th e  d is ta n c e  o f  c lo s e s t  approach

*a' was d e riv e d  in  the form

lo g  K = co n s t — 3 lo g  D + lo g  Q{b)

- lo g  b = co n s t + lo g  D + lo g  "a,

where/
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where Q(h) « f jgY Y dY
J 1

and b « Z-^ZgQ  ̂
a 1) k T

With th e  in t r o d u c t io n  of a  q u a n t i ta t iv e  th e o ry  of io n  

p a ir  fo rm a tio n , the  measurement of d i s s o c ia t io n  c o n s ta n ts  

took on a  new s ig n i f ic a n c e  and th e  th eo ry  has been v e r i f i e d  

f o r  many system s over a ran g e  o f d i e l e c t r i c  c o n s ta n ts  and 

te m p era tu re . Fuoss and K raus , fo r  example have shown th a t  

th e  B jerrum  th eo ry  ad e q u a te ly  d e sc r ib e d  th e  observed  conductance 

of tetraisoam ylam m onium  n i t r a t e  i n  w ate r-d io x an e  m ix tu re s  o f 

low d i e l e c t r i c  co n stan to

The a c tu a l  methods of d e r iv in g  c o n s ta n ts  w i l l  be d e sc rib ed  

in  th e  nex t s e c t io n  and i t  i s  s u f f i c i e n t  a t  p re s e n t to  say th a t  

they a re  based  on th e  A rrh en iu s  and O stw ald th e o r ie s  w ith s u i t ­

ab le  m o d if ic a tio n s  t o  a llo w  f o r  io n ic  in te r a c t io n .  The use 

of c o n d u c tiv ity  m easurem ents i s  p a r t i c u l a r ly  a p p l ic a b le  to  th e  

study o f sym m etrical s a l t s  s in c e  th e  io n  p a i r  form ed i s  uncharged 

and does n o t conduct e l e c t r i c i t y .  The work of  Fuoss and Kraus 

on 1 :1  el e c t r o ly te s  a t  low d ie le c t r i c  c o n s ta n ts  has been 

m entioned. In  s o lu t io n s  o f  h igh  d i e l e c t r i c  c o n s ta n t such a s  

aqueous s o lu t io n s ,  a p p re c ia b le  io n  a s s o c ia t io n  i s  to  be ex p ec t­

ed only w ith  h igh  v a len cy  ty p e  e l e c t r o ly te s .  The d is s o c ia t io n  

of lanthanum fe r r ic y a n id e  i n  w ater and o th e r  s o lv e n ts  of h igh 

d i e l e c t r i c /
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d i e l e c t r i c  co n s ta n t h as  been s tu d ie d , ^  and i t  has

been shown th a t  th e  u se  o f th e  l im i t i n g  form s o f th e  Debye

Hiiokel and Onsager eq u a tio n s  g iv e s  s a t i s f a c to r y  d is s o c ia t io n  

c o n s ta n ts ,  whose v a lu e s  vary  w ith  d i e l e c t r i c  c o n s ta n t i n  a 

way very  c lo se  to  th a t  p r e d ic te d  by the Bjerrum  th e o ry <»

In  an a ttem p t to  extend th e  work on 3 0  e l e c t r o ly t e s ,

A tkinson-5 m easured th e  c o n d u c t iv i t ie s  o f se v e ra l r a r e  e a r th

c o b a lt ic y a n id e s  in  w ater and d ioxane-w ater m ix tu re s . The 

c o n s ta n ts  d e riv ed  from th e s e  d a ta  in d ic a te d  a com plete ly  

anom alous b eh v a io u r, f o r  w h ile  th e -A 0 v a lu e s  in  each so lv e n t 

were i n  com plete a c co rd  w ith  what mas to  be expected  from 

independen t io n  m o b i l i t i e s ,  th e  d is s o c ia t io n  c o n s ta n ts  d i f f e r e d  

c o n s id e ra b ly  th rough  th e  s e r ie s .  A lthough Walden’s r u le  was 

c lo s e ly  obeyed, in d ic a t in g  th a t  io n ic  r a d i i  rem ained the same 

in  each so lv e n t, th e  *aN v a lu e s  were a p p a re n tly  not c o n s ta n t. 

M onk^ p o in te d  ou t th a t  c o n s is te n t  K v a lu e s  cou ld  not be 

o b ta in e d , u s in g  many o f th e  A 0 v a lu e s  r e p o r te d  and th a t  la rg e  

d if fe re n c e s  in  d is s o c ia t io n  c o n s ta n ts  were n o t t o  be expected  

in  a s e r i e s  of r a r e  e a r th  s a l t s .  In  view  of th e  e x c e lle n t  

agreem ent of lanthanum f e r r ic y a n id e  w ith  i t s  behav iour p re d ic te d  

by th e  Bjerrum  th eo ry  of io n  a s s o c ia t io n ,  Monk su g g ested  t h a t  

the  ap p a re n t anom alies in  the c o b a ltic y a n id e  s e r ie s  were of 

experimental n a tu re . The o b je c t of the p re s e n t work was to  

p ro v id e  a c c u ra te  c o n d u c tiv ity  d a ta  fo r a  s e r ie s  of r a r e  e a r th  

s a l t s  and to  examine th e s e  in  the l i g h t  o f th e  Bjerrum  th eo ry  

of io n  a s s o c ia t io n .
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Where n e g a tiv e  d e v ia tio n s  from  the l im i t in g  Onsager 

s lo p e  occur even a t  v ery  low  c o n c e n tra t io n s  th e s e  can  he 

a t t r i b u t e d  to  th e  fo rm a tio n  o f  io n  p a i r s  i n  so lu tio n *
MZ+ + j Z -  —... * Mz+Xz“

Methods o f e v a lu a tin g  th e  e q u ilib r iu m  c o n s ta n t ,

K  =  W ’t)-  ( x z ~ }  =  a f . . . . . . ( 28 )
( m x }  2  ( ' " Y )

where C i s  th e  e q u iv a le n t c o n c e n tra t io n , have been g iv e n  by

Davies^®, F u o s s ^ ,  S h e d lo v sk y ^ , W ir th ^  and I v e s ^ o  These

a re  a l l  b ased  on th e  O stw ald-A rrhenius th e o ry  of incom ple te

d is s o c ia t io n , su ita b ly  m odified  to  a llow  fo r  in te r io n ic

e f f e c t s  on both  m o b ility  and a c t i v i t y  o f  ions„

The b a s ic  assumption is  th a t  th e  degree cf d i s s o c ia t io n

i s  g iven  by .

Y - & ................................................................< 2 9 ) >

where A  i s  the measured equ ivalent co n d u ctiv ity  and Ax  

i s  the co n d u ctiv ity  o f a so lu t io n  of io n ic  concentration ,C Y  

c a lc u la te d  according to  a th e o r e t ic a l conductance 

equation*,

In  1933, Davies^® a p p lie d  th e se  id e a s  to  th e  stu^y  o f  

io n  a s s o c ia t io n  in  m e ta l su lp h a te  solutions*. Where A 0 i s  

known Y may be c a lc u la te d  by su ccess iv e  approx im ations from  

th e  e q u a tio n

= A 0 ~ Ao* P>)(c j t f ’. . . .(30)
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by tak ing A* ~ A g  a s  a f i r s t  approxim ation on th e  r i g h t  hand 

s id e  and rep ea tin g  the c a lc u la t io n  u n t i l  A x i s  constant©

The v a lu e  of V which r e s u l t s  may he used i n  the l im i t in g  

le jb y e-H u ck e l e q u a tio n  w r i t te n  i n  th e  form

— l o g " f t  =  A z ^ n / T  =  (Kz^'fYC .

By s u b s t i tu t i n g  the v a lu e s  o f  f f c and X i n  (2 8 )9 K may be 

ca lc u la te d ,, T his p ro ced u re  i s  r e p e a te d  f o r  each m easured 

c o n c e n tra t io n  and a c o n s ta n t  v a lue  of K i s  an in d ic a t io n  o f 

a c o r r e c t  ch o ice  of equilibrium ©

Conductance d a ta  may a lso  be used  to  p ro v id e  b o th  K and 

A 0 in  c a se s  where the  l a t t e r  may n o t be r e a d i ly  availab le©  

Using th e  seme b a s ic  assum ptions a s  above, F u o s s ^  chose a 

p re lim in a ry  v a lu e  o f A 0  from a  rough e x tra p o la t io n  of a  A - >fc 

p lo t ,  and c a lc u la te d  ^  and f© These were th e n  s u b s t i tu te d  

in  th e  eq u a tio n
= 'Jz K 'T x   ...................... ( 5 0

which i s  d e r iv e d  by re a r ra n g in g  eq u a tio n  (28) p u t t in g  X -  —rrn
o

A co rrect value of A 0 r e s u lt s  in  a s tr a ig h t  l in e  o f zero

in te rc e p t  on th e  a x is ,  and g ra d ie n t . A q

v a rie d  and th e  p rocedu re  r e p e a te d  u n t i l  a  p lo t  s a t i s f y in g  th e se

co n d itio n s  i s  found when th e  d is s o c ia t io n  c o n s ta n t may be

evaluated© /



e v a lu a te  do

T h is  p ro ced u re  i s  o b v io u sly  te d io u s ,  and tim e  consum ing, 

when done m anually  and a  more ra p id  method has been g iv en  by 

F u o ss^ o

The degree c£ d i s s o c ia t io n  was w r i t te n

The t e r n s  i n  £ ^  b ra c k e ts  were r e p la c e d  by a  fu n c t io n  F (z )  

where

F (a) = 1 -  Z (1 -Z j  ^  oosx  * c o b

and
z  ~

1 ,0 8  ,  A
o Ao FfcO

Tables have been c o n s t r u c te d ^  o f  F (z )  and Zf so th a t  

having chosen  a  A 0 v a lu e , Y and f  may be found  quickly©

S u b s t i tu t io n  of (32) i n  (28) le a d s  t o  th e  the  ex p re ss io n
R3 _ _U -t- CAii.

Ao Ao

A p lo t  o f Fte) vs C g iv es a new v alue  o f A o  from th e
~7ST fez') .

in te r c e p t  and t h i s  p ro c e ss  i s  re p e a te d  u n t i l  a  c o n s is te n t  A o

i s  o b ta in e d  when K may be ev a lu a te d  from  the slope© 

In  S hedlovsky* s t r e a tm e n t^  a s l i g h t ly  d i f f e r  

Of the  l im i t in g  conductance eq u a tio n  was usa<£,



and a s o lu t io n  f o r  ^  was found in  term s of a  fu n c t io n

S W  =  ( \  +  ' M f f ) 1 ,
le a d in g  to  an eq u a tio n  of th e  form

H  ~ ~Ao z  K j A o  .................................................. • • • • f a i )

V alues of A0and K were o b ta in ed  by s im ila r  p lo t t in g  procedures*

The r e l a t io n s h ip  betw een th e  Fuoss and Shedlovsiky c o n s ta n ts ,

K« and K r e s p e c t iv e ly ,  has been ehow n^ to  be
_L _  J _  +. O M cH O *
Ks  '< F  ~ ' a T ’

Where K )> 10 J the Sliedlovsky value  i s  to  be p r e f e r r e d  s in c e

the l im i t in g  conductance eq u a tio n  used  by him a g re e s  w ith

observed  c o n d u c t iv i t ie s  over a la r g e r  c o n c e n tra tio n  range*

Where K /  10“ ^ the  two m ethods a r e  eq u iv a le n t and g iv e  K value a
which ag ree  w ith in  experim en ta l error©

R ecently^V /irth^^ has suggested  a m odification of the

Fuoss method i n  which If in  th e  denom inator of e q u a tio n  (32)

i s  r e p la c e d  by -tt* , The eq u a tio n  may be then  w r i t te n
° A

y  ^  A* V t z )

where W(z) = 1 -  Z9 which le a d s  to  an eq u a tio n
v/w - JL -v- C A
~JT ~ A> 1

in  which f  i s  c a lc u la te d  by means of extended form of the  

Debye-Huokel eq u a tio n  fo r a c t i v i t y  c o e ff ic ie n ts *

From /
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From eq u a tio n s  (28) and (29) I v e s ^  d e riv e d  th e  e x p re s s io n

and when A 0  i s  added! t o  each  s id e  t h i s  becomes

which i s  o f  th e  form

A0 i s  o b ta in e d  by l e a s t  sq u ares and th e  c a lc u la t io n  re p e a te d

u n t i l  c o n s ta n t v a lu e s  of and K a re  obtained*

The m ethods g iv en  above a re  a l l  r e s t r i c t e d  to  c a s e s

where d e v ia tio n s  from  th e  Onsager e q u a tio n  a re  l a r g e ,  and

io n  a s s o c ia t io n  e f f e c t s  a re  very  much g r e a te r  th an  th e

app rox im ations in v o lv ed  in  th e  o r ig in a l  conductance e q u a tio n

The most r e c e n t  advance has been th e  a p p l ic a t io n  o f the  Puoes
4 .5

Onsager conductance e q u a tio n  , to  th e  problem  of io n  asaooia** 

t io n  in  c a se s  where th e  e x te n t  o f a s s o c ia t io n  i s  small®

F uoss and Onsager w rote th e  conductance e q u a tio n  f a r  

u n a s so c ia te d  e l e c t r o ly t e s  i n  the  form ^

A = A0 + Ec I03C '+ Ji c(>- ) }
Where S was th e  Onsager s lope £  dependent on p r o p e r t i e s  of 

so lv e n t b u t independent of io n  s iz e  and and Jg fu n c tio n s  

of io n  size* F u o s s ^  used  th e  above eq u a tio n  to -d e s c r ib e  

th e  conductance due to  the  f r e e  io n s in  s o lu t io n s  o£ and 

a s s o c ia te d  e l e c t r o ly t e  by r e w r i t in g  in  th e  form.a  vicu c a c v  uiw xjf wjr * s.

4  *  A0 -  S ( y c >  4- E y e  leg y c  >
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and when t h i s  was used  i n  c o n ju n c tio n  w ith  th e  ex tended  

Oebye-Huckel eq u a tio n  f o r  a c t i v i t y  c o e f f i c i e n t s  a  g ra p h ic a l 

method f o r  d e r iv in g  E * a 'an d A £)fo r  1 :1  e l e c t r o ly t e s  i n  w a te r-  

dioxan m ix tu re s  was describedo

Puosa and Kraus^® showed th a t  where K was l e s s  th a n  1 0 ~ ^  

e a r l i e r  m ethods, which made use o f l im i t in g  law s co u ld  be 

ad o p ted  w ith o u t g r e a t  lo s s  in  accu racy ; t h i s  was a ls o  found 

by Hash and Monk^o S ince 3s 3 e l e c t r o ly t e s  had been shown ^  

to  have a ie e o c ia t io n  c o n s ta n ts  of th e  o rd e r  of 10~^, th e  use 

of one o f th e  e a r l i e r  m ethods in  th e  p re s e n t work was j u s t i -
‘iQ

f i e  do A lthough th e  o r ig in a l  Fuoss method*^ i s  ex trem ely  

te d io u s , when done m anually , the r e i t e r a t i v e  m athem atical 

o p e ra tio n s  in v o lv ed  a r e  id e a l ly  s u i te d  f o r  a  high speed  

com puterc A programme has been c o n s tru c te d  fo r  th e  Deuce 

high speed e le c t r o n ic  com puter, which en ab le s  A^and K v a lu e s  

to  be c a lc u la te d  r a p id ly  from A and d a ta fl 

D ete rm in a tio n  o f A o

The d e te rm in a tio n  of A 0 by the m ethods o u tl in e d  above 

p la c e s  a  g r e a t  deal of r e l i a n c e  on th e  a p p l ic a b i l i ty  o f th e  

l im i t in g  Onsager and Debye Huckel IdWS to  ionic so lu tio n s of 

f i n i t e  conoentrationio  I t  i s  th e re fo re  f o r tu n a te  th a t  o th e r  

m ethods a re  a v a i la b le  f o r  m easuring  A 0 

T h e /

L
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The orig inal method f o r  d e r iv in g  A0 from  c o n d u c tiv ity  

d a ta  was sim ply to  c o n s tru c t  a  A - |2  p lo t  and e x tra p o la te  

to  zer& c o n c e n tr a t io n 0 For h ig h ly  d is s o c ia te d  e l e c t r o ly t e s

a t  low c o n c e n tra t io n s  t h i s  le a d s  to  v a lu e s  of which a re
50re a so n a b ly  accurate©  Owen has proposed  a  more s e n s i t iv e  

d e te rm in a tio n  of A 0 9 based  on a conductance eq u a tio n  

/4 = A o - S c = - + - A c l o g C + £ ,C ,  
which may be r e w r i t te n  in  th e  form

A h - _  A f l M o g C  t*  E >  (*2>^“)
0

A p lo t  o f  th e  le f t - h a n d  s id e  of (34) a g a in s t  lo g  0 w i l l  be 

l i n e a r  f o r  a c o r r e c t ly  chosen  AQ © At low c o n c e n tra t io n s  

i t  i s  h ig h ly  s e n s i t iv e  to  sm all changes in A 0 » and th e  method

has been shown to  be a p p l ic a b le  to  p a r t ly  a s s o c ia te d
51e le c t r o ly te s ^  ©

Where a s s o c ia t io n  i s  a p p re c ia b le  t h i s  method i s  r a t h e r  

in s e n s i t iv e  t o  changes in A 0 and i t  i s  b e t t e r  t o  o b ta in  i t  from 

m o b ility  d a ta  f o r  the  co rresp o n d in g  strong' e le c tro ly te s©  I t  

becomes in c re a s in g ly  d i f f i c u l t  t o  f in d  such completely 

d is s o c ia te d  s a l t s  in  s o lu t io n s  of low d i e l e c t r i c  co n stan t*  

and Y&ldens r u l e 52 ( A o 'jo  -  Const.) may be used  in  such 

cases© Such c a lc u la t io n s  a r e  however n e c e s s a r i ly  approxim ate 

s in c e  th e  r u le  i s  based  on th e  a p p l ic a t io n  of Stolces* law  to  

th e  m otion  o f  an  io n  th rough  so lv en t m olecu les which a re  i n  

m o s t/

L
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m ost c a se s  o f com parable s iz e 0 . Y/here K and A 0 a re  

c a lc u la te d  s im u ltan eo u sly  much more r e l i a n c e  may be p la ce d  

on th e  fo rm e r, i f  th e  l a t t e r  is  in  agreem ent w ith  a  l im i t in g  

conductance d e riv e d  by an  independent methodo

W hile th e  tre a tm e n t of sym m etrical e l e c t r o ly t e s  has ao 

f a r  been  d isc u sse d  e x c lu s iv e ly ,  i t  should  be m entioned th a t  

o o n d u c tiv ity  m easurem ents have been a p p l ie d  s u c c e s s fu l ly  t o  

th e  tre a tm e n t o f unsym m etrical e l e c t r o ly t e s ,  a lth o u g h  th e re  

i s  th e  obvious d i f f i c u l t y  o f a s s ig n in g  a c o n d u c tiv ity  to. 

th e  charg ed  p ro d u c t of io n  a s so c ia tio n *  The normal p r a c t i s e  

i s  t o  assume t h a t  th e  l im i t in g  conductance i s  some f r a c t i o n  

o f the  conductance of^ one of th e  io n s  involved* Thus Jen k in s 

and Monk*^ assumed IT -  XloiSO* -  ,

w hereas Spedding and J a f f e ^  assumed ~  ^XLdSO^ -  4 0 .

S ince bo th  tre a tm e n ts  gave very  s im ila r  d is s o c ia t io n  c o n s ta n ts  

th e  m o b ility  o f the  io n  p a i r  does not g r e a t ly  in f lu e n c e  the 

c a lc u la te d  d is s o c ia t io n  constan t*
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Measurement o f  R e s is ta n c e .

R e s is ta n c e s  were m easured on a n  a~c sc reen ed

W heatstone "bridge of th e  type  d e s c r ib e d  by Jones and Joseph'*'*
56and by Shedlovsky^ , which in c o rp o ra te d  th e  m o d if ic a tio n s  f o r  

m in im ising  c a p a c ita n c e  and in d u c tan ce  e f f o o ts  a r i s i n g  from 

v a r io u s  p a r te  of th e  b r id g e  netw ork0 The c i r c u i t  i s  shown 

in  figo  17*R-̂  was th e  c o n d u c tiv ity  c e l l  and Rg a  S u lliv a n  

non r e a c t iv e  r e s i s t a n c e ,  th e  t o t a l  r e s i s ta n c e  b e in g  su b d iv id ed
5

in to  10 p a r t s  by two c o n c e n tr ic  d ia ls ., The o u tp u t from

th e  b rid g e  was a m p lif ie d  b e fo re  p a s s in g  to  th e  E arphones

by a two s ta g e  h igh  g a in  m ains o p e ra te d  S u lliv a n  a m p lif ie r ,,

A m ains o p e ra te d  o s c i l l a t o r  (Advance model H - l ) ,  which gave

f re q u e n c ie s  from 15 to  15,000 cy o le s  p e r  second, was p la c e d

about e ig h t f e e t  from th e  b rid g e  to  p rev en t in t e r a c t io n ,  and

m easurem ents were norm ally  taken a t  a  frequency  o f  1000 c y c le s

p e r  second, t h i s  b e in g  the  optimum freq u en cy . The o s c i l l a t o r

was connected  to  the b r id g e  by sc re en ed  and grounded le a d s  via

a  S u ll iv a n  ba lan ced  and screened  tra n s fo rm e r , which was

d e s ig ie d  to  sc re e n  the  supply source from the b rid g e  w ithou t

u p s e t t in g  the  b a lan ce  of th e  j l a t t e r  to  e a r th .  A c o n s id e ra b le

improvement in  th e  sh a rp n ess  of the sound minimum in  th e

d e te c to r  was e f f e c te d  by e a r th in g  th e  b rid g e . A m od ified
55Vagner e a r th ,  d e sc rib ed  by Jones and Joseph , ensured  the 

te le p h o n e /
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te lep h o n e  e a rp ie c e  being  m a in ta in ed  a t  ground p o te n t i a l ,  

th u s  e l i m i n a t i n g  any le ak ag e  o f  c u r r e n t  due t o  c a p a c ity  

between th e  o p e ra to r  and th e  te lep h o n e  coils®  The Wagner 

e a r th  i s  re p re s e n te d  in  th e  f ig u r e  by the  r e s i s t a n c e s  R^f 

R^f th e  c o n ta c t  9 and th e  v a r ia b le  condenser C * The b r id g e  

was b a lan ced  in  th e  u su a l way and th e  d e te c to r  was connected  

to  ground by switch B was th e n  b rough t to  ground

p o te n t i a l  by ad ju stm en t of the  c o n ta c t  g 0 The b r id g e  was 

a g a in  b a lan ced  and the p ro c e ss  re p e a te d  i f  th e r e  was any 

change0 D uring th e  l a t t e r  p a r t  of t h i s  work th e  a m p lif ie r  

and ea r-p h o n es  were r e p la c e d  by a tuned  am p lif ie r  and n u l l  

d e te c to r  (g en e ra l Radio Company ty p e  1232-A)®

Since the  c e l l  a c t s  a s  a condenser i t  was n ecessa ry  to  

b a la n ce  ou t th e  ca p a c ity  e f f e c t s  a s s o c ia te d  w ith it® T his 

was done by means of a S u lliv a n  decade s ta b le  m ica condenser 

re a d in g  from 0 to  0*0 1 /*F connected  a c ro s s  e i th e r  o r Rg®

The c e l l  was con n ec ted  to  th e  b rid g e  by ta k in g  le a d s  from th e  

e le c tro d e s  to  two mercury cups su p p o rted  i n  th e  therm osta to  

T h is  p rev en ted  h ea t in te rc h an g e  betw een the  c e l l  and th e  room* 

The copper le a d s  were of equal le n g th  and th ic k n e s s  to  

m inim ise r e s i s ta n c e  effects®  The co n n ec tio n s to  th e  c e l l  

and the  r e s i s ta n c e  box were in te rc h an g e ab le  by means o f a  

mercury commutator o f the ro ck in g  type® When pure  so lv e n t 

a n d /



and s o lu t io n s  of h igh r e s i s ta n c e  were b e in g  m easured, a  

10 ,000  ohm, n o n - re a c t iv e , s ta n d a rd  r e s i s ta n c e  was connected  

in  p a r a l l e l  w ith th e  c e llo

T herm ostat and T em perature C o n tro lo

The th e rm o s ta t was a  l a r g e ,  e a r th e d  and h e a t in s u la te d  

m e ta l tan k  f i l l e d  w ith tran sfo rm er 6 i l  to  red u ce  c a p a c ity
eg

e r r o r s ? „ S t i r r i n g  was e f f e c te d  by an e l e c t r i c a l l y  o p e ra te d  

m u lt ip le  padd le  s t i r re r®  The te m p era tu re  o f th e  bath  was 

c o n t ro l le d  by a m e rcu ry -to lu en e  s p i r a l  r e g u la to r ,  connected  

in  s e r i e s  w ith  a 60 w a tt bu lb  th rough  a vacuum r e l a y 0 The 

tem p era tu re  was m easured by means o f a  Beckmann therm om eter

which had been s ta n d a rd is e d  a g a in s t  Q c a l ib r a te d  p la tin u m
57 + or e s i s ta n c e  therm om eter and c o n tro l  was a c c u ra te  to  — 0o005 0

The com plete  c o n d u c tiv ity  a p p a ra tu s  was k e p t in  a  c o n s ta n t 

tem p era tu re  room th e rm o s ta te d  to  25°0, which p re v en ted  excess— 

iv e  co n d en sa tio n  in  th e  c o n d u c tiv i ty  c e l l  oap»
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The C o n d u c tiv ity  C e l l o

58T h is  was o f  th e  H a r t le y -B a r re t -̂  ty p e , and was 

c o n s tru c te d  from  pyrex  g lass,, The body had a  c a p a c ity  

o f  abou t 400 m l9 and th e  cap c a r r ie d  th e  e le c tro d e s ,  an 

a p e r tu re  to  a llow  a d d it io n s  o f  s o lu t io n s ,  and a s id e  arm 

f i t t e d  w ith  a th r e e  way s to p  cock , vfoich en ab led  C O g-free, 

s o lv e n t s a tu r a te d  a i r  to  be p assed  over the  su rfa c e  of 

so lu tio n s ,, The cap and body were jo in e d  in  th e  same p o s i t io n  

r e l a t i v e  to  one an o th er f o r  each experim ent by a l ig n in g  marks 

on th e  m ale and fem ale j o i n t s 0

The e le c t ro d e s  which were l i g h t l y  co a ted  w ith  p la tin u m
4*7b lack  were h e ld  a t  a  f ix e d  d is ta n c e  from one an o th e r by fo u r  

sm all pyrex  g la s s  r i v e t s ,  and were connected  t o  th e  e le c t ro d e  

su p p o rts  by p la tin u m  w ire s0 S ince i t  i s  n o t p o s s ib le  to  s e a l

p la tin u m  in to  g la s s ,  a  l i t t l e  A ra ld i te  ®3?0£3f r e s i n  was s e t  in  

th e  bottom  o f each support,, T h is p ro v id ed  a  perm anent s e a l  

which p re v e n te d  le ak ag e  o f  m ercury in to  th e  c e l l  so lu tio n *
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The Carbon D ioxide F ree A ir Supply0

F or a c c u ra te  c o n d u c tiv i ty  m easurem ents i t  i s  im p o rtan t 

t h a t  s o lv e n ts  should  he a s  f r e e  a s  p o s s ib le  from  conduc ting  

im p u r itie s*  I n  s tu d ie s  i n  aqueous s o lv e n ts  th e  most p e r s i s t e n t  

im p u rity  i s  carbon  d io x id e  which form s th e  weakly d is s o c ia te d  

ca rb o n ic  a c id  on d is s o lu t io n  in  water* T his may be p rev en ted  

by p a s s in g  a c u r re n t o f  COg-free a i r  over th e  c e l l  s o lu t io n s  

f o r  th e  d u ra t io n  of th e  experim ent 0

Carbon d io x id e  f r e e  a i r  was produced by f i l t e r i n g  th e  

a v a i la b le  com pressed a i r  supply  th rough  a ja r  o f  c o t to n  w ool, 

b u b b lin g  th ro u g h  2N S u lp h u ric  a c id  to  remove ammoniacal vapour®, 

and p a s s in g  through a s e r i e s  of tow ers packed w ith  g la s s  beads 

c o n ta in in g  50# po tassium  hydroxide* The a i r  was then  passed  

th rough  a  w ate r sc ru b b er and a column o f pure  so lv e n t. B efore  

e n te r in g  the  c e l l ,  Hie a i r  was bubbled  th ro u ^ i pu re  s o lv e n t 

i n  a p r e s a tu r a to r  su p p o rted  i n  Hie th e rm o s ta t.
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P u r i f i c a t i o n  of s o lv e n t s 0

B i s t i l l e d  w ater was d e io n ised  by p a ss in g  i t  th ro u g h
50

a mixed bed r e s i n  0 The r e s in s  used  were A m berlite  1R 

120 (H) a c id  r e s i n  and A m berlite  IRA 140 b a s ic  r e s i n  in t im a te -  

ly  m ixed i n  a p ro p o r tio n  1 :2  by volume<> Water of s p e o if io  

c o n d u c tiv i ty  l e s s  th a n  0 .15  gemmhoa was o b ta in e d  by t h i s  

methodo

Dioxan was p u r i f i e d  by th e  method of K raus and 

V in g ee^o  Com m ercially o b ta in a b le  "pure" 1 :4  d ioxan 

(LoLight and Co.Ltdo ) was re f lu x e d  over m e ta l l ic  sodium f o r  

s e v e ra l  days in  an  a l l  g la s s  a p p a ra tu s  c a r ry in g  a  s i l i c a  

gel guard tu b e . I t  was th e n  d i s t i l l e d  and r e f lu x e d  w ith 

f r e s h  sodium* T h is  p rocedure  was re p e a te d  u n t i l  th e  sodium 

m e ta l rem ained b r ig h t0 P r io r  to  use th e  p u re  d ioxan9 th u s  

ob ta in sd *  was r e i lu x e d  over sodium f o r  sev era l ho u rs  and d is ­

t i l l e d  d i r e c t ly  in to  th e  f la s k  i n  which the  mixed s o lv e n t 

was to  be p re p a re  do



P i l l i n g  th e  C e l lo

A fte r  r in s in g  th e  c e l l  se v e ra l tim es w ith  c o n d u c tiv i ty  

w ater a  stream  o f  p u re  a i r  was p assed  through fo r  ab o u t 15 

m in u tes  and i t  was th e n  f i l l e d  d i r e c t l y  from th e  r e s i n  oolumn* 

The c e l l  and c o n te n ts  were weighed, p la c e d  in  th e  th e rm o s ta t 

and connected  to  th e  supply  of p r e s a tu ra te d  pure  a ir*  I t  

was g e n tly  shaken a t  f re q u e n t i n t e r v a l s  and th e  w ater r e s i s t ­

ance n o te d . A fte r  becoming c o n s ta n t,  no f u r th e r  ohange in  

r e s i s t a n c e  o ccu rred  fo r  p e r io d s  of up to  8 hours*

The above p roced u re  was m od ified  in  mixed so lv e n t runs* 

P u r i f i e d  d ioxan , which had been r e f lu x e d  over sodium fo r  

s e v e ra l  hou rs was d i s t i l l e d  d i r e c t ly  in to  the w eighed sto ck  

f l a s k ,  and a f t e r  rev*ei$aing, a  known amount of c o n d u c tiv ity  

w ater was added to  g iv e  th e  r e q u ire d  mixed so lv e n t com position* 

Carbon d io x id e  was th e n  removed by bubb ling  p r e s a tu r a te d  p u rs  

a i r  th rough  th e  mixed so lv e n t f o r  ab o u t 1 hour* (Pig* 18}

The c e l l  was th e n  r in s e d  se v e ra l tim e s  by blowing over sm a ll 

q u a n t i t i e s  of s o lv e n t ,  and f i n a l l y  f i l l e d  q u ic k ly , weighed* 

and p la c e d  i n  the  the rm osta t*  Once a g a in  e q u ilib r iu m  was 

a t t a in e d  w ith in  a  abort time*



Fig-18
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P re p a ra t io n  o f S tock  S o lu tio n s *

A sample o f th e  s o l id  su b stan ce  i n  a em ail g la s s  tu b e  

was Weighed by d if fe re n c e  in to  a c le a n , steam ed o u t and 

w eighed Pyrex  f la sk o  A s u i t a b le  amount of c o n d u c tiv ity  

w ate r was added and th e  f l a s k  and c o n te n ts  re-w eighed* I n  

th e  p r e p a ra t io n  of mixed so lv e n t s o lu t io n s  the s a l t  was 

d is s o lv e d  in  w ater and th e  appropriate amount of dioxan was 

added. This p roced u re  was adopted  because o f th e  ex trem ely  

slow  r a t e  o f  d i s s o lu t io n  of Lb Co(CN)^ in  w ater—dioxan mix­

t u r e s ,  compared w ith  th e  r a t e  o f  d is s o lu t io n  of th e  s a l t  in  

w ater alone*

Measurement o f C o n d u c tiv ity *

When th e  so lv en t in  the  c e l l  had reached  e q u ilib r iu m , 

a  w eight o f stock  s o lu t io n ,  never l e s s  th an  lg * , was added 

by means of a w eight b u r e t te  th rough th e  a p e r tu re ,  in  th e  c e l l  

cap* The c e l l  was then  shaken a t  i n t e r v a l s  and s o lu t io n  

r e s i s ta n c e  norm ally  became c o n s ta n t w ith in  an hour* For 

two s e t t i n g s  o f  th e  r e s i s ta n c e  box, %  th e  s p e o lf ic  co n d u c ti­

v i t i e s ,  c a lc u la te d  from  r a t i o  arm m easu raaen ts , norm ally  

ag reed  to  w ith in  0*01#*

Pour or f iv e  a d d i t io n s  from the  w eight b u r e t te  were 

norm ally  made du ring  a  ru n , a t  th e  end o f which th e  c e l l  was 

removed and weighed* T his p rd v ld ed  a  mease o f  d e te c t in g  any 

e v a p o ra tio n /



e v a p o ra tio n  which had o ccu rred , an d  t h i s  n ev e r amounted to  

more th a n  abou t 0*03#*

In  view  o f  th e  l im i te d  s o lu b i l i t y  of th e  neodymium 

and gadolin ium  s a l t s  th e  normal d i lu t io n  method provided concentre 

ationsofiess than3xlo l i  in  the  c e l l .  For measurements a t  h ig h er 

c o n e e n tra t io n s *  i t  was th e re fo re  n ecessa ry  to  p re p a re  a  s to ck  

s o lu t io n  in  th e  c e l l , a f t e r  n o tin g  th e  so lv e n t r e s is ta n c e ,  by 

w eighing the  s a l t  d i r e c t ly  in to  th e  c e ll*  A d d itio n a l p o in ts  

co u ld  bo o b ta in e d  by adding  pure s o lv e n t from a  w eight b u re tte *

C e ll  C onstan t D e te rm in a tio n *

B*D*H0 A nala r po tassiu m  c h lo r id e  was r e c r y e t a l l i a e d

th re e  tim e s  from c o n d u c tiv ity  w a te r, d ra in e d  a s  f r e e  a s

p o s s ib le  from th e  m other l iq u o r ,  and d r ie d  a t  100°Co P r io r

to  use in  c e l l  c o n s ta n t d e te rm in a tio n s the  c r y s ta l s  were h ea ted

to  d u l l  re d n e ss  i n  a p la tin u m  d ish , which was a llow ed  to  coo l

in  a d e s s ic a to r 0

The c e l l  was s ta n d a rd ise d  by th e  me thod  o f  P ra se r  and

H artle y  0 S ev era l s e r i e s  o f r e s i s ta n c e  m easurem ents were

made on po tassiu m  c h lo r id e  s o lu t io n s ,  in  the  c o n c e n tra tio n

range su b seq u en tly  to  be used* C o n d u c tiv i t ie s  were c o r re c te d ,

where n ecessa ry  fo r  in te r io n ic  a t t r a c t i o n  e f fe c ts*  The c e l l

c o n s ta n t was th en  found by comparing each m easured v a lu e  w ith
62th e  c o n d u c t iv i t ie s  d e riv e d  from the  e q u a tio n
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A =  J49 -9Z  — 9 3  8 5 '  VC 4 - 5 0 C
Seven c e l l  c o n s ta n t ru n s  gave a  mean v a lu e  of C 

w ith  a  mean d e v ia tio n  o f 0 .02#o

o07360
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P re p a ra t io n  o f  Rare E a rth  Salta*

P o tass iu m  c o b a l t i  cyan ide was p re p a re d  hy th e  o x id a tio n , 

w ith  p u re  a i r ,  o f  a  s o lu t io n  c o n ta in in g  an e q u iv a le n t m ix tu re  

o f  B*D*H* MA n a la r” c o b a lto u s  c h lo r id e  and ^Analar' po tassium  

cyanide* The r e s u l t in g  s o lu t io n  was f i l t e r e d  and  c a r e f u l ly  

n e u t r a l i s e d  w ith  d i lu t e  a c e t ic  a c id . Dioxan was th en  added 

dropw ise w ith  c o n s ta n t s t i r r i n g ,  u n t i l  the  bu lk  of the  

cobalticyan ide  had been p re c ip i ta te d *  A fte r  w ashing w ith  

w atered !oxan  m ix tu re  and p u re  a c e to n e , th e  p r e o ip l t a t e  was 

a i r  d ried*  The crude p roduct was p u r i f i e d  by d is s o lv in g  in  

a  sm all amount o f c o n d u c tiv i ty  w a te r, p a r t i a l l y  p r e c ip i t a t in g  

w ith  d ioxan and washing and d ry ing  a s  before* T h is p ro ce ss  

was re p e a te d  th re e  tim es and th e  f i n a l  p roduct was d r ie d  over 

phosphorus pentoxide*

Potassium  f e r r ic y a n id e  was p rep a red  by r e c r y s t a l i s a t i o n  

o f th e  A nala r m a te r ia l  th r e e  tim es from  c o n d u c tiv ity  w ater *

The r a r e  e a r th  s a l t s  were p rep a red  by 1he method of 

James and W illa rd ^ *  A s tro n g  s o lu t io n  of la n th a n id e  

c h lo r id e  was made by d is s o lv in g  th e  a p p ro p r ia te  ox ide i n  th e  

s to ic h io m e tr ic  amount of c o n s ta n t b o i l in g  h y d ro ch lo ric  a c id ,  

and to  t h i s  s o lu t io n ,  a t  60°C, was, added a s o lu t io n  c o n ta in -  

i rg th e  c a lc u la te d  amount o f  po tassium  f e r r ic y a n id e  or 

c o b a lt  icy  an ide* The s a l t s  were p r e c ip i ta t e d  alm ost im m ediate­

l y /



ly  and s in c e  they were o f  l im i te d  s o l u b i l i t y ,  they  were

n o t r e c r y s t a l l i e e d  but were washed e x te n s iv e ly  w ith

c o n d u c tiv i ty  water* ' On dry ing  over phosphorus p e n to x id e ,

c o n s ta n t w eight was a t t a in e d  in  about two weeks* A n a ly s is
6b

fo r  th e  r a r e  e a r th  was made and i n  each case  co rresponded  to  

a s a l t  co m p o sitio n  of L3+ X 3 .' 4 HgO (T able X V III), T h is  

i s  i n  agreem ent w ith th e  f in d in g s  o f Ja m e s^  who p re p a re d  

lanthanum  f e r r ic y a n id e  and c o b a ltic y a n id e  in  the form of the 

p e n tah y d ra te  by dry ing  over the p a r t i a l l y  dehydrated  sa lt*  

James observed  th a t  on d ry in g  over c o n c e n tra te d  su lp h u r ic  

a c id ,  th e re  was a lo s s  in  w eight which corresponded  to  the  

lo s s  of one w ater m olecule from the pentahy drate* I t  i s  of 

i n t e r e s t  to  n o te  th a t  th e  s a l t s  p rep a re d  by A tk inaonJ 

were d r ie d  over c o n c e n tra te d  su lp h u ric  a c id ,  but were r e p o r te d  

a s  hav ing  a general fo rm ula  R Oo (ONjgSEgOo

Table XVHI 
Analysis of Rare Earth Salts.

Salt

°/Q Rare Earth.

Oalc.(f?X.+Ĥ Found
LaCo(CN)fc 
La ft(CN\ 
M<l Re(CN\ 
Od Fe(CN\

32-61
31-36

35-58

32-45 
31-30
33-76 
35+5
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Lanthanum c o b a l t ic y a n id e o

The c o n d u c tiv ity  of d i lu t e  lanthanum  c o b a ltio y a n id e  

s o lu t io n s  i n  w ater and in  10$ and 20$ (W/W) diox& n-water mix­

tu r e s  has been m easured a t  25- 00005°Co The phoreograme 

shown in  f ig s *  19 and 20 were c o n s tru c te d  from th e  data o f

T ab les X IX , XX and XXlo For pu rposes of com parison fig©19
65in c lu d e s  a few o f th e  d a ta  o f  James and Monk ^ f o r  lanthanum  

c o b a i t  ic y  an id e  in  water* The d a ta  of A tk in s o n ^  f o r  th e  

s a l t  i n  10$ and 20$ d io x an -w ater m ix tu re s  a re  shown in  £lgo20o 

C a lc u la t io n  o f K and A 0 » shown in  th e se  ta b le s ,  was done hy 

th e  method o f P u o s s ^ ,  f o r  which a s u i t a b le  com puter programme 

was c o n s tru c ted o  Prom A and 'JC d a ta , and an approxim ate 

s t a r t i n g  v a lu e  fo r  A Qf th e  v a lu e  of A 0 was computed f o r  

which a p lo t  of eq u a tio n  (31) showed l i n e a r i t y  and had a 

ze ro  in te r c e p t  on th e  f\/C axis* Using t h i s  v a lu e  o f  A q 

a  K v a lu e  was c a lc u la te d  fo r each c o n d u c tiv ity  measurement*

The l im i t in g  form s of th e  Onsager, &n4 D e t^ e - Hack s i 

e q u a tio n s  a r e  w r i t te n

A = A 0
and

lo g  s  -  AC f̂ r e s p e c t iv e ly ,  and when recen t
66v a lu es o f p h y sica l co n sta n ts , and v is c o s ity  and d ie le c tr ic  

con stan t data fo r  w a t e r - dioxan m ix tu res^  are incorporated,

t h e /
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th e  num erical v a lu e s  o f oL. and A a t  25°C» shown in  

t a b l e 'XXXI? a r e  ohtainedo 

JRare e a r th  f  e r r  i  cyan id e s  0

The c o n d u c tiv i ty  o f d i l u t e  aqueous s o lu t io n s  of 

lan thanum ? neodymium and gadolinium 'femcyanide has been measured a t 

25« 0o005°CU The pfroreo grams shorn in  f  igo 21 were 

c o n s tru c te d  from  th e  d a ta  of t a b le s  XXIU, XXiV&nd XXV*

Use of th e  com puter programme gave the K and A a v a lu e s  

. showno

Table XX//

VoDioxan o ( f t A

0 3-5729 314-817 1-94-Si

10 4-2116 275-839 9-36 56

20 5  • 1056 245-213 11-3536
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T able XIX
The c o n d u c tiv i ty  of lanthanum  c o b a lt ic y a n id e  in  w ate r a t  25°C

1

<*-o
X

O

A K */o* 4K J04-
1 .9455 1.3948 130.530 1.796 0 .030
2. 8164 1.6782 123.718 1 .829 0 .0 0 3
3. 7258 1 .9292 118.189 1 .844 0 .018
0.8561 0,9253 144.308 1.850 0.024
1.4320 1.1967 136.545 1 .860 0.034
0.8724 0.9340 143,847 1 .819 0 .007
1 .8902 1.3749 130.906 1.778 0 .048
3.5391 1,8813 118.826 1 .809 0 .017
5. 3768 2.3188 110.254 1 .831 0.005
2 .4520 1.5659 126.618 1 .845 0 .019
1 .7202 1.3116 133.321 1.855 0 .029
1 .6123 1 .2698 133.823 1.784 0 .042
0.5882 0.76691 148.861 1 .817 0 .009
0.9788 0 .9 8 9 4 142,186 1 .817 0 .009
1.7226 1.3125 133.118 1.835 0.009
2.4861 1 .5768 126.439 1.854 0 .028

A  = 16 6 .9 8 , Mean K = 1 .8 2 6 i 0 .021 x 10"4
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T ab le  XX

The c o n d u c tiv i ty  o f  lanthanum  c o b a lt ic y a n id e  i n  10# 
d io x an -w ate r a t  25°Co

C«I0+ fc*IOL A Kxio*
0 .7045 0.8393 107.861 7.822 0 .400
1 .0112 1.0056 102.734 8.058 O.164
0.3273 0.5721 117.967 8.114 0 .108
1.6231 1.2740 95.459 8.389 0 .167
2. 3145 1.5214 89.251 8.436 0.214
0 . 2818 0.5308 120.636 9.345 1 .123
0 .6448 0.8030 109.789 8.202 0 .020
0.9731 0.9895 103.304 8.084 0.138
1.4731 1.2137 96.687 8.180 0 .042
2. 5262 1 .5893 87.120 8.207 0 .015
1.5175 1 .2318 95.927 8.070 0 .152
2. 9211 1.7091 84.327 8.150 0 .072
4.0906 2.0225 78.380 8.223 0.001
5. 2119 2. 2829 74.005 8.209 0 .013
0.49010 0.7001 112.963 7.886 0.336
1.0251 1.0124 102.592 8.096 0.126
1.5780 1.2561 95.572 8.216 0.006
2.1271 1.4584 96.462 8.302 0 .080

A 0 = 1 3 3 .9 8 , Mean K « 8.222 ± 0 .12  x  10” 5
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T able XXIo

The c o n d u c tiv i ty  of lanthanum  c o b a lt ic y a n id e  in  20#

dioxan-w atero
c.tcf VELIO2 A K-los |0?AK

2.1811 1.4769 54.188 2.470 0.054
2.6680 1.6334 51.231 2.484 0 .040
3.5814 1.8925 47.141 2. 510 0.014
0 .4237 0.6509 80.259 2.426 0 .098
0.8630 0 .9290 68.978 2.446 0 .078
1 .3567 1.1647 61.707 2.467 0 .057
0 .1491 0.3861 94.281 2.443 0.081
0 .7088 0.8419 72.410 2.474 0 .050
1 .3657 1.1686 61.862 2. 502 0 .0 2 2
2.0098 1.4177 55.863 2.526 0 .002
2. 5613 1.6004 52. 321 2. 551 0 .0274.8484- 2. 2020 43.445 2. 573 0 .049
0.6485 0.8053 74.732 2.603 0 .079
1 .0314 1.0156 67.058 2. 587 0 .063
1.4513 1.2047 61.430 2.579 0.055
2. 8630 1.6921 50.234 2.491 0 .033
3.5209 1.8764 47 . 345 2.505 0 .019
0.6791 0.8241 73.866 2.585 0.061
1 .4522 1.2051 61.361 2.571 0.047
2.0437 1.4296 55.957 2.575 0 .051
0.8001 0.8945 71.253 2.593 0 .069
1 .5947 1.2628 60.230 2.624 0.100
2. 3002 1 . 5167 53. 362 2.469 0.055
2.9090 1.7056 50. 251 2.526 0 .002

A0 = in. 06 * Mean K = 2 .5 2 4 - 0 .05  x  l o - f



F ig u re  19o

The c o n d u c tiv i ty  o f Lanthanum O o b a lticy an id e  
in. Water a t  25 ~ 0o005°C
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P ig u re  20o

The c o n d u c tiv i ty  o f  Lanthanum C o b a lticy a n id e  

i n  mixed s o lv e n ts  a t  25- 0 o005°C

A -  10$ d ioxan -w ater (W/%).

B -  20$ d ioxan -w ater (W/W)f

pjgi -  A tk in s  one d a t a ^
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T able m i

The c o n d u c tiv i ty  o f  lanthanum  f e r r ic y a n id e  i n  w ater a t  25 C

C.1Q4 7 ;.. 2% 1 0 * 1A K .104 & K.104
0.9794 0.9896 144.328 1.8049 0.0106

2.2619 1.5043 130.074 1.8320 0.0165

3.3378 1.8269 122.2po 1.3294 0.0139

4.4313 2.1051 116.327 1.8401 0.0356

6.2455 2.4991 108.451 1.8051 0.0104

5.4459 2. 3337 1 1 1 .265 1.7925 0.0230

5.2560 2 .2 9 2 5 112.268 1.8098 0.0057

1.2034 1 .0970 141.175 1.8114 0.0041

1.7241 1.3131 135.216 1.8354 0.0199

2* 3509 1.5333 129.577 1.8558 0.0403

0*8094 0.8997 146.991 1.7825 0.0330

2*0501 1.4318 131.810 1.8160 0.0005

2*9914 1.7295 124.338 1.8181 0.0026

• 2*154f 1.4678 130.414 1.7736 0.0419

4*1950 2.0482 117. 329 1.8261 0.0106

A = 169 .57  , Mean K a  1.8155* 0 .017  x 10**4



g ab le
The c o n d u c tiv i ty  o f neodymium f e r r ic y a n id e  i n  w ater a t  25°C

C* 10* C . 'o1- A K* 10* a k *io
0.8975 0.9474 145.406 1.7943 0.0471
1 .4379 1 .1991 138.210 1.8261 0.0153
1.8650 1.3656 133.814 1.8516 0.0102
2.6755 1.6357 127.141 1.8721 0.0367
1 .2067 1.0985 141.318 1.8503 0.0189
1.7366 1.3178 135.046 1.8441 0.0027
1 .5465 1.2436 136.320 1.7585 0.0829
2.1607 1.4699 130.464 1.7947 0.0467
3.1219 1 .7669 123.331 1 .8169 0.0245
4.2825 2.0694 116.976 1.8421 0.0007
0.6774 0.8230 149.369 1.8198 0.0216
1.2900 1.1358 139.977 1.8190 0.0224
2.4728 1.5725 128.287 1.8385 0,0029
3.4893 1.8680 1ZLoS15 1.8600 0.0186
0.6459 0 .2542 165.560 2.0960 0.2546
0 . 3247 0.5698 158 .690 1.7720 0.0694



—  129—

gab le  XXV

The C o n d u c tiv ity  o f Gadolinium  F e r r ic y a n id e  i n  w ater a t  25°C

C.io4 j \I<S. lo* A K xlO 4 A K *io4
4.1588 2.0393 115.082 1 .817 0,006
4.3314 2.0812 114.276 1 .821 OoOlO
0.2924 0.5408 154.994 1 .831 0*020
0.5507 0.74207 148.801 1.775 0*036
0.3458 0,58801 153.656 1 .836 0*025
0.5880 0.7668 148.319 1 .825 O0OI4
1.3811 1.1754 136.080 1 .800 0 .011
2.6234 1 .6197 124.370 1 .805 O0OO6
2.3972 1.5483 125.990 1 .792 0o019

*

A 0 « I 660 33s Mean K = l o 8l l £  0.016 x  10~4



F ig u re  g t0

The c o n d u c tiv i ty  of r a r e  e a r th  f e r r ic y a n id e a  

i n  w ate r a t  25* 0o005°C

X -  Lanthanum F e r r ic y a n id e 0 

Y -  Neodymium F e r r ic y a n id e  ( r ig h th a n d  A  a x i s )

Z -  Gadolinium F erricyanide®
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The r e l a t io n s h ip  between th e  d i s s o c ia t io n  c o n s ta n t o f

an  e l e c t r o ly t e  and  the d i e l e c t r i c  c o n s ta n t o f  a  so lv e n t I s
TLex p ressed  by th e  equations-^

K""1 *■ 4 If W ( i z - iZ J e 2) 3 Q{b) o o . o . o . o .  (35)
lOOCT I f / l  )^ 4  I k DT t

b » Iz.zJ e21 1 2} / \
^  * ^ p p  O O O O O O O O O O O O O O O O O O O O O O O O O O P © -  \  J V  /

where & i s  th e  d i s s o c ia t io n  c o n s ta n t ,  D the d i e l e c t r i c  

c o n s t a n t ,^ '  th e  mean d is ta n c e  of c lo s e s t  approach of th e  

io n s  of charge Z^ and Zg* and 

Q(b) s» (o eV.Y-4  dy12
For 3-3 e l e c t r o ly t e s ,  w r i t in g  eq u a tio n s  (35) and ( 36) i n  

lo g a rith m ic  foim#

—lOgE ss 8 0  9906 —31 Og i) + lOg Q(b i ooooooooooooo( 37)

-lO gb 55 2973 + 10g "9 + lo g  3 OOOOOOOOOO® 00 (3^ )

Hence when th e  m easured d is s o c ia t io n  c o n s ta n t and th e  

a p p ro p r ia te  v a lu e s  o f 2) a r e  s u b s t i tu te d  in  (37)# lo g  Q(b)
may be c a lc u la te d  and b in te rp o la te d  from  ta b u la te d  b v s  

.og Q(b) d a ta 1 

tu t i o n  in  ( 38)

lo g  Q(b) d a ta ^ o  *8l may th en  be o b ta in ed  by su b s ti-



Tat>Ie XXVI

io Dioxan A , E .104- T&Iean
D ev ia tio n

\\, U
U )

( 166.98  (1 ) 1 .826 ± l . i 7 .31

0 167.20  (2) 1 .799 ± 0 . 9 7. 28

1 166.51 (3 ) 1 .797 ± 4 .1 7 .28

133 .98  (1) 0 .8222 4- 1 . 5 7 .27
10 *

^ 1 3 4 .5 0  (3 ) 0.6143 t  5*6 6 .8 5

20 111.06 (1 ) 0.2524 ± 2 . 0 7 .15

(1) P re s e n t Worko

(2 ) Janos and Monk***

( 3 ) ' A tk in so n * ^



Lanthanum C o b a l t ic y a n id e o

Table XX V I  shows th e  cl v a lu e s  o b ta in e d  i n  th e  p re s e n t  

work and a l s o  th o s e  computed from th e  d a ta  o f  J a m e s ^  and
og

of A tk in son  ® As was to  be expected  from the  phoreograms, 

th e  c o n s ta n ts  d e r iv ed  f o r  th e  s a l t  i n  w ater were i n  good 

ag reem en t, a l though  the mean d e v ia t io n  i n  K was somewhat 

l a r g e r  f o r  A tk in so n 5s data*

When the c o n s ta n ts  c a l c u l a te d  f o r  d i f f e r e n t  s o lv e n ts  

a r e  examined i t  may be seen t h a t  w h ile  in  th e  p r e s e n t  

wnrk th e r e  i s  a  change of only 0*15/5 in  th e  R v a l u e ,  th e re  

i s  a  d i f f e re n c e  of 0*42h i n  V ' between A tk insons w ater 

and 10$ dioxan r e s u l t s ,  an d  the mean d e v ia t io n  i n  h i s  

d i s s o c i a t i o n  c o n s ta n t  f o r  th e  l a t t e r  so lv en t i s  once a g a in  

very  la rge*

A tk in so n 5s r e s u l t s  a t  20$ dioxan were r e c a l c u l a t e d  by 

Monk*^ who showed th a t  f o r  the  r e p o r t e d A0 (=11606 ) , K 

d ec reased  s t e a d i l y  as  the  c o n c e n tra t io n  in c re a s e d ,  and i t  

was su g g es ted  th a t  th e  use of a h ig h er  A0 va lue  m ight g iv e  

a  b e t t e r  f i t *  A ccordingly these  da ta  were r e c a l c u l a t e d  

in  th e  p r e s e n t  work u s in g  an im possib ly  l a r g e  range of 

s t a r t i n g  A0 v a lu e s ,  111 to  141o I t  was im possib le  to  o b ta in  

c o n s i s t e n t  r e s u l t s  and t h i s  p rov ides  evidence th a t  th e  

ap p a ren t d e v ia t io n s  from th e  Bjerrum th eo ry  r e p o r te d  by 

A tk in so n /
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A tk inson  must have been due to  a f a u l t  on an experim enta l 

nature*

The r e s u l t s  o f  t h e  p r e s e n t  work would th e r e fo r e  suggest 

t h a t  lanthanum  e o b a l t ic y a n id e  e x h ib i t s  no s u b s t a n t i a l  

d e v ia t io n  from th e  B jerrum  model of io n  a s s o c i a t i o n  i n  

th e  range  of so lv e n t  d i e l e c t r i c  c o n s ta n ts  s tu d ie d ,  which

i s  i n  accord  w ith  James' r e s u l t s  fo r  lanthanum  f e r r i c y a n i d e ^ o  

The Rare E ar th  F e r r ic y a n id e S o

A tkinson^ measured th e  donductances of se v e ra l  r a r e  

e a r th  c o b a l t i c y a n id e s  and found th a t  w hile  t h e / ^ v a l u e s  

ag reed  w ith  th o se  e v a lu a te d  from independent io n  m o b i l i t i e s ,  

th e  d i s s o c i a t i o n  c o n s ta n ts  d i f f e r e d  c o n s id e rab ly  w i th in  th e  

s e r i e s  f o r  a  g iven so lvent*  For example th e  d i s s o c ia t io n  

c o n s ta n t  fo r  lanthanum c o b a l t  icy  an id e  in  w ater  was approx*® 

im a te ly tw ice  th a t  f o r  neodymium c o b a l t ic y a n id e ,  w h ile  th e  

d i f f e r e n c e  i n  f o r  th e s e  s a l t s  was only 0 * 1 3  units?

The c lo s e  s i m i l a r i t y  i n  the l im i t i n g  m o b i l i t i e s  o f  lanthanum 

and neodymium io n s  su g g e s ts  t h a t  the  r a d i i  of th e  s o lv a te d  

io n s  must be very  n e a r ly  th e  same and one would expect 

t h a t  th e  d is ta n c e  of c l o s e s t  approach and hence th e  

d i s s o c i a t i o n  c o n s ta n ts  fo r  t h e i r  s a l t s  i n  w ater would be 

v ery  s im i la r  i f  a s s o c ia t io n  i s  due so le ly  to  e l e c t r o s t a t i c  

fo rces*  Although M o n k p o i n t e d  out t h a t  th e  a c tu a l  

v a l u e s /



v a lu e s  o f d i s s o c ia t io n  c o n s ta n ts  g iven  by A tk in so n  a re  i n  

e r r o r  by a f a c to r  o f th r e e ,  due to  th e  om ission  o f z, in  

th e  Shedlovsky eq u a tio n  (33)? th e  r e l a t i v e  v a lu e s  of 

d is s o c ia t io n  c o n s ta n ts  rem ain u n a lte red *  T h is  would 

su g g est th a t  s in c e  a s s o c ia t io n  was more marked in  neoclymium 

e o b a lt ic y a n id e  s o lu t io n s ,  fo rc e s  o th e r  th a n  sim ple  e l e c t r o ­

s t a t i c  were involved*
54-.

T h is  was no t to  be ex p ec ted  from  p rev io u s  work in  which 

th e  d i s s o c ia t io n  c o n s ta n ts  of a number of la n th a n id e  

s u lp h a te s  were m easured in  w ate r and were found to  be v e ry  

s im ila r*  I t  seemed l i k e ly  th e r e fo r e ,  th a t  A tk inson*s e x p e r i­

m en tal m easurem ents were once ag a in  suspect* A ccordingly  

conductance measurements lor a s e r i e s  of la n th a n id e  s a l t s  

have been made*

Neodymium e o b a lt ic y a n id e  was p rep a red , but i t  was found 

th a t  i t s  s o lu b i l i t y  (approx im ate ly  10~^M) was much too  low 

f o r  a c c u ra te  c o n d u c tiv ity  m easurem ents to  be made* S urp rising ly ,

A tk inson  r e p o r t s  c o n d u c t iv i t ie s  f o r  c e l l  s o lu t io n  c o n c e n tra t io n s  

o f 3 x l(T % o Since the  r a r e  e a r th  f e r r ic y a n id e s  a re  more 

so lu b le  th a n  th e  c o b a lt ic y a n id e s , th o se  of lan thanum , 

neodymium and gadolin ium  were used*

The A <,v a lu e s ,l6 9 o 5 6 , l69o42, and 166,33 f o r  lanthanum .
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neodymium and gado lin ium  f  e r r  ic y  an id e  s  r e s p e c t iv e ly  a re

p robab ly  s a tis fa c to ry ®  There i s  a  c o n s id e ra b le  v a r i a t i o n

i n  v a lu e s  r e p o r te d  f o r  the  l im i t in g  conductance of th e
69in d iv id u a l  ions* Thus H a rtle y  and Donaldson fo r  

Fe(CN)g°~ g iv e  A0 ~ 100*9 and James and Monk^*\ 99ol® F o r

th e  \> v a lu e s  vary  from  69®5 to  69®7» f o r  Nd^+ f 69®3 to  

69o4; and f o r  Q*cj For example lanthanum

f e r r ic y a n id e  co u ld  be co n s id e red  to  have A 0 » 168® 55 o r  

170®60®

The im p o rtan t r e s u l t  o f  th e  p re s e n t  work i s  th a t  the 

d is s o c ia t io n  c o n s ta n ts  f o r  lanthanum , neodymium and 

gadolin ium  f e r r ic y a n id e s  in  w ater a t  25°C, 1*81 x 10“"^,

1*84 x 10~4 and l® 8l x 10~^ r e s p e c t iv e ly ,  a re  the same 

w ith in  ex p erim en ta l e r r o r ,  which co n fiim s th e  p r e d ic t io n  

th a t  one would n o t ex p ec t to  f in d  la r g e  d if fe re n c e s  in  th e  

d is s o c ia t io n  c o n s ta n ts  f o r  a  s e r i e s  o f  r a r e  e a r th  s a l t s  

i n  th e  same solvent®
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The increased  r a t e  of h y d ro ly s is  of h i s t id in e  methyl

e s t e r  in  the presence of copper ( I I )  and n ic k e l  ( I I )  ions

has been in v e s t ig a te d * P o ten tiom etric  s tu d ie s  have in d ica ted

th a t  in  the pH range in  which e s te r  h y d ro ly s is  proceeds,

s e v e ra l  e s te r -m e ta l  ion ch e la te s  may e x i s t ,  depending on the

r e l a t i v e  concen tra tions  of e s t e r  and metal ion . Formation

co n s tan ts  f o r  the  ch e la te s  CuE2'*", CuE2+, CuE*, NiE2+ and 
p.*.NiE , have been measured, where E rep re se n ts  the es ter*

K in e tic  s tu d ie s  have shown th a t  in  a l l  cases hydro ly sis  

proceeds v ia  a simple bim olecular re a c t io n  between hydroxyl 

ion and e s t e r ,  the l a t t e r  being e i th e r  f r e e  in  so lu t io n  or 

bound to  metal io n 0 In the case of the 2:1 ch e la te s  the rea c ­

t io n  involves two consecutive com petitive reac t io n s

MEg* 4- OH" — * ME A*

ME A* * OH"  > MAg ,

where A" rep re sen ts  

the anion of h i s t i d in e ,  the hyd ro ly s is  p roduct.

A comparison of the second order r a te  constan ts  foi the 

a lk a l in e  hydro lys is  of the e s te r  in  tne absence and presence of

metal ions , has shown th a t  metal ion c a ta ly s i s  i s  due to

ch e la te  form ation which inc reases  the r e a c t iv i ty  of tne e s te r  

towards hydroxyl ions* The o v era l l  c a ta ly t i c  e f f e c t  may a r i s e



in  th re e  ways:

Ip In tro d u c tio n  of p o s i t iv e  charge in to  the  e s te r  molecule 

2„ A s t a t i s t i c a l  e f f e c t»

3® An e le c tro n  w ithdraw al e f f e c t«

The in tro d u c tio n  of p o s it iv e  charge in to  the  v ic in i ty  of the 

e s te r  molecule In c reases  the chance of e f f e c t iv e  c o l l i s o n s 0 A 

s t a t i s t i c a l  e f f e c t  i s  In troduced by the  f a c t  th a t  more than  

one e s te r  molecule may complex w ith  the p o s i t iv e ly  charged 

m atal ion® In  view of the c o n s is te n t r e la t iv e  d if fe re n c e  in  

the  r a te s  of h y d ro ly s is  of s im ila r ly  charged copper and n ic k e l 

c h e la te s „ an e le c tro n  w ithdraw al, or in d u c tiv e , e f f e c t  which 

depends on the  degree of in te ra c t io n  between m etal ion and 

e s te r  i s  a lso  considered  to  c o n tr ib u te  towards c a ta ly s i s 0

0 0 O 0 0

P a r t I I

The co n d u c tiv ity  of lanthanum eo b a lticy an id e  in  w ater 

and in  10# and 20# (W/W) dioxan w ater m ixtures has been measured. 

N egative d e v ia tio n s  fro n  the  c o n d u c tiv itie s  p re d ic te d  by the 

Onsager equation  have been a t t r ib u te d  to  ion p a i r  form ation  

and d is s o c ia tio n  co n s tan ts  have been evaluated® C a lcu la tio n  of 

"a" the  d is ta n c e  of c lo s e s t  approach of ions has shown th a t  

the  Bjerrura theory  of ion  a s so c ia tio n  adequate ly  d e sc r ib e s  

the  behaviour of th i s  s a l t  in  the  range of d ie l e c t r i c  co n s tan ts

s tu d ied , which i s  in  accord w ith p rev ious r e s u l t s  f o r  lanthanum 

fe rr ic y a n id e  s



The fe r r ie y a n id e s  of lanthanum, neodymium and gadolinium, 

have been prepared and conduc tiv ity  measurements have been 

used to  ev a lu a te  d is s o c ia t io n  constan ts  fo r  these  s a l t s  in  

water® The c lo se  s im ila r i ty  in  the d is s o c ia tio n  co n stan ts  

confirm  the p re d ic tio n  th a t  one would no t expect to  f in d  

la rg e  d if fe re n c e s  fo r  a s e r ie s  of ra re  e a rth  s a l t s  in  the same 

so lv e n t.


