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S U LI LI A R Y

S t u d i e s  have ‘been made on t h e  a s s o c i a t i o n  i n  acpueous 

s o l u t i o n  between d i v a l e n t  a l k a l i n e  e a r t h  m e t a l  i o n s  and th e  

a n io n s  of  k - L ie th y l i m i n o d i a c e t i c  a c i d  and p l y  c i n e .

The t h e s i s  i s  d i v i d e d  i n t o  t h r e e  p a r t s .  P a r t  I  

d e s c r i b e s  a  N u c le a r  m a g n e t ic  Resonance s tu d y  of  magnesium, 

c a l c iu m ,  s t r o n t i u m  and barium N - m e t n y l i m i n o d i a c e t a t e  com plexes .  

P r o t o n a t i o n  schemes have been e s t a b l i s h e d  f o r  t h e s e  complexes 

and e v id e n ce  f o r  b i n d i n g  s i t e s  o b t a i n e d  from v a r i a t i o n s  i n  

t h e  r e s o n a n c e  p o s i t i o n s  of  t h e  n o n - l a b i l e  p r o t o n s  on t h e  

l i g a n d .  The r e s u l t s  have  been d i s c u s s e d  and com par isons  

w i t h  o t h e r  s i m i l a r  sys tem s  have been made.

P a r t  I I  d e a l s  w i t h  t h e  d e t e r m i n a t i o n  of  t h e  d i s s o c i a t i o n  

c o n s t a n t s  f o r  g l y c i n e  and f o r  th e  m o n o -p ro to n a te d  form of  

iT - m e th y l im in o d ia c e t i c  a c i d .  a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  

d i v a l e n t  magnesium, c a lc iu m ,  s t r o n t i u m  and barium mono- and 

d i - N - m e t h y l i m i n o d i a c e t a t e  complexes and f o r  t h e  magnesium 

m o n o - g ly c in a t e  complex Iiave a l s o  been o b t a i n e d .  A l l  m easure ­

m ents  were made a t  25°G. and a  c o n s t a n t  i o n i c  s t r e n g t h  of  0.1Y 

u s i n g  a  c e i l  i n c r o p o r a t i n g  a  p a i r  of  g l a s s  e l e c t r o d e s  and a  

O.im ca lo m e l  e l e c t r o d e .  The a c t i v i t y  c o e f f i c i e n t  f o r  t h e  

hydrogen  i o n  was c a l c u l a t e d  from th e  D a v ie s  e q u a t i o n ,

- l o g  f Iif =  AZ2 ( j - 4 ' i f  - 0 . 3 1 )

A c a l o r i m e t r i c  i n v e s t i g a t i o n ,  a t  25°C. and an i o n i c



s t r e n g t h  of  0.11,1, o f  t h e  h e a t s  of  f o r m a t i o n ,  , of  the  

m o n o - m e th y l im in o d ia c e t a te  complexes of magnesium, c a lc iu m ,  

s t r o n t i u m  end barium and of th e  2 :1  complexes of  t h i s  a n io n  

w i th  magnesium and ca lc iu m  i s  d e s c r i b e d  i n  P a r t  I I I . Also 

i n c l u d e d  i n  t h i s  s e c t i o n  a r e  AHp v a l u e s  f o r  th e  magnesium 

and c a lc iu m  m o n o g ly c in a te  com plexes .  Twin a d i a b a t i c  

c a l o r i m e t e r s  were u se d  which employed a s  s e n s i n g  e le m e n ts  

a  p a i r  of  matched t h e r m i s t o r s  which were i n c o r p o r a t e d  i n  

two arms o f  a  W heats tone  b r i d g e .  V a r i a t i o n s  i n  s t r u c t u r e ,  

c o o r d i n a t i o n  number,  d e g re e  o f  h y d r a t i o n  and s t e r i c  p r o p e r t i e s  

a r e  d i s c u s s e d  i n  te rm s  o f  th e  thermodynamic p r o p e r t i e s  o f  t h e  

com plexes .  Thermodynamic f u n c t i o n s  f o r  t h e  r e a c t i o n ,

:..etal(;.iXDA)22 -  + EKCA4" ^  K e t a l  EDSA2"  -  S-IIDA2 -  

have been d e r i v e d  f o r  d i v a l e n t  magnesium, c a l c iu m ,  z in c  and 

cadmium i o n s  and t h e s e  a r e  d i s c u s s e d .



POREY/OED

The f i r s t  two y e a r s  o f  th e  r e s e a r c h  d e s c r i b e d  i n  

t h i s  t h e s i s  were c a r r i e d  ou t  i n  th e  P h y s i c a l  C hem is t ry  

D epar tm en t  a t  th e  U n i v e r s i t y  of Glasgow, which i s  u n d e r  t h e  

d i r e c t i o n  of  P r o f e s s o r  J .  m. R o b e r t s o n ,  P . E . S .  and th e  work 

was com ple ted  a t  th e  S t a t e  U n i v e r s i t y  o f  hew York a t  B u f f a l o ,  
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GENERAL I U f h Q B u C T I O h :

I n  s o l u t i o n s  of  e l e c t r o l y t e s  i t  i s  d e s i r a b l e  t o  be 

a b l e  to  c h a r a c t e r i s e  th e  s p e c i e s  p r e s e n t .  I n  t h e  c a s e  of  

a  s o l i d  c r y s t a l ,  X - ray  c r y s t a l l o g r a p h i c  methods can y i e l d  

a b s o l u t e  s t r u c t u r e s  o f  t h e  m o le c u l e s .  U n f o r t u n a t e l y  i n  

th e  c a s e  o f  e l e c t r o l y t e  s o l u t i o n s ,  t h e r e  i s  no such  un­

e q u iv o c a l  method a v a i l a b l e  f o r  t h e  d e t e r m i n a t i o n  of  th e  

s t r u c t u r e s  o f  t h e  s p e c i e s  p r e s e n t .  I n  some c a s e s ,  i t  i s  

c l e a r  t h a t  t h e  s t r u c t u r e  of  t h e  s o l i d  can be u sed  t o  d e s ­

c r i b e  th e  s p e c i e s  i n  s o l u t i o n .  The s i m i l a r i t y  of  t h e
1

v i s i b l e  a b s o r p t i o n  s p e c t r a  of  aqueous  s o l u t i o n s  of  t r a n s i t i o n

m e t a l  c a t i o n s  such  a s  n i c k e l  I I I ) w i t h  t h o s e  of h y d r a t e d

s a l t s ,  e . g .  Ni SO .7H 0 ,  p r o v i d e s  s t r o n g  e v id e n c e  t h a t  th e
4 2

i o n  i n  s o l u t i o n  i s  i n  t h e  same im m edia te  env ironm en t  o f  s i x  

o c t a h e d r a l l y  c o - o r d i n a t e d  w a te r  m o le c u le s  a s  i n  t h e  s ^ l i d  

h y d r a t e .  I n  o t h e r  c a s e s ,  t h i s  a s su m p t io n  h a s  been shown
p

t o  be u n j u s t i f i e d .  Chapman e t  a l  , have  shown, by s p e c t r o ­

sc o p ic  t e c h n i q u e s ,  t h a t  a  number o f  o < _ a m in o -p o ly ca rb ox y l ic  

a c i d s  a r e  p r e s e n t  a s  t h e  z w i t t e r i o n  form i n  s o l u t i o n  w h i le  

t h e y  have  t h e  "norm al"  a c i d  s t r u c t u r e  i n  t h e  s o l i d .  Some 

newer p h y s i c a l  methods l i k e  t h o s e  u sed  by Chapman come c l o s e  

t o  y i e l d i n g  s t r u c t u r e s  of  s p e c i e s  i n  s o l u t i o n  i n  g i v i n g  

i n f o r m a t i o n  a b o u t  t h e  s i t e s  o f  b i n d i n g  of  a  l i g a n d  t o  a  

m e t a l  i o n  and t h e s e  w i l l  be d i s c u s s e d  l a t e r .

B jerrum^ and o t h e r s  have  shown t h a t  complex f o r m a t i o n  

i n v o l v i n g  a  m e t a l  i o n  and a  l i g a n d  i s  a  s t e p w i s e  p r o c e s s  

which i n  aqueous  s o l u t i o n  can be r e p r e s e n t e d  by e q u i l i b r i a



VJ

of  t h e  t y p e ,

I„a+ + Ab -   (1 )aq aq  ^ aq  ~

( n - m ) j  m -  i ;A U - 2 m ) ^ ------------------------------ ( 2 )
aa aa  ̂ 2 aa v

. M Cn- (k - 1  Jnj +■ iu- — ^  ,. {£ n -k m j  +•i''.A/rT 1 T -*T  iViA . —*U'J-1 )aq T aq ^  r,; aq

•where h n f  and Am“ d e n o te  t h e  m e ta l  i o n  and t h e  l i g a n d  i o n
u • - -. a fn- ( 1 ) 2 ,  .. . N )£]+■ ,r e s p e c t i v e l y ,  i h ^ y  J  , hie v a r i o u s  complex s p e c i e s

formed and N, t h e  maximum number of l i g a n d s  t h a t  can b in d  t o
yq

one m e t a l  i o n .  With ch a rg ed  l i g a n d s ,  A’ , p r o g r e s s i v e  

n e u t r a l i s a t i o n  of  t h e  ch a rg e  on th e  m e t a l  i o n  t a k e s  p l a c e  

and t h e r e  i s  a  s m a l l e r  p r o b a b i l i t y  f a c t o r  a r i s i n g  from a 

d e c r e a s e  of  th e  number o f  a v a i l a b l e  c o - o r d i n a t i o n  s i t e s  o f  

t h e  m e t a l .  With b u lk y  l i g a n d s  t h e r e  may a l s o  be c o n s i d e r ­

a b l e  s t e r i c  h i n d r a n c e  t o  t h e  e n t r y  of  s u c c e s s i v e  g r o u p s .

E q u i l i b r i a  such a s  ( l )  can  be d e s c r i b e d  by an

e q u i l i b r i u m  c o n s t a n t ,  t h e  s t a b i l i t y  c o n s t a n t ,  w r i t t e n ,

& a (i w , 9
S ia  -  g h j g i q i  ( 5 )

where sq u a r e  b r a c k e t s  d e n o te  c o n c e n t r a t i o n s . i s  v a l i d

a t  t h e  p a r t i c u l a r  t e m p e r a t u r e  s t u d i e d  and a t  t h e  i o n i c  con­

c e n t r a t i o n  of  t h e  s o l u t i o n  i n  which i t  was m easu red ,  

s t a b i l i t y  c o n s t a n t s  a r e  u s u a l l y  m easured  a t  c o n s t a n t  i o n i c  

s t r e n g t h  and can be compared o n ly  w i t h  o t h e r s  o b t a i n e d  u n d e r



t h e  same c o n d i t i o n s  ox t e m p e r a t u r e  and i o n i c  s t r e n g t h .

I n  o r d e r  t o  be a b l e  to  compare d i f f e r e n t  sy s tem s  i t  i s  

d e s i r a b l e  to  o b t a i n  t h e  thermodynamic a s s o c i a t i o n  c o n s t a n t  

f o r  r e a c t i o n  ( l )  g iv e n  by,

where b r a c e s  e n c l o s e  a c t i v i t i e s  and f ‘ s a r e  th e  c o r r e s ­

p on d in g  a c t i v i t y  c o e f f i c i e n t s .  l o r  t h e  e v a l u a t i o n  of  K, 

i t  i s  n e c e s s a r y  to  e i t h e r  c a l c u l a t e  o r  e l i m i n a t e  th e  a c t i v i t y  

c o e f f i c i e n t s  t e rm .  E i t h e r ,  can be c a l c u l a t e d  a t  a  

number of  i o n i c  s t r e n g t h s  and e x t r a p o l a t e d  t o  z e r o  i o n i c  

s t r e n g t h  a t  which  t h e  a c t i v i t y  c o e f f i c i e n t s  become u n i t y ,  

o r  e l s e  t h e  a c t i v i t y  c o e f f i c i e n t s  can be c a l c u l a t e d  from 

some s u i t a b l e  e x t e n s i o n  of  t h e  Eebye -  Huckel  e q u a t i o n .

The f i r s t  o f  t h e s e  methods i s  v e r y  t e d i o u s  s i n c e  a t  low 

c o n s t a n t  i o n i c  s t r e n g t h s  i t  i s  sometimes n e c e s s a r y  t o  make 

t h e  e x p e r im e n t s  by a  s e r i e s  o f  s u c c e s s i v e  a p p r o x i m a t i o n s  

i n  o r d e r  t o  e n s u re  t h a t  t h e  i o n i c  s t r e n g t h  i s  h e l d  c o n s t a n t .  

The c a l c u l a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  can  sometimes be 

r e n d e r e d  d i f f i c u l t  by h i g h  c h a r g e s  on t h e  s p e c i e s  and u n d e r  

such  c o n d i t i o n s  i t  i s  a d v a n ta g e o u s  t o  make m easurem ents  a t  

c o n s t a n t  i o n i c  s t r e n g t h  and o b t a i n  s t a b i l i t y  c o n s t a n t s  which 

a r e  v a l i d  a t  t h i s  p a r t i c u l a r  i o n i c  s t r e n g t h .  I n  o r d e r  t o



be s u r e  t h a t  t h e  a c t i v i t y  c o e f f i c i e n t s  a r e  h e ld  c o n s t a n t  t h e  

c o n c e n t r a t i o n s  o f  r e a c t i n g  s p e c i e s  must be s m a l l  and c o n t r i b u t e

o n ly  t o  a  n e g l i g i b l e  e x t e n t  t o  t h e  t o t a l  i o n i c  s t r e n g t h .  T h is  

i s  o f t e n  d i f f i c u l t  to  a c h i e v e ,  nov/ever, e s p e c i a l l y  when s t u d y ­

i n g  r e a c t i o n s  between h i g h l y  charged  i o n s  fo rm in g  complexes 

w i th  r e l a t i v e l y  low s t a b i l i t y  c o n s t a n t s  « 1 0 “ ^ l i t r e  mole""^).

I n  such  c a s e s ,  s u c c e s s i v e  a p p r o x im a t io n s  must  be made f o r  I ,  

the- t o t a l  i o n i c  s t r e n g t h ,  s i n c e  a  knowledge of  t h e  s t a b i l i t y

c o n s t a n t  i s  r e q u i r e d  b e f o r e  t h e  c o n c e n t r a t i o n s  of  i o n i c  s p e c i e s

and t h e i r  c o n t r i b u t i o n  t o  I  can be c a l c u l a t e d .

A number of methods a r e  a v a i l a b l e  f o r  m ea su r in g

a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  f o r m a t io n  of  complexes i n  

s o l u t i o n .  These can be d i v i d e d  b r o a d l y  i n t o  two c l a s s e s :

( l )  i n d i r e c t  methods i n  which t h e  a c t i v i t y  o f  a  s i n g l e  i o n i c  

s p e c i e s  i n  t h e  s o l u t i o n  i s  measured  whose c o n c e n t r a t i o n  i s  

c o n t r o l l e d  by a  w e l l  d e f i n e d  e q u i l i b r i u m  and ( 2 )  d i r e c t  methods 

i n  which t h e  c o n c e n t r a t i o n  of t h e  new s p e c i e s ,  t h e  complex, 

i s  d i r e c t l y  i n d i c a t e d  by a  change i n  some p r o p e r t y  o f  th e  

s o l u t i o n .  A few of t h e  more i m p o r t a n t  methods w i l l  be 

d i s c u s s e d  b r i e f l y  h e r e .

Many i m p o r t a n t  l i g a n d s  a r e  a n io n s  of  weak a c i d s  and a r e  

t h u s  a s s o c i a t e d  to a  v a r y i n g  d e g re e  w i t h  hydrogen  i o n s .

Complex f o r m a t i o n  w i t h  a  m e t a l  io n  r e s u l t s  i n  t h e  d i s p l a c e ­

ment o f  t h e s e  hydrogen  i o n s  w i t h  a  su b s e q u e n t  r e d u c t i o n  i n  

pH. The measurement of  pH t h e r e f o r e  may be u se d  to  d e te r m in e  

t h e  a s s o c i a t i o n  c o n s t a n t  f o r  t h e  f o r m a t i o n  o f  t h e  complex.



o

rh e  u s e  of  an e l e c t r o d e  r e v e r s i b l e  wit l i  r e s p e c t  to  hydrogen

i o n s  y i e l d s  hydrogen  i o n  a c t i v i t y  i n  t h e  s o l u t i o n  and t h u s

i t  i s  n e c e s s a r y  t o  know t h e  a c t i v i t y  c o e f f i c i e n t ,  f -^>  of

th e  i o n .  I n  e x p e r im e n t s  a t  c o n s t a n t  i o n i c  s t r e n g t h ,

however ,  i t  i s  d e s i r a b l e  t o  c a l i b r a t e  t h e  e l e c t r o d e s  a s

c o n c e n t r a t i o n  r a t h e r  t h a n  a s  a c t i v i t y  x robes  s i n c e  frr_j.

v a l u e s ,  even a t ' i o n i c  s t r e n g t h s  a s  low a s  0 . 1 ,  c an n o t  be

r e l i a b l y  e s t i m a t e d .  I t  i s  t h e r e f o r e  p r e f e r a b l e  t o  c a l i b r a t e

t h e  e l e c t r o d e s  i n  d i l u t e  s o l u t i o n s  of  s t r o n g  a c i d  o r  b a s e ,

a d j u s t e d  to  th e  r e q u i r e d  i o n i c  s t r e n g t h  w i t h  a  " n e u t r a l 11
a 15

e l e c t r o l y t e  such  a s  sodium p e r c h l o r a t e ^ ?^ .

A g r e a t  d e a l  o f  worm u s i n g  c e l l s  w i t h o u t  l i q u i d  

j u n c t i o n  of  th e  type

H2 ( l  a t m . ) ,  P t  /  HA, NaA, HaCl /  AgCl /  Ag

lias been done by l ia rned  and c o w o rk ers0 . Very p r e c i s e  

e . m . f . ’ s can  be o b t a i n e d  f o r  th e  c a l c u l a t i o n  of  d i s s o c i a t i o n  

c o n s t a n t s .

The g l a s s  e l e c t r o d e  i s  p r o b a b l y  t h e  most f r e q u e n t l y  

u se d  e l e c t r o d e  f o r  s t u d i e s  o f  com plex  f o r m a t i o n  i n  s o l u t i o n .

Tne c e l l s  n o r m a l ly  i n c o r p o r a t e  g l a s s  and ca lo m e l  e l e c t r o d e s  

c o n n e c te d  th r o u g h  a  p o ta s s iu m  chloride s a l t  b r i d g e .  G-lass 

e l e c t r o d e  m easurem ents  have been used  t o  d e te r m in e  t h e  

a s s o c i a t i o n  c o n s t a n t s  f o r  some a l k a l i n e  e a r t h  m o n o a c e ta t e s  

f o r  which t h e  e x t e n t  of a s s o c i a t i o n  i s  r a t h e r  s m a l l ' .

The g e n e r a l  t r e a t m e n t  f o r  t h e  d e t e r m i n a t i o n  of  s t e p w is e  

s t a b i l i t y  c o n s t a n t s  from m easurem ents  o f  t h i s  ty p e  i s



d e s c r i b e d  by B je r ru m ° ,  whose worh i n  t h e  e l u c i d a t i o n  of  

s p e c i e s  p r e s e n t  i n  m e ta l  amnine s o l u t i o n s  i s  a  c l a s s i c a l  

example of  t n e  method.

S in ce  th e  i n t r o d u c t i o n  of w e l l - c h a r a c t e r i s e d  

o r g a n ic  i o n  -  exchange r e s i n s  some 20 y e a r s  ago ,  t h e y  

have found  i n c r e a s i n g  a p p l i c a t i o n s  i n  complex f o r m a t io n  

s t u d i e s .  The e q u i l i b r i u m  e s t a b l i s h e d  when a  c a t i o n  

exchange r e s i n  i n ,  s a y ,  t h e  sodium form, XaR, i s  i n  

c o n t a c t  w i t h  a  s o l u t i o n  c o n t a i n i n g  Mn+ i o n s ,  may be 

w r i t t  en

nhaR + I,in+ ^=±: hSn + nHa+------------------------- (5 )

and t h e  e q u i l i b r i u m  q u o t i e n t  a t  c o n s t a n t  i o n i c  s t r e n g t h ,

Q
Kn * N a l _  ------------------------------------------- (6 )

j at!

where L J represents resin-phase oonoentratxons in
n o l e / g .  d ry  r e s i n .  A d d i t i o n  of  an a n io n ,  X̂ 1" ,  c a p a b le

of  com plex ing  w i t h  If114* w i l l  c ause  a  r e d i s t r i b u t i o n  of  f r e e  

ions,  be tween t h e  r e s i n  and t h e  s o l u t i o n  by an amn 011211

which  i s  q u a n t i t a t i v e l y  r e l a t e d  to  t h e  e x t e n t  t o  which ... ^
c

i s  bound by t h e  a n i o n s .  B ronaeus  d e v e lo p e d  a  g r a p n i c a l
o, _  ̂ 24-

s o l u t i o n  f o r  sys tem s  o f  t h e  ty p e  h 4 X where m and

t h e  f i r s t  complex, HX4", a r e  t a x e n  up by tn e  c a t i o n  exch an ger  

By assum ing  t h a t  h i g h e r  complexes w i t h  z e ro  or  n e g a t i v e  

cn a rg e  no n o t  tame p a r t  i n  m e  excnan^e ,  ne obtovh-neu 

a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  f o r m a t io n  of  t h e  Cu(im )
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x — _ x
a c e t a t e  s p e c i e s  CuAc‘ , CuAc2 > and CuAc^ and t h e  n i c n e l  ( ±1)

a c e t a t e  complexes l i A c 4*, and N1Ac2 5 which a g r e e  c l o s e l y  w i th  

p o t e n t i o m e t r i c  v a l u e s .

The s t a b i l i t y  q u o t i e n t s  o b ta in e d  by io n -e x c h a n g e  

methods a r e  n e c e s s a r i l y  r a t h e r  a p p ro x im a te  owing to  a  l a c k  

o f  knowledge c o n c e rn in g  t h e  v a r i a t i o n  of a c t i v i t y  c o e f f i c i e n t s  

w i t h  c o m p o s i t io n  p a r t i c u l a r l y  i n  t h e  r e s i n  p h a s e .  The method 

i s  u s e f u l ,  however ,  f o r  i n d i c a t i n g  t h e  s i g n  o f  t h e  e l e c t r i c a l  

c h a rg e  r e s i d i n g  on a  s p e c i e s  i n  s o l u t i o n .

The f o r m a t io n  of  a  m e ta l  complex i s  o f t e n  accompanied 

by a  change i n  t h e  l i g h t  a b s o r p t i o n  of t h e  complex r e l a t i v e

to  t h a t  o f  t h e  f r e e  m e ta l  i o n  or  l i g a n d .  Where t h e  new

s p e c i e s  a b s o r b s  i n  t h e  v i s i b l e  o r  u l t r a v i o l e t  t h e  change i n  

t h e  a b s o r p t i o n  spec t rum  can y i e l d  d i r e c t l y  t h e  c o n c e n t r a t i o n  

of  t h e  s p e c i e s ^ ’ A g r e a t  a d v a n ta g e  of t h e  s p e c t r o -  

p h o t o m e t r i c  method i s  t h a t  i t  can be u sed  i n  v e r y  d i l u t e  

s o l u t i o n s  so t h a t  t h e  c a l c u l a t i o n  of a c t i v i t y  c o e f f i c i e n t s  i s  

f a c i l i t a t e d .  I t  i s  a l s o  much more d i r e c t  t h a n  t h e  

p o t e n t i o m e t r i c  o r  i o n  -  exchange method and a t  f i r s t  s i g h t  

h a s  a  c o n s i d e r a b l e  number o f  a d v a n t a g e s .  However, an 

a d d i t i o n a l  q u a n t i t y ,  t h e  e x t i n c t i o n  c o e f f i c i e n t  of  t h e  

a b s o r b i n g  s p e c i e s  i s  i n t r o d u c e d  so t h a t  i t  i s  sometimes 

d i f f i c u l t  to  s e p a r a t e  t h e  a s s o c i a t i o n  c o n s t a n t  from t h e  

e x t i n c t i o n  c o e f f i c i e n t  of  t n e  complex s p e c i e s .

I n  c e r t a i n  f a v o u r a b l e  c a s e s ,  th e  h a l fw a v e  p o t e n t i a l

o f  a  m e t a l  i o n  i s  s h i f t e d  t o  more n e g a t i v e  v a l u e s  a s  t h e
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c o n c e n t r a t i o n  of th e  a s s o c i a t i n g  l i g a n d  i s  i n c r e a s e d .  The 

m agn i tude  of  t h i s  s h i f t  of h a l f  wave p o t e n t i a l  can be u sed  

t o  c a l c u l a t e  b o th  t h e  s t a b i l i t y  and t h e  c o m p o s i t io n  of .he
1 O n ^complex s p e c i e s  i n  s o l u t i o n  N o rm al ly ,  s i n c e  t h e  i o n i c

s t r e n g t h  of t h e  s o l u t i o n  i s  m a i n t a i n e d  a t  a  r e l a t i v e l y  h ig h

v a lu e  w i t h  n e u t r a l  e l e c t r o l y t e  to  e n su re  t h a t  t h e  c u r r e n t

i s  p u r e l y  d i f f u s i o n  c o n t r o l l e d ,  t h e  s t a b i l i t y  c o n s t a n t s

o b t a i n e d  a r e  v a l i d  on ly  a t  t h e  p a r t i c u l a r  i o n i c  s t r e n g t h

u s e d .  However, some s t u d i e s  have been made by p o l a r o g r a p h i c  
14methods o f  sys tem s  a t  a  s e r i e s  o f  c o n s t a n t  i o n i c  s t r e n g t h s

and th e  r e s u l t s  e x t r a p o l a t e d  to  z e r o  c o n c e n t r a t i o n  i n  o r d e r

to  e v a l u a t e  t h e  thermodynamic a s s o c i a t i o n  c o n s t a n t s .

O th e r  i m p o r t a n t  methods t h a t  can be used  i n c l u d e ,

c o n d u c t ! ' v i t y ^ , *^j s o l u b i l i t y - ^  >18?19? h i n e t i c ^ , ^ \  and
22 2bs o l v e n t  e x t r a c t i o n  m easurements  ’ . I n  a u d i t i o n ,  new

p h y s i c a l  m easurem ents  such  a s ,  n u c l e a r  m ag n e t ic  r e s o n a n c e ^ ,  

Raman s p e c t r o s c o p y ^ ,  aipd sound a b s o r p t i o n ^ ,  have  been 

u s e d ,  g i v i n g  i n  many c a s e s ,  a  more d e t a i l e d  p i c t u r e  of  th e  

s p e c i e s  i n  s o l u t i o n . '

The f r e e  en e rg y  change ,  AG, f o r  a  r e a c t i o n  such  a s  

(1 )  i s  d e f i n e d  by,

-  AG- =  RT In  K . ------------------------------------(7 )

To g a in  a  b e t t e r  i n s i g h t  i n t o  t h e  f a c t o r s  which c o n t r o l  t h e  

e q u i l i b r i u m ,  i t  i s  more u s e f u l  t o  r e g a r d  th e  f r e e  energy  

change a s  b e in g  a  consequence  of t h e  changes  i n  h e a t ,  A H, 

and e n t r o p y , A S  o f  complex f o r m a t i o n .  The t h r e e  f u n c t i o n s

a r e  r e l a t e d  by t h e  e q u a t i o n ,

AG : =  AH -  TAS.------------------------------------ (3 )
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I f  K i n  e q u a t io n  (7 )  i s  a  s t a b i l i t y  c o n s t a n t  a t  a  p a r t i c u l a r  

i o n i c  s t r e n g t h  t h e n ,  t h e  AG- derived,  from t h i s  r e l a t i o n s h i p  

w i l l  r e f e r  to  t h e s e  s p e c i f i c  c o n d i t i o n s  of  t e m p e r a t u r e  and 

i o n i c  s t r e n g t h .  C o n se q u e n t ly ,  t h e  thermodynamic p r o p e r t i e s  

w i l l  r e f e r  to  t h e  s t a n d a r d  s t a t e s  a t  th e  p a r t i c u l a r  i o n i c  

s t r e n g t h  u s e d .

The r e p r e s e n t a t i o n  of  t h e  complex f o r m a t i o n  by 

r e a c t i o n  (1 )  does  n o t  t a k e  i n t o  a c c o u n t  t h e  changes  i n  t h e  

numbers o f  w a te r  m o le c u le s  a s s o c i a t e d  w i t h  t h e  i o n s .  I t  

i s  t h e r e f o r e  b e t t e r  w r i t t e n ,

H(H20)£+ + A(K20 ) “ -  i . A(H20 + ( x - y - z j H 20-----------( 9 )

where x ,  y end 2 a r e  t h e  w a te r  m o le c u le s  a s s o c i a t e d  w i th  

t h e  m e t a l ,  l i g a n d  and complex r e s p e c t i v e l y .  The e n th a lp y  

change accompanying complex f o r m a t io n  i s  a  m easure  o f  th e  

numbers and  s t r e n g t h s  o f  bonds made and b ro k en  d u r i n g  t h e

r e a c t i o n .  The e n t r o p y  change i s  a  m easure  o f  t h e  change of
\

randomness  and t h e  d r i v i n g  f o r c e  i s  t h e  t e n d e n c y  f o r  t h e  

sys tem  to  go t o  t h e  most  p r o b a b l e ,  t h a t  i s  t h e  most  random 

s t a t e .  f a v o u r a b l e  AC- v a l u e s  may be a s s i s t e d  by n e g a t i v e  

e n t h a l p y  or  p o s i t i v e  e n t r o p y  c h a n g e s .  There  a r e  en d o th e rm ic  

r e a c t i o n s  which a r e  made p o s s i b l e  by f a v o u r a b l e  e n t r o p y  c h an g e s ,  

and t h e r e  a r e  ex o th e rm ic  r e a c t i o n s  which do n o t  t a k e  p l a c e  

b e ca u se  o f  u n f a v o u r a b l e  e n t r o p y  c h a n g e s .

I f  we c o n s i d e r  complex f o r m a t io n  a s  r e p r e s e n t e d  by 

e q u a t io n  ( 9 ) ,  i t  i s  seen  t h a t  t h e  number of  s p e c i e s  i s
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r e d u c e d  d u r i n g  t h e  f o r m a t io n  of t h e  complex.  i'he change 

would t h e r e f o r e  he e x p e c te d  to  he accompanied  hy a  m o d e r a te ly  

l a r g e  and n e g a t i v e  e n t r o p y  r e f l e c t i n g  t h e  d i s a p p e a r a n c e  of 

one o f  t h e  s p e c i e s .  However, th e  f r e e  i o n s  a r e  a s s o c i a t e d  

t o  v a r y i n g  d e g r e e s  w i t h  w a te r  m o le c u le s  and t h e  o v e r a l l  

complex f o r m a t i o n  i s  accompanied hy r e l e a s e  of some o f  t h e s e  

w a te r  m o l e c u l e s .  S ince  t h e  w a te r  m o le c u le s  hound to  c a t i o n s  

or  a n io n s  a r e  h i g h l y  o r i e n t e d ,  an in c re a .s e  i n  e n t r o p y  w i l l  

r e s u l t  when t h e y  a r e  r e l e a s e d  from t h i s  t y p e  of r e s t r a i n t ,  

i h u s  a s s o c i a t i o n  r e a c t i o n s  i n v o l v i n g  sm a l l  h i g h l y  ch a rged  

c a t i o n s  t a k e  p l a c e  wri t h  r e l a t i v e l y  l a r g e  p o s i t i v e  v a l u e s  of  

A S .  A l a r g e  c a t i o n  such a s  T l+ , on t h e  o t h e r  hand,  which 

h as  a  c o m p a r a t i v e l y  h ig h  aqueous  e n t r o p y  v a l u e  and which i s  

n o t  e x t e n s i v e l y  h y d r a t e d ,  p ro d u c e s  on ly  a  v e r y  sm a l l  AS when 

i t  i s  complexed.

Some l i g a n d s  have more t h a n  one p o t e n t i a l  c o o r d i n a t i n g  

atom i n  t h e i r  m o le c u le  so t h a t  c h e l a t e  r i n g s  can he formed

i n  t h e i r  a s s o c i a t i o n  w i th  a  m e ta l  i o n .  Such c h e l a t e s  a r e
i

g e n e r a l l y  c o n s i d e r a b l y  more s t a b l e  t h a n  th e  complexes i n v o l v ­

i n g  u n i d e n t a t e  l i g a n d s .  The r e p l a c e m e n t  o f  two u n i d e n t a t e  

l i g a n d s ,  AiL“ , by a  c h e l a t e ,  (A-A)^21 may be w r i t t e n ,

,A(n-2m)

T h is  r e a c t i o n  w i l l  be e x p e c te d  to  t a k e  p l a c e  w i t h  an i n c r e a s e  

i n  e n t r o p y  s i n c e  t h e r e  i s  an i n c r e a s e  o f  one s p e c i e s  i n  

s o l u t i o n  i n  g o in g  from l e f t  t o  r i g h t .  I t  h a s  been  s u g g e s t e d
O '!  Op.

by Schwarzenbach ' ' 9 , t h a t  t h e  g r e a t e r  s t a b i l i t y  o f  m e t a l

I..:A2 (H20 ) ^ - 2o )  f  ( A - A ( H 20 g < V + 2A“ - ---------------- (1 0 )
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d e l a t e s  compared w i th  a n a lo g o u s  u n c h e l a t e d  complexes ,  named 

th e  " c h e l a t e  e f f e c t "  by him, i s  due t o  an e n t r o p y  e f f e c t ,  

i h e s e  c o n s i d e r a t i o n s  do of c o u rs e  i n v o l v e  t h e  a s su m p t io n

t h a t  t h e r e  a r e  no changes  i n  h y d r a t i o n .
29W il l ia m s  h as  p o i n t e d  o u t ,  however,  t h a t  rn e  h e a t s

of  f o r m a t io n  c an n o t  be i g n o r e d  and t h a t  t h e  c h e l a t e  e f f e c t

i s ,  i n  p a r t ,  an  e n th a lp y  e f f e c t .  I h i s  can be se en  e s p e c i a l l y

i n  f o r m a t i o n  of complexes w i th  u n c h arg ed  l i g a n d s  where t h e

e n t r o p y  change i s  n o t  so l a r g e .  The f a v o u r a b l e  e n th a lp y

changes  accompanying c h e l a t e  f o r m a t io n  f o r  complexes of  t h i s
♦

type  have  been a s c r i b e d  by W il l iam s  t o  a  " b u i l t - i n "  e f f e c t .

Once one donor  atom of  t h e  l i g a n d  m o le c u le  i s  c o o r d i n a t e d  

to  t h e  m e t a l  i o n ,  t h e  o t h e r  donor  atoms a r e  h e l d  i n  p l a c e

by t h e  r e s t  of  t h e  m o le c u l e .  I n  fo rm in g  a  complex w i t h  a

m onoden ta te  l i g a n d ,  on t h e  o t h e r  hand ,  m u tu a l  r e p u l s i o n s  of  

th e  p o l a r  g ro u p s  must  be overcome when b r i n g i n g  up t h e  second 

l i g a n d  m o le c u le  so t h a t  t h i s  s t a g e  o f  t h e  r e a c t i o n  w i l l  be 

more e n d o th e r m i c . Both  e n th a lp y  and e n t r o p y  e f f e c t s  a p p e a r

t o  c o n t r i b u t e  to  t h e  c h e l a t e  e f f e c t ,  t h e i r  r e l a t i v e  i m p o r t a n c e s  

d e p en d in g  upon th e  sys tem b e in g  s t u d i e d .

I n  g e n e r a l ,  i t  %s b e s t  t o  supp lem ent  thermodynamic 

d a t a  w i t h  more d i r e c t  d a t a  a b o u t  t h e  s t r u c t u r e  o f  t h e  s p e c i e s  

which can sometimes be o b t a i n e d  by s p e c t r o s c o p i c  m ethods .

I n  t h e o r y ,  i t  sh o u ld  be p o s s i b l e  to  d e v i s e  a  s p e c t r a l  

t e c h n i q u e  which would e n a b le  eve ry  a s p e c t  of  a  m o le c u l a r  

e n t i t y  t o  be s t u d i e d .  Each t e c h n iq u e  has  i t s  l i m i t a t i o n s ,  

however ,  and i t  i s  n e c e s s a r y  t o  employ a s  many a s  p o s s i b l e
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i f  a  r e l i a b l e  com pos i te  p i c t u r e  of  t h e  s p e c i e s  u n d e r  

o b s e r v a t i o n  i s  to  be e s t a b l i s h e d .  A b r i e f  d i s c u s s i o n  of th e  

p r i n c i p l e s  i n v o l v e d  i n  t h r e e  of  t h e s e  t e c h n i q u e s  w i l l  be 

g iv e n  i n  th e  n e x t  s e c t i o n .

A b s o r p t io n  of r a d i a t i o n  i n  t h e  i n f r a - r e d  r e g i o n  of

t h e  spe c t ru m  o c c u r s  due to  changes  i n  d i p o l e  moments i n  a

m o le c u le  a r i s i n g  from bond s t r e t c h i n g  o r  b e n d in g .  I f  no

change i n  d i p o l e  moment t a k e s  p l a c e  t h e r e  w i l l  be no a b s o r p t i o n .

I n  many c a s e s  where a b s o r p t i o n  does  o ccu r  a s  wi'th C-H bonds

t h e s e  a r e  o f t e n  so numerous and t h e i r  en v i ro n m en ts  so s i m i l a r

t h a t  i t  becomes i m p o s s i b l e  to  a s s i g n  a b s o r p t i o n  bands t o

s p e c i f i c  v i b r a t i o n s .  The group o c c u r r i n g  most  f r e q u e n t l y

i n  complexes which  b e s t  l e n d s  i t s e l f  to  i n v e s t i g a t i o n  by I . E .

s p e c t r o s c o p y  i s  u n d o u b te d ly  t h e  C-0 g ro u p .  B e ing  a  f u n c t i o n a l

group i t  i s  u s u a l l y  i n v o lv e d  i n  bond in g  t o  t h e  m e t a l  io n  and 
-^0 "̂ 1many w orke rs^  ? have d e r i v e d  u s e f u l  i n f o r m a t i o n  a b o u t  

s t r u c t u r e  and bond ing  i n  complexes from changes  i n  th e  I . E .  

spec t rum  of  t h i s  g ro u p .

Raman s p e c t r o s c o p y  can be c o n s i d e r e d  to  be s u p p l e ­

m en ta ry  t o  I . E .  i n  t h a t  i t  i s  s e n s i t i v e  t o  sy m m etr ica l  

m o le c u l a r  v i b r a t i o n s  d u r i n g  which t h e r e  i s  no d i p o l e  moment 

c h a n g e . The Raman e f f e c t - ^  i s  a  r a d i a t i o n  s c a t t e r i n g  

phenomenon, a r i s i n g  due t o  a  change i n  p o l a r i s a b i l i t y  

w i t h i n  a  m o le c u l e .  The d i f f e r e n c e  i n  f r e q u e n c y  between 

t h e  i n c i d e n t  and s c a t t e r e d  wave may c o r r e s p o n d  d i r e c t l y  to  

t h e  f r e q u e n c i e s  of  v i b r a t i o n  and r o t a t i o n  of t h e  atoms 

w i t h i n  t h e  m o le c u l e .  Raman s p e c t r a  r e f l e c t  m a in ly
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c o v a l e n t  I n t e r a c t i o n s  between s p e c i e s  i n  s o l u t i o n  and C han try  

and P l a n e ^  have  s t u d i e d  th e  complex c y a n i d e s  of  some group 

l b  and group XIb m e t a l s  u s i n g  t h i s  t e c h n i q u e ,

h h i . R .  i s  a n o t h e r  t e c h n iq u e  which h a s  r e c e n t l y  been 

w id e ly  a p p l i e d  to  s t r u c t u r e  d e t e r m i n a t i o n s  i n  s o l u t i o n ^ * ' ’ 3 5 #

A s p i n n i n g  p r o t o n  a c t s  a s  a  sm a l l  magnet 'which can be shown, 

from quantum m e c h a n ic a l  c o n s i d e r a t i o n s  to  have  two p o s s i b l e  

o r i e n t a t i o n s  i n  a  m ag n e t ic  f i e l d .  By s u i t a b l e  a d ju s tm e n t  

o f  m a g n e t ic  and e l e c t r o m a g n e t i c  f i e l d s  i t  i s  p o s s i b l e  t o  

in d u c e  p r o t o n s  to  go from t h e  lev/ to  t h e  h i g h  energy  s t a t e  

w i th  a  su b s e q u e n t  a b s o r p t i o n  of  energy  which can be d e t e c t e d .  

P r o t o n s  i n  d i f f e r e n t  en v iro n m en ts  a b s o r b  d i f f e r e n t  amounts 

o f  energy  and can t h e r e f o r e  be d i s t i n g u i s h e d . A change i n  

e nv ironm en t  of t h e  p r o t o n s  on an o r g a n ic  l i g a n d ,  f o r  example ,  

w i l l  o c cu r  on complex f o r m a t io n  from which i n f o r m a t i o n  a b o u t  

s t r u c t u r e  and bond ing  i n  t h e  complex can be d e r i v e d .  Only 

n o n - l a b i l e  p r o t o n s  a r e  u s e f u l  f o r  s t u d i e s  o f  t h i s  ty p e  s i n c e ,  

i f  a  p r o t o n  i s  c o n t i n u a l l y  c h an g in g  i t s  l o c a t i o n  on ly  i t s  

a v e r a g e  e nv ironm en t  w i l l  be r e c o r d e d .  The p r o t o n a t i o n

schemes o f  a  number o f  complexes have been s t u d i e d  by
”36 *37R e i l l e y  and Sawyer-" oy o b s e r v i n g  changes  m  c h em ica l

s h i f t s  o f  n o n - l a b i l e  p r o t o n s  a s  t h e  pH i s  v a r i e d .

I n  P a r t  I  o f  t h e  p r e s e n t  work, p r o t o n  m ag ne t ic

r e s o n a n c e  s t u d i e s  have been made on N- m e t h y l i m i n o d i a c e l i c

(h—AIDA) a c i d  com plexes .  P r o t o n a t i o n  schemes have been

e s t a b l i s h e d  f o r  t h e  complexes formed between th e  a c i d  and

d i v a l e n t  magnesium, c a l c iu m ,  s t r o n t i u m  and barium i o n s  i n
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aqueous  s o l u t i o n  and where p o s s i b l e  b i n d i n g  s i t e s  have been 

e l u c i d a t e d .

I n  P a r t  I I ,  a  c e i l  i n c o r p o r a t i n g  g l a s s  and ca lo m e l  

e l e c t r o d e s  h a s  been used  to  d e te r m in e  t h e  s t a b i l i t y  c o n s t a n t s  

o f  t h e  1 :1  and 1 :2  a l k a l i n e  e a r t h  m e ta l  complexes w i th  1 - 1 IDA. 

The s t a b i l i t y  c o n s t a n t  f o r  t h e  magnesium n o n o g l y c i n a t e  complex 

h a s  a l s o  been e s t a b l i s h e d  u s i n g  t h e  above t e c h n i q u e .

P a r t  I I I  i s  dev o te d  to  t h e  c a l o r i m e t r i c  d e t e r m i n a t i o n  

of  t h e  h e a t s  of f o r m a t io n  of t h e s e  com p lex es .  The l i g a n d  i s  

of i n t e r e s t  s i n c e  i t  r e p r e s e n t s  one h a l f  o f  an e th y l e n e d i a m i n e -  

t e t r a a c e t i c  a c i d  m o le cu le  and can  t h u s  be u se d  d i r e c t l y  i n  a  

d i s c u s s i o n  of t h e  c h e l a t e  e f f e c t .
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PART I

R u c le a r  . .a rncT lc  Resonance S t u d i e s  on A l k a l i n e  

R a r th  A-RIPA Complexes



LIT CLEAR LAGEBTIC RESONANCE

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

The c o n d i t i o n s  n e c e s s a r y  t o  c au se  a  p r o t o n  to  

r e s o n a t e  a r e  d ep en d e n t  upon i t s  c h e m ic a l  e n v i r o n m e n t .

When exposed to  a  m ag ne t ic  f i e l d  t h e  d i a m a g n e t i c  e l e c t r o n s  

s u r r o u n d i n g  th e  p r o t o n  a r e  i n d u c e d  to  s e t  up a  sm a l l  

m a g n e t ic  f i e l d  which a lw ays  opposes  t h e  main f i e l d .

The e f f e c t  o f  t h i s  i s  t h a t  a  s l i g h t l y  l a r g e r  a p p l i e d  f i e l d  

i s  r e q u i r e d  t o  b r i n g  t h e  p r o t o n s  i n t o  r e s o n a n c e  t h a n  would 

have been n e c e s s a r y  i n  a b sen c e  of  t h e  e l e c t r o n s .

C o n s e q u e n t l y , p r o t o n s  su r ro u n d e d  by d i f f e r e n t  e l e c t r o n  

d e n s i t i e s  w i l l  g i v e  p r o t o n  m ag n e t ic  r e s o n a n c e  s i g n a l s  a t  

d i f f e r e n t  a p p l i e d  f i e l d s .  A lso ,  a  change i n  t h e  r e s o n a n c e  

p o s i t i o n  of  any one p r o t o n  w i l l  be o b se rv ed  i f  i t s  e l e c t r o n i c  

env ironm en t  i s  d i s t u r b e d .

The e l e c t r o n  d e n s i t y  s u r r o u n d i n g  a  p r o t o n  i s  

d e p en d e n t  upon th e  e l e c t r o n  a f f i n i t i e s  o f  t h e  ch em ic a l  

g ro u p s  i n  i t s  v i c i n i t y .  An e l e c t r o n  a t t r a c t i n g  group l i k e  

t h e  c a r b o x y l a t e  group w i l l  t e n d  to  d e c r e a s e  t h e  e l e c t r o n  

d e n s i t y  a round  a  p r o t o n  on a  n e i g h b o u r i n g  c a rb o n  atom 

w hereas  t h e  t e n d e n c y  of  a  group such  a s  m e th y l  t o  d o n a te  

e l e c t r o n s  w i l l  c au se  i t  to  have t h e  r e v e r s e  e f f e c t ;  t h e s e  

e f f e c t s  r e s u l t  i n  a  d e s k i e l d i n g  and s h i e l d i n g  of  t h e  p r o t o n  

r e s p e c t i v e l y .  The d e s h i e l d i n g  of  a  p r o t o n  r e s u l t s  i n  i t  

b e in g  b ro u g h t  i n t o  r e s o n a n c e  a t  a  s l i g h t l y  lo w e r  a p p l i e d
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f i e l d .  I n  c o n t r a s t ,  a  h i g h l y  s h i e l d e d  p r o t o n  w i l l  r e q u i r e  

a  g r e a t e r  a p p l i e d  f i e l d  s i n c e  a  l a r g e r  o p p o s in g  f i e l d ,  due 

t o  t n e  g r e a t e r  d e n s i t y  of e l e c t r o n s ,  has  to  be overcome 

b e f o r e  t h e  r e s o n a n c e  c o n d i t i o n s  f o r  t h e  p r o t o n  can be 

e s t a b l i s h e d .  'These a r e  s h o r t  r a n g e  e f f e c t s  which t e n d  to  

i n f l u e n c e ,  t o  an a p p r e c i a b l e  e x t e n t ,  o n ly  t h o s e  g roups  

a t t a c h e d  to  a  ca rb o n  atom which i s  a d j a c e n t  to  t h e  f u n c t i o n a l  

g r o u p .  They may be t r a n s m i t t e d  f u r t h e r ,  however ,  i f  

i n d u c t i v e  g ro u p s  such  a s  oxygen o r  n i t r o g e n  atoms or  

d o u b le  bonds a r e  p r e s e n t  i n  t h e  m o le c u l e .

I f  t h e  a n io n  of  N-hIDA i s  c o n s i d e r e d  t o  be a s  shown 

i n  f i g u r e  I ,
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t h e n  due to  f r e e  r o t a t i o n  of g ro up s  a b o u t  s i n g l e  bonds t h e  

t h r e e  m e th y le n e ,  a ,  p r o t o n s  and t h e  f o u r  e t h y l e n e ,  b ,  p r o t o n s  

w i l l  be e q u i v a l e n t  b u t  p r o t o n s  a  w i l l  have  a  d i f f e r e n t  

e n v iron m en t  from p r o t o n s  b .  The b p r o t o n s  w i l l  be e x p e c te d  

t o  a b s o r b  a t  t h e  lo w er  f i e l d  s t r e n g t h  of  t h e  two s e t s  s i n c e  

t h e y  w i l l  be d e s h i e l d e d  to  a  g r e a t e r  e x t e n t  by th e  c a r b o x y l a t e  

g r o u p s .  The a n io n  h a s  t h r e e  f u n c t i o n a l  g r o u p s ,  t h e  n i t r o g e n  

and th e  two c a r b o x y l a t e s ,  which may be u t i l i s e d  i n  b o n d in g .  

Complex f o r m a t io n  would be e x p e c te d  to  change t h e  e l e c t r o n



d i s t r i b u t i o n  a round  t h e  p r o t o n s  c a u s i n g  a  s h i f t  i n  t h e i r  

p o s i t i o n  of r e s o n a n c e .  Bonding th r o u g h  t h e  n i t r o g e n  shou ld  

p e r t u r b  a  and b p r o t o n s  to  t h e  sane  e x t e n t  b u t  bond f o r m a t io n  

i n v o l v i n g  t h e  c a r b o x y l a t e  g roups  sho u ld  on ly  a f f e c t  t h e  b 

p r o t o n s  a p p r e c i a b l y .  Observed changes  i n  t h e  p r o to n  

m a g n e t i c  r e s o n a n c e  of  th e  n o n - l a b i l e  p r o t o n s  i n  a  l i g a n d  

when i t  becomes comglexed can y i e l d  much i n f o r m a t i o n  a b o u t  

t h e  n a t u r e  o f  t h e  c o o r d i n a t i o n .

I n  a  s o l u t i o n  i n  which t h e r e  e x i s t s  an e q u i l i b r i u m  

between f r e e  l i g a n d  and complex,  i f  t h e  exchange of  m e ta l  

i o n s  be tween l i g a n d s  i s  r a p i d  ( > 1 0 0  c . p . s . )  t h e n  o n ly  one 

p e a k ,  r e p r e s e n t i n g  t h e  a v e r a g e  o f  t h e  two s i t u a t i o n s ,  w i l l  

be o b se rv ed  f o r  ecpuiva len t  p r o t o n s .  I f  t h i s  exchange i s  

s low,  however ,  a  b r o a d e n in g  of  t h e  peak  or  two s e p a r a t e  

p e ak s  w i l l  be seen  r e p r e s e n t i n g  t h e  two p r o t o n  e n v i ro n m e n ts ,  

u s e f u l  k i n e t i c  d a t a  can  be o b t a i n e d  from t h i s  e f f e c t .

Bay and R e i l i e y  have d e te rm in e d  q u a l i t a t i v e l y  tn e  

l a b i l i t i e s  of  i n d i v i d u a l  m e t a l - l i g a n d  bonds f r . m  t h e  e f f e c t s  

of t h e  v a r i o u s  p o s s i b l e  symmetry s t a t e s  and t h e i r  l i f e t i m e s  

on th e  iT.h.R. s p e c t r a  of t h e  co m plexes .  i h e  l o n g e r  l i f e ­

t im e s  of  t h e  m e t a l - n i t r o g e n  bonds w i t h  some l i g a n d s  a r e  shown 

t o  be due t o  s t e r i c  e f f e c t s  which i n h i b i t  t h e  e n t r y  of t h e  

incom ing  group  n e c e s s a r y  to  r e p l a c e  t h e  n i t r o g e n .

I f  a  s t r o n g  complex i s  formed g i v i n g  r i s e  t o  l a i v e  

e l e c t r o n i c  p e r t u r b a t i o n s ,  t h e  c h e m ic a l  s h i f t  be tween th e



a n io n  and th e  complex w i l l  be l a r g e  and a  s t e p w i s e  v a r i a t i o n  

i n  t h e  p o s i t i o n  of t h e  a v e ra g e  peak  w i l l  be ob se rv ed  a s  th e  

r a t i o  of  complex t o  f r e e  a n io n  c h a n g e s .  A s tu d y  of th e  

v a r i a t i o n  of  t h e  c h e m ic a l  s h i f t  'with mole r a t i o  f o r  t h e  

l e a d  i l l ) and b ism u th  ( I I I )  t a r t r a t e  complexes  h a s  been 

made by Brannan and b a v /y e r ^  . a b r e a k  i n  t h e  g ra p h  a t  a  

l e a d  ( I I )  t o  t a r t r a t e  r a t i o  of  1 :2  i s  c o n s i d e r e d  t o  be 

i n d i c a t i v e  of  two s t a b l e  c h e l a t e  S p e c ie s  b e i n g  form ed.

Prom a  s tu d y  of  th e  c h e m ic a l  s h i f t  d i f f e r e n c e s  

between complexes and p r o t o n a t e d  s p e c i e s  f o r  a  l a r g e  

number of  m e t a l - e t h y l e n e d i a m i n e t e t r a - a c e t i c  a c i d  complexes 

h u l a  e t  a l *̂ ( were a b l e  t o  e s t a b l i s h  t h a t  th e  f i r s t  two 

p r o t o n s  combine w i t h  th e  n i t r o g e n  a tom s .  Prom th e  

v a r i a t i o n  of c h e m ic a l  s h i f t  w i th  hydrogen  i o n  c o n c e n t r a t i o n  

r e l a t i v e  m e t a l  to  l i g a n d  bond s t r e n g t h s  were e s t a b l i s h e d  

and f a i r l y  s a t i s f a c t o r y  s t a b i l i t y  c o n s t a n t s  f o r  t h e  

complexes were o b t a i n e d .

I n  t h e  p r e s e n t  work,  a  p r o t o n  m a g n e t i c  r e s o n a n c e  

s tu d y  of some a l k a l i n e  e a r t h  complexes o f  N-mlBA has  been 

made i n  an a t t e m p t  to  o b t a i n  i n f o r m a t i o n  a b o u t  t h e  s i t e s  

of  b o n d in g .  P r o t o n a t i o n  schemes of  t h e  l i g a n d  have  been 

e s t a b l i s h e d  and r e l a t i v e  bond s t r e n g t h s  compared.



C.-L

P r e p a r a t i o n  of  R e ag en ts

l l - k e th y l i m i n o d i a c e t i c  x c i d : R - k e t h y l i m i n o d i a c e t i c  A cid ,

x-hlDA, was p r e p a r e d  f o l l o w i n g  t h e  method o f  schw arzenbach  
40

e t  am . fh e  r e c r y s u a l l i s e d  p r o d u c t  decomposed between 

225 and 2 2 7 °C. The f o l l o w i n g  a r e  t h e  a n a l y s i s  f i g u r e s  

f o r  t h e  a c i d .

C5B9 P 4 N T h e o r e t i c a l  0 , 4 0 . 8 2  E , 6 .1 7  N ,9 .5 2 $

(IvIW 147) Pound 0 , 4 0 . 6 2  H ,5 .S 1  b , 9 . 6 p$

P o ta s s iu m  h y d r o x i d e ; Y/ashed s t i c k s  o f  a n a l a r  p o t a s s iu m  

h y d ro x id e  were d i s s o l v e d  i n  b o i l e d  o u t  d i s t i l l e d  w a te r  

u n d e r  an a tm o sph e re  o f  n i t r o g e n .  The c a rb o n  d i o x i d e  

f r e e  s o l u t i o n  was s t o r e d  i n  t h e  p y r e x  c o n t a i n e r  o f  an 

a u to m a t i c  b u r e t t e  and was a t  a l l  t im e s  p r o t e c t e d  from 

th e  a tm o sph e re  by s o d a - l im e  t u b e s .  The s o l u t i o n  was 

s t a n d a r d i s e d  by t i t r a t i n g  a g a i n s t  wieghed sam ples  of 

p o t a s s iu m  hydrogen  p h t h a l a t e  u n t i l  t h e  r e s u l t s  of  

d u p l i c a t e  e x p e r im e n t s  a g re e d  w i t h i n  0 . 1 $ .

h e t a 1 0h i o r i d e s : S to c k  s o l u t i o n s  o f  a n a l a r  magnesium,

c a l c iu m ,  s t r o n t i u m  and barium c h l o r i d e s  were p r e p a r e d  

u s i n g  c a r b o n d i o x id e  f r e e  d i s t i l l e d  w a t e r .

The magnesium and ca lc iu m  s o l u t i o n s  were a n a l y s e d  

by means of  an EBTA t i t r a t i o n  u s i n g  n r io ch rom e  B lack  T 

a s  i n d i c a t o r 4‘5_. i n  t h e  c a s e  of  c a lc iu m  t h e  k o h r



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

A n a l y s i s  of th e  s t r o n t i u m  and barium s o l u t i o n s  was
Ia c h ie v e d  oy a  g r a v i m e t r i c  t e c h n iq u e  i n  which th e  m e t a l  

i o n s  were p r e c i p i t a t e d  and weighed a s  t h e i r  i n s o l u b l e  

s u l p h a t e s .  n i l  a n a l y s e s  a g re e d  t o  w i t h i n  0.2/6.

B u f f e r  S o l u t i o n s : i h e  b u f f e r  s o l u t i o n s  used  t o  s t a n d a r d i s e

t h e  g l a s s  e l e c t r o d e s  were N .B .b .  s t a n d a r d  b u f f e r  s o l u t i o n s
/; p

p r e p a r e d  a c c o r d i n g  t o  B a te s  ■ , u s i n g  r e a g e n t s  o f  a n a l a r  

g rad e  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  i 'hey were p o t a s s iu m  

hydrogen  p h t h a l a t e ,  u .051 ,  pH 4 .0 0 8 ,  p o t a s s iu m  d ih y d ro g en  

p h o s p h a t e ,  0 .008695”!  p l u s  d i e o d i u n  hydrogen  p h o s p h a t e ,  

0 .0 5 04 3 1 ,  pH 7 .4 1 3 ,  sodium b o r a t e ,  0 .0 1 1 ,  pH 9 . ISO.

A l l  w a te r  u se d  had been d i s t i l l e d  a t  l e a s t  once and 

had been r e n d e r e d  c a r b o n a i o x i d e  f r e e  e i t h e r  by b o i l i n g  o r  

by b u b b l in g  o u t  w i t h  n i t r o g e n .  G lassw are  was t h o r o u g h ly  

c l e a n e d  b e f o r e  u se  w i th  a l c o h o l i c  p o t a s s iu m  h y d ro x id e  

f o l lo w e d  by chrom ic  a c i d  and where p o s s i b l e  s teamed f o r  

t h i r t y  m i n u t e s .  YHiere n e c e s s a r y ,  a p p a r a t u s  was d r i e d  

u s i n g  a n a l a r  a c e to n e  which was e v a p o r a t e d  o f f  w i t h  d ry  

f i l t e r e d  a i r .  A l l  v o l u m e t r i c  a p p a r a t u s  was of g rade"A n 

q u a l i t y .  O e r t l i n g  and l e t t l e r  s i n g l e - p a n  b a l a n c e s  were 

u se d  to  weigh  r e a g e n t s .



h x o e r i m e n t a l

The N - m e t h y i im i n o d i a c e t i c  a c i d  was c o n v e r t e d  t o  i t s  

p o t a s s iu m  s a l t  s i n c e  sodium i o n  h a s  been  shown t o  complex 

t o  a  c e r t a i n  e x t e n t  w i th  l i g a n d s  of this n a t u r e ^ .  I f  

was n e c e s s a r y  to  u s e  f a i r l y  c o n c e n t r a t e d  s o l u t i o n s ,  g r e a t e r  

*uici<n 0 • 2ii , i n  orciej. uo oh octm sun oaoj_e iT .i>- »x • s-L^n^j-S«

A s e a l e d  c a p i l l a r y  tu b e  c o n t a i n i n g  a n a l a r  henaene  

was i n t r o d u c e d  i n  t o  th e  sample tu b e  a s  an e x t e r n a l  

r e f e r e n c e  s t a n d a r d .  As a  check ,  some e x p e r im e n t s  were 

r u n  w i t h  an i n t e r n a l  s t a n d a r d ,  O. 0 4  M te t ramethylammonium 

or on m e  •

S o l u t i o n s  c o n t a i n i n g  t h e  a n i o n i c  form o f  t h e  a c i d  

v/ere p r e p a r e d  and t h e i r  pH was v a r i e d  from a b o u t  12 t o  0 

by a d d in g  d ro p w ise  a  5H s o l u t i o n  of  h y d r o c h l o r i c  a c i d .  

A p p ro x im a te ly  0 .5  m i l l i l i t e r  sam ples  were t r a n s f e r r e d  to  

h . h . H .  t u b e s  a f t e r  each a d d i t i o n  o f  h y d r o c h l o r i c  a c i d  and 

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

r e g i o n ,  t h e  pH o f  t h e  b u l k  of  t h e  s o l u t i o n  was t a k e n  w h i le  

t h e  sp ec t ru m  'was b e in g  r u n  t o  t a k e  a c c o u n t  of  any v a r i a t i o n  

due t o  c a rb o n  d i o x i d e  a b s o r p t i o n .

I n  s o l u t i o n s  c o n t a i n i n g  m e t a l  i o n s ,  e s p e c i a l l y  

magnesium i o n ,  c a r e  had to  be t a k e n  t o  a v o id  m e t a l  h y d r o x id e  

p r e c i p i t a t i o n .  The p o ta s s iu m  h y d r o x id e  was added to  th e  

s o l u t i o n  o f  m e t a l  c h l o r i d e  p l u s  N-klDA t o  a c h i e v e  t h e  

h i g h e s t  pH a t t a i n a b l e  w i t h o u t  p r e c i p i t a t i o n .
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H e s u i t s

H .h .R .  s p e c t r a  f o r  a l l  t h e  s o l u t i o n s  have th e  

g e n e r a l  form shown i n  f i g u r e  2 .  Peak  (3 )  i s  due t o  t h e  

p r o t o n s  of  t h e  benzene  r e f e r e n c e  w h i l e  t h e  t h r e e  m e th y len e  

and f o u r  e th y l e n e  p r o t o n s  of t h e  h-hII)A a r e  r e s p o n s i b l e  f o r  

a b s o r p t i o n  p eak s  (A) and (3 )  r e s p e c t i v e l y .  The l a r ^ e

a b s o r p t i o n  a t  (3 )  i s  due t o  w a t e r ,  t h e  s o l v e n t .

a t y p i c a l  p l o t  of  t h e  v a r i a t i o n  of  c h e m ic a l  s h i f t ,  

r e l a t i v e  t o  b e n z e n e ) ,  w i t h  pH of  t h e  s o l u t i o n s  f o r  

b o th  a  and b p r o t o n s ,  i s  shown i n  r i g u r e  3* I n  t a b l e s  I

t o  V a r e  t h e  r e s u l t s  f o r  t h e  f r e e  a n io n  and t h e  ng^* ,

Ga2* ,  o r 2* and h a 2* complexes o f  A-...IDA from wnich th e  

above g r a p h s  were c o n s t r u c t e d .

The r e g i o n s  PQ and P 1Q1 of t h e  S shaped  c u rv e s  i n  

f i g u r e  3 which  were a lm o s t  h o r i z o n t a l  f o r  t h e  f r e e  a n io n  

and t h e  magnesium and c a lc iu m  complexes t e n d e d  t o  show a  

d e c r e a s e  i n  S w i th  d e c r e a s i n g  pH f o r  t h e  ba r ium  and 

s t r o n t i u m  co m plexes .  T h is  d e c r e a s e  was a t t r i b u t e d  t o  some

c o n t r i b u t i o n  t o  t h e  p o s i t i o n  of  t h e  peak  from t h e  f r e e
2 -  -a n i o n ,  A , and i t s  m o n o -p ro to n a te d  form ,  HA .

The a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  complexes were 

known and i n  o r d e r  to  c a l c u l a t e  v a l u e s  f o r  t h e s e  c o n s t a n t s  

a t  t h e  h ig h  i o n i c  s t r e n g t h s  u sed  i n  t h e  H.H.R. e x p e r im e n t s  

t h e  D a v ie s  e q u a t i o n  was u se d  t o  c a l c u l a t e  an  a p p ro x im a te  

a c t i v i t y  c o e f f i c i e n t .  The c o n c e n t r a t i o n s  o f  t h e  i o n i c



s p e c i e s  were o o i a m e a  o j  s o l v i n g  t n e  q u a a r a n c  e q u a n o n

CD;

|a2“]  ^ ( 1  + | f  ) j + j i 2- 5 ^ l  -  IC1 ( 'X - n - I a ) | - T a = 0 --------- (11 )

a e n v e c i  i'rorn m e  e q u a t i o n s  f o r  t n e  t o t a l  a c i d ,

i a  =■ [liA J  f  [A2 ]  -}• Qua] , -----------------------------------------(±2 )

t o t a l  m e t a l ,

2 0  =  l i 2 t !  f  t KA]  > ------------------------------------------------------- ( 1 5 )

second d i s s o c i a t i o n  c o n s t a n t  o f  t h e  a c i d ,

=  &tl--- [ a 2-!! , -------------------------------------------------- ( 1 4 )

i :A1
and t h e  a s s o c i a t i o n  c o n s t a n t  f o r  t h e  complex,

K l =  F T F j -----------------------------------------------------------------------! 1 5 >

I n  t h e  c a s e s  o f  barium and s t r o n t i u m  th e  a b s o r p t i o n

p e a k  f o r  t h e  complex o c c u r s  a t  h i g h e r  f i e l d s  t h a n  e i t h e r

A2"" o r  KA” , t h e  m o n o -p ro to n a te d  a n i o n .  S in c e  t h e  r e c o r d e d

p eak  r e p r e s e n t s  t h e  a v e r a g e  s i t u a t i o n  of  t h e  n o n - l a b i l c
—p r o t o n s  b o t h  A and HA w i l l  t e n d  to  s h i f t  t h e  peak  

d o w n f i e l d .  I h e  amount o f  t h i s  e f f e c t  which i s  due t o  t h e  

HA” can be c a l c u l a t e d  from e q u a t io n  QS),

x = 1 ^  x 0 . 6 4 ,  ---------------------------------------------------- (16)



wnere x i n  p . p .m .  i s  t h e  si.*all d e c r e a s e  i n  c h e m ic a l  s h i f t  

and 0 . 6 4  p . p • i s  t h e  t o t a l  c h e m ic a l  s h i f t  ( p r e v i o u s l y  

m e a s u r e d ) a r i s i n g  from com ple te  m o n o - p r o to n a t io n  of  t h e

I f  x i s  now added t o  th e  a c t u a l  c h e m ic a l  s h i f t  

o b t a i n e d  t h e  new v a lu e  r e p r e s e n t s  t h e  w e ig h te d  a v e ra g e
o

01  t h e  p r o t o n  env iro n m en ts  i n  Â  and HA. S c h e m a t i c a l l y ,  

t h e  p o s i t i o n s  of  t h e  p e ah s  can be c o n s i d e r e d  t o  be ;

co be J

2 —where a  i s  t n e  A p e ak ,  c r e p r e s e n t s  t h e  p o s i t i o n  of 

th e  complex peak  and b i s  t h e  o b t a i n e d  v a l u e  c o r r e c t e d  f o r  

HA". Prom t h e  r e l a t i o n s h i p ,

b - (17)
c -  a  i a

t h e  a b s o r p t i o n  p e ak  f o r  th e  complex, c ,  can be d e t e r m i n e d .  

I  he r e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  shown i n  t a b l e  V I .

I n  t a b l e  VII  c h e m ic a l  s h i f t  d i f f e r e n c e s  be tween t h e  f r e e  

a n io n  and t h e  complexes a r e  compared f o r  t h i s  sys tem  and 

f o r  t h e  two s e t s  o f  c o r r e s p o n d i n g  p r o t o n s  o f  e t h y i e n e -  

d i a m i n e t e t r a - a , c e t i c  a c i d ,  HDTA, and d i - ( 2 —amino e t h o x y ) -  

e t h a n e t e t r a - a c e t i c  a c i d ,  SG-TA, c and d i n  f i g u r e  4»



7

V “•"‘n o  4̂ 4 Cvi. Ct u x  O-J. of C iiC i '■n “* r\ ̂  ̂-i_ O Ov-_ k j - ix x  L> v-»

1 » i 1 ■ . .1 1 ■j. xx .iX Jj  xj JL

of  1 e th y l o n e  (A) and

pi- 11 .9  j 11.49 11.12 10 .9 1 10 .73

3 ( p . p . m . ) 3 .3 7 3 .3 7 3 .3 7 3 .3 7 0 * ^4

A(p .p . m . ) 4 .20 4.20 4.20 4 .20 4 .13

pH 3 .82 3 .3 8 3 .02 2 .7  8 2 .5 6

B ( p . p . m . ) 2 .6 8 2 .67 2 .65 2 .6 1 2 .60

A ( p . p . m . ) 3 .5 3 2 .32 3 .5 1 3 .5 1 3 .5 2

T A B L E I I

Va r i a t i o n of c h e m ic a l  s h i f t s o f  A e th y le n e  (A) and

ma/yiesiuin

pH 9 .76 9 .20 3 .62 8 . 3 6 8 .1 4

B (p .p  .m. ) 3 .22 3 .23 3 .2 1 3 .2 1 3 .16

A(p .p . m . ) 4 .0 1 4 .0 1 3 .99 3 .9 8 3 .9 4

pH 6 .75 6 .06 3 .1 4 3 .35 2 .6 8

3 ( p . p . i n .  ; 2 .8 1 2 .69 2 .6 4 2 . 6 3 2 .6 1

A ( p . p . n .  J 3 .63 3 .53 3 .49 3*47 3 .4 8
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i  i-. j  ii ij l

E th y l e n e  ( 3 )  p r o to  no ox 2 -3133  an i o n  v/itli pH

10 .45  1 0 .2 4  10 .03 S . 76 9.5:

5 .50  5 .2 5 . 21 j  * 2.92

4 .12  4 .0 7  4 .0 4 5 .7 5

2 .56 1 .9 2 1 .5 5 1 .20 0 .95

2 .52 2 .4 7 2 . 5 6 2 .29 2 .26

J . *7-0 VX
1 • CO 0 • 4 t 3 .40 3 .40

1 A B L £ I I

E th y le n e  (£ ) o r 0 t o n s  of' £ -1 1 D. J-il JL 0 S

complex w i t h pH

8 .0 1  7 .8 5 7..55 7 .30 7 .12

5 .1 4  3 .10 3 .02 0C. .96 2 .90

3 .92  5 .3 8 3 .8 1 J .76 3 .7 1

2 .40  2 .1 6 1 .9 6 1 .6 6 1  • 4 6 1 .:

2 .5 7  2 .5 5 2 .4 8 2 • 41 2 .3 8 2 .

3 .4 7  3 .4 7 3 • 46 3 .42 3 .4 2 3 •

8 .96

2 .79

5 .60

0 .7 3  

2 .2 5  

5 .5 3

6 . 9 6  

2 .86 

5 .6 7

0 .8 2

2 .2 4

3 .55

0 .5 8  

2 . 2 1  

5 .5 6



m

Vuni a  uion 0 1 c h em ica l  s h i f t s  o f

T A B I E  I I I

m e th y le n e  (A) and

Calcium

pH 9 . 6 6 8 .9 3 8 . 0 0 6 . 8 6 6 .6 1

B ( p .p . m . ) 3 .2 5

CM. 3 . 2 2 3.13 3 . 0 1

A (p .p .m .  ) 4 .1 4 4.13 4 .09 3 .99 3 . 8 8

pH 2 .9 8 2 . 6 6 2 .16 1 . 8 6 1 .6 5

B (p .p ,m .  ) 2 . 6 4 2 .62 2 . 5 6 2 .50 2 .4 5

A (p .p .m .  ) 3 .5 0 3 .49 3 .4 8 3 .4 5 3 .4 3

i  A B L E IV

V a r i a t i o n of  c h e m ic a l s h i f t s o f  A e t h y l e n e  (A) and

btrontic

pn 9 .9 6 9 .92 9 .22 9 .00 8 .7 9

3 ( p . p . m . ) 3 .4 2 3 .3 4 3 .32 3 .29 3 .2 6

A ( p . p . m . )  4 .26
s’

4 .23 4 .16 4.12 4 .0 8

pH 2 .6 7 2 .4 4 2 .1 7 1 .7 8 1 .5 1

B ( p . p . m . ) 2 . 6 4 2 .6 1 2 .5 3 2 .4 7 2 .4 1

A ( p . p . m . ) 3 .5 2 3 .5 1 3 .49 3 .46 3 .4 5
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T A B L E  III

E th y le n e (B) p r o t o n s  of  L-LILA i n  i t s

COuiTDieX Vv i th  p H

6.53 /* r O
u  * *r£. 6 .32 6 .20 6 .02 5.82 4 .09

2 .96 2 .9 3 2 .89 2 .85 2 .79 2 .7 3 2 .6 3

CMCO•
t'̂V 3 .79 3 .7 4 3 .69 3 .63 3 .5 8 3 .5 1

1 .4 3 1 .2 1 0 .3 8 0 .65 0 .2 9

2 .43 2 .3 3 2 .2 3 2 .2 5 2 .1 9

3 .43 3 .4 1 3 .3 3 3 .3 6 3 .3 4

I A B L E I V

E th y le n e  (B) y r o to n s  o f N-LILA i n  i t s

complex w i t h  pH

8 .5 5 8 .2 9 7 .99 7 .72 7 .43 6 . 3 0 3 .4 1

3 .17 3 .0 9 2 .9 8 2 .9 0 2 .8 4 2 .72 2 .7 0

3 .99 3 .9 3 3 .8 2 3 .7 3 5 .66 3 .5 5 3 .55

1 .23 1 .0 3 0 .32

2 .3 7 2 .3 0 2 .2 9

3 .4 4 3 .4 2 3 .4 0



T A B L E  V

ra r i a t i o n  of c h em ica l  s h i f t s  o f  M ethy lene  (A) and

Barium

pH 1 0 .2 0 9 .9 6 9 .7 1 9 .52 9 • 46

B ( p . p . m . ) 3 .4 1 3 .39 3 .3 5 3 .3 4 3 .3 1

A (p .p .m .  ) 4 .27 4 .2 4 4 .2 1 4 .19 4 .1 7

pH 7 .8 0 7 .3 8 6 .90 4 .2 8 4 .13

B ( p .p .m .  ) 2 .8 4 2 .7 8 2 .7 4 2 .7 0 2 .7 0

A(p,p,IQ. ) 3 .6 7 3 .6 1 3 .5 8 3 .5 5 3 .5 4

T A B L E  VI

Cor r e c t e d Chemical S h i f t s f o r  (A) p r o t o n s of N-HIDA

M e ta l  i o n Trn.10 1 T a . lO 1 pH K .10 -2  k . 1 0 10 [a2”]  .1 0 2

S t r o n t iu m 1 .249 1 .1 7 6 9 .50 5 .7 4  2 .9 4 0 .7 10

Barium 1.2 4 9 1 .1 7 6 1 0 .2 0 2 .5 6  2 .9 4 1 .470



T A B L E  V

E th y le n e  ( 3 )  p r o t o n s  of N-hlDA i n  i t s

9 .29 9 .1 6 9 .00 3 .8 4 8 .65 8 .46

3 .29 3 .2 7 3 .22 3 .1 7 3 .1 1 3 .0 4

4 .14 4 .1 1 4 .06 4 .0 1 3 .9 6 3 .8 8

3 .02 2 .3 6 1 .8 8 1 .3 4 .88 .42

2 .66 2 .6 0 2 .5 0 2 .36 2 .2 8 2 .2 3

3 .52 3 .5 1 3 .4 3 3 .4 4 3-39 3 .3 8

T A B L E  VX 

i n  Barium and S t r o n t iu ;m Comple.x e s .

8 .19

2 .9 3

3 .76

HA"J .1 0 2 [iIAJ.101 ’o ( p . p . m . )  x ( p . p . m . )  t f x ( p . p . m . )  a ( p . p . m . )  c ( p . p . m .

1 .023  1 .0 0 3  4 .22  .06 4 .2 8  4 .2 0  4-50

0 .3 9 9  0 .9 8 9  4 .2 5  .02 4 .2 7  4 .2 0  4 .2 8



a  s i n g l e o  

b s i n g l e t

c s i n g l e t  

d s i n g l e t
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T A B L E  VII 

Chemical  S h i f t  D i f f e r e n c e s

c HA 1.1 g A CsA SrA 3aA
( ^ 2— — A ( ^ a 2 -  “ S e a )

LIDA

—0*64 —0 .19  —0 .0 6  +0 .10  + 0 .08

- 0 . 6 4  - 0 . 1 5  - 0 . 1 2  +0 .10  + 0 .10

2 -  9 -  p__ 9 -  2 -H2 A r  LgA CaA SrA 3aA
(dA4 -  -  § K2A2 - )  A = -  (Sa 4 -  -  S liA2 - )

EDTA

•0.91 4-0.01 + 0 .08  +0 .16  + 0 .20

■0.65 - 0 . 0 3  - 0 . 0 1  + 0 .0 4  '  +0 .06

2GIA

c t r i p l e t  

d s i n g l e t

- 0 . 6 9

- 0 . 6 2

- 0 . 1 0  - 0 . 0 5

- 0 . 1 3  - 0 . 0 5

+0.10  +0 .16

+0 .06  + 0 .08
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D i s c u s s i o n

Dor a l l  a l k a l i n e  e a r t h  complexes  w i t h  t h e  

i\i—m e t h y l i m i n o d i a c e t i c  a c i d  a n io n ,  t h e  n u c l e a r  m a g n e t i c  r e s  

onance s p e c t r a  showred two s h a r p  s i n g l e t s  c o r r e s p o n d i n g  t o  

th e  a  and b p r o t o n s .  T h is  i s  i n  c o n t r a s t  t o  th e  f i n d i n g s  

Kula  e t  a l* "  f o r  t h e  a l k a l i n e  e a r t h  complexes  o f  t h e  

efchylenediamine t e t r a - a c e t a t e  a n io n  where t h e  r e s o n a n c e s  

f o r  t h e  Ga, Sr and Ba c h e l a t e s  a l l  showed a  b r o a d e n in g  

e f f e c t  a t  i n t e r m e d i a t e  pH r e g i o n s .  T h is  was a t t r i b u t e d  

t o  a  slow exchange between m e t a l  i o n s  and l i g a n d s  a t  t h e s e  

hydrogen  i o n  c o n c e n t r a t i o n s  and t h e  a b se n c e  of  any such  

b r o a d e n in g  w i t h  N-MIDA complexes  i n d i c a t e s  t h a t  t h e  m e t a l  

i o n - l i g a n d  exchange i s  r a p i d .  Under t h e s e  c o n d i t i o n s  

on ly  t h e  a v e r a g e  s i t u a t i o n  of th e  n o n - l a b i l e  p r o t o n s  was 

r e c o r d e d .

The v a r i a t i o n  i n  ch em ic a l  s h i f t s ,  8,  w i t h  pH f o r  

b o th  t h e  f r e e  a n io n  of  H-HIDA and t h e  f o u r  complexes 

fo l lo w e d  t h e  g e n e r a l  p a t t e r n  shown i n  F i g u r e  3» The 

p l a t e a u  r e g i o n s  a t  i n t e r m e d i a t e  pH v a l u e s ,  RS and B ’B’ i n  

F i g u r e  3> a r e  t h e  c h e m ic a l  s h i f t s  o f  t h e  a  and b p r o t o n s  

r e s p e c t i v e l y  of  t h e  m ono p ro to na ted  l i g a n d .  S in c e  th e  

d e c r e a s e  i n  8 i n  g o in g  from t h e  f r e e  a n io n  ( r e g i o n s  PQ 

and P*Q' i n  F i g u r e  3 )  t o  t h e  m o no p ro to na ted  s p e c i e s  i s  

t h e  same f o r  b o th  a  and b hy d ro g en s  t h e n  t h i s  f i r s t  

p r o t o n  m ust  become a t t a c h e d  t o  t h e  n i g r o g e n  a tom .  The



second p r o t o n a t i o n  o f  t h e  l i g a n d  o c c u r s  a  much low er  pH 

and s i n c e  o n ly  t h e  c h e m ic a l  s h i f t  of  t h e  b h y d ro g en s  i s  

a p p r e c i a b l y  lo w e re d ,  S ’T 1 i n  F i g u r e  3> t h i s  second p r o t o n  

i s  a s s o c i a t e d  w i t h  t h e  c a r b o x y l a t e  g r o u p s .  Rapid  exchange 

of  t h i s  ^ r o t o n  be tween t h e  two c a r b o x y i a t e s  must o ccu r  

s i n c e  no s p l i t t i n g  or  b r o a d e n in g  o f  t h e  b p r o t o n  r e s o n a n c e  

i s  o b s e r v e d .  P r o t o n a t i o n  schemes of  t h u s  n a t u r e  have  been 

found  f o r  a  number o f  a m in o c a r b o x y la t e  i o n s  which have 

p r e v i o u s l y  been  s t u d i e d ^  and t h e s e  have been  c o n f i rm e d  by 

i n f r a - r e d  s t u d i e s ^ ’ ^ .

The pH r a n g e  i n  which i n f l e c t i o n  I  i n  F i g u r e  3 

o c c u r s  depends  on t h e  s t a b i l i t y  of  t h e  complex .  More 

s t a b l e  complexes  r e q u i r i n g  a  g r e a t e r  c o n c e n t r a t i o n  of  

hydrogen, i o n s  i n  t h e  s o l u t i o n  b e f o r e  a p p r e c i a b l e  p r o t o n a t i o n  

can o c c u r .  From i n s p e c t i o n  of  t h e  c u r v e s ,  t h e  pH a t  which 

t h i s  i n f l e c t i o n  o c c u r s  f o r  d i f f e r e n t  m e t a l  i o n s  i s  seen  to  

f o l l o w  t h e  o r d e r  o f  s t a b i l i t y  of  t h e  com plexes .  V a r i a t i o n s  

i n  t h e  p o s i t i o n  of  i n f l e c t i o n  I  a r e  a l s o  o b se rv ed  when t h e  

m e ta l  i o n  c o n c e n t r a t i o n  i s  v a r i e d .  At h i g h  c o n t r a t i o n s  

of  m e t a l  i o n s ,  how ever ,  t h e  change i n  t h e  p o s i t i o n  of  t h e  

i n f e c t i o n  w i t h  m e t a l  i o n  c o n c e n t r a t i o n  i s  s m a l l  compared t o  

t h e  v a r i a t i o n  b r o u g h t  a b o u t  by change o f  m e t a l  i o n  so t h a t  

q u a l i t a t i v e  c o m p a r iso n s  of  s t a b i l i t y  a r e  v a l i d  u n d e r  t h e s e  

c o n d i t i o n s .  I n f l e c t i o n  I I  i n  F i g u r e  3 o c c u r r e d  a t  t h e

same pH f o r  a l l  sy s tem s  i n d i c a t i n g  t h a t  t h e  m e t a l  i o n  was 

no l o n g e r  a s s o c i a t e d  w i t h  t h e  l i g a n d .



44Sawyer and T a c k e t t  have shown from i n f r a - r e d  

s t u d i e s  o f  t h e  c a r b o x y l a t e  group f o r  a l k a l i n e  e a r t h  HOTA 

complexes t h a t  th e  s p e c t r a  o f  t h e s e  complexes  u n d e r  b a s i c  

c o n d i t i o n s  a r e  v i r t u a l l y  i d e n t i c a l  w i t h  t h e  spec t ru m  of t h e  

EDTA a n io n  s u g g e s t i n g  p re d o m in a n t ly  i o n i c  b on d in g  f o r  t h e s e  

g r o u p s .  I t  h a s  been  su g g e s t e d  by C - r ig o r 'ev  e t  a l ^ ,  

however ,  t h a t  t h e  s h i f t  to  a  h i g h e r  v a lu e  of  t h e  C-0 

s t r e t c h i n g  f r e q u e n c y  i n  th e  Mg^+ io n  complexes  of 

i m i n o d i a c e t i c  a c i d ,  IDA, and n i t r i l o t r i a c e t i c  a c i d ,  NTA, 

i s  i n d i c a t i v e  of  c o v a l e n t  M-0 bond ing  i n  t h e s e  co m plexes .  

Prom v a r i a t i o n s  i n  th e  a b s o r p t i o n  f r e q u e n c i e s  o f  C-E, C-N 

and N-H g ro u p s  i n  t h e  IDA complexes  th e  above a u t h o r s  

co n c lu de  t h a t  th e  o o v a le n cy  of  t h e  m e t a l - n i t r o g e n  bond 

i n c r e a s e s  a l o n g  th e  s e r i e s  B a < S r < C a < M g ;  t h e  sp ec t ru m  

of t h e  Ba complex b e in g  a lm o s t  i d e n t i c a l  to  t h a t  of t h e  

f r e e  a n i o n .

There  i s  l i t t l e  c o r r e l a t i o n  of  t h e  v a l u e s  i n  

t a b l e  VII w i t h  f a c t o r s  such  a s  c h a r g e - t o - r a d i u s  r a t i o  o f  t h e  

m e t a l  i o n s .  The n o n - l a b i l e  p r o t o n s ,  a  and b on E-IvIIDA and 

c and d on EDTA and EG-TA i n  F i g u r e  4 a r e  d e s h i e l d e d  t o  a  

g r e a t e r  e x t e n t  by mg^+ th a n  by Ca^+ which  s u g g e s t s  s t r o n g e r  

bond ing  i n  t h e  magnesium com plexes .  The d e s h i e l d i n g  of  

t h e  a  p r o t o n s  i n d i c a t e s  t h a t  n i t r o g e n - m e t a l  bonds a r e  

formed i n  t h e s e  com plexes .  The p re d o m in a n t  i n d u c t i v e  

e f f e c t  o f  t h e  p o s i t i v e l y  c h a rg ed  m e t a l  i o n  would be e x p e c te d  

t o  p ro du ce  d e s h i e l d i n g  of  p r o t o n s  on t h e  l i g a n d  b u t  i n  many
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c a s e s  an i n c r e a s e  i n  s h i e l d i n g  i s  seen  i n  t a b l e  v T I .

I t  i s  c l e a r  t h a t  o t h e r  f a c t o r s  m ust  a l s o  i n f l u e n c e  t h e  

p r o t o n  c h e m ic a l  s h i f t s .  One of  t h e s e  i s  " l o n g - r a n g e "  

s h i e l d i n g  c a u se d  by th e  e l e c t r o n  d i s t r i b u t i o n s  of  

n e i g h b o u r i n g  g r o u p s .  T h is  e f f e c t  i s  t h e  a v e r a g e  o f  a  

number of  d i f f e r e n t  i n t e r a c t i o n s  and i s  h i g h l y  d e p e n d e n t  

on t h e  a n i s o t r o p i e s  o f  t h e  d i s t r i b u t i o n s  and on t h e  v a r i o u s  

a n g l e s  and d i s t a n c e s  i n v o l v e d .  The m ag n i tu d e  o f  t h e  e f f e c t  

w i l l  be s e n s i t i v e  t o  changes  i n  t h e  geom etry  o f  t h e  complex 

and t h u s  i s  d i f f e r e n t  f o r  d i f f e r e n t  m e t a l  i o n s .  The n e t  

c h em ic a l  s h i f t s  a r e  a  c o m b in a t io n  of  a l l  t h e s e  f a c t o r s ,  

so t h a t  i n  o r d e r  f o r  a  s y s t e m a t i c  v a r i a t i o n  of  ch em ic a l  

s h i f t s  w i t h  t h e  e l e c t r o n e g a t i v i t i e s  o f  d i f f e r e n t  m e t a l  i o n s  

to  e x i s t ,  t h e  i n d u c t i v e  e f f e c t  would have  to  o u tw e ig h t  changes  

i n  t h e  l o n g  r a n g e  s h i e l d i n g .  T h is  h a s  been shown t o  be 

t h e  c a s e  f o r  t h e  ivig^* and Ca^* complexes b u t  n o t  f o r  complexes  

w i th  t h e  Sr^** and B a ^  i o n s  which have s m a l l  i n d u c t i v e  e f f e c t s  

due to  t h e  low c h a rg e  d e n s i t y  on t h e s e  l a r g e  i o n s .  I n  t h e s e  

com plexes ,  i n d u c t i v e  and l o n g  r a n g e  s h i e l d i n g  e f f e c t s  a r e  o f  

e q u i v a l e n t  i m p o r t a n c e .



PART I I

A s s o c i a t i o n  C o n s t a n t s  f o r  N-:.1IDA and G-lycinate  

Complexes of t h e  A l k a l i n e  E a r t h  P e t a l  I o n s .
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ASSOCIATION CONSTANTS

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

A number o f  complexes  o f  m e t a l  i o n s  with, t h e  a n io n s  

o f  a m i n o p o l y c a r b o x y l i c  a c i d s  have been c h a r a c t e r i s e d  by
46th e  d e t e r m i n a t i o n  o f  s t a b i l i t y  c o n s t a n t s  by Schwarzenbach , 

A n d e r e g g ^ >  4-3 t h e i r  c o -w o rk e r s  a t  a  c o n s t a n t  i o n i c

s t r e n g t h  o f  0 . 1 .  The d e t e r m i n a t i o n  of  a c t i v i t y  c o e f f i c i e n t s  

would be i n e x a c t  f o r  many o f  t h e  h i g h l y  c h a rg e d  l i g a n d  i o n s  

i n v o l v e d  i n  t h e s e  complexes  and a l t h o u g h  th e  a s s o c i a t i o n  

c o n s t a n t s  a r e  v a l i d  o n ly  a t  an i o n i c  s t r e n g t h  o f  0 . 1 ,  

u s e f u l  c o m p a r i s o n s  c an  be made w i th  o t h e r  c o n s t a n t s  o b t a i n e d  

a t  t h e  same i o n i c  s t r e n g t h .

The method most  u se d  f o r  t h e  d e t e r m i n a t i o n  of  

a s s o c i a t i o n  c o n s t a n t s  i s  t h e  measurement  o f  hydrogen  i o n  

a c t i v i t y  by means o f  a  g l a s s  e l e c t r o d e .  A knowledge o f  

t h e  a c t i v i t y  c o e f f i c i e n t ,  f.g+, o f  t h e  hydrogen  i o n  i s  

n e c e s s a r y  f o r  t h e  c o n v e r s i o n  o f  hydrogen  i o n  a c t i v i t i e s  

t o  c o n c e n t r a t i o n s  and a t  c o n s t a n t  i o n i c  s t r e n g t h ,  n o t  

g r e a t e r  t h a n  0 . 1 ,  i t  i s  p o s s i b l e  t o  u s e  t h e  mean a c t i v i t y  

c o e f f i c i e n t s  of h y d r o c h l o r i c  a c i d  a t  t h e  a p p r o p r i a t e  

c o n c e n t r a t i o n .  A l t e r n a t i v e l y , t h e  a c t i v i t y  c o e f f i c i e n t s  

can be c a l c u l a t e d  u s i n g  t h e  m o d i f i e d  form of t h e  Debye -  

Huckel  e q u a t i o n  p ro p o se d  by D a v i e s ^ ,

o I&
- l o g  fH+ =  A2  ("■■■ r x —  -  0 . 3 1 ) , ----------------- (18 )

l + l

and t h i s  i s  t h e  p r o c e d u r e  a d o p te d  i n  t h e  p r e s e n t  work.
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The d i s s o c i a t i o n  c o n s t a n t s  f o r  g l y c i n e  and f o r  t h e  

m onopro tona ted  form of  N-hlfA  have  been m easured  a t  25°C.

and an i o n i c  s t r e n g t h  of  0 . 1 .  A s s o c i a t i o n  c o n s t a n t s  f o r  

t h e  d i v a l e n t  magnesium, c a l c iu m ,  s t r o n t i u m  and barium 

mono- and d i - h - r n e t h y l i m i n o d i a c e t a t e  complexes and f o r  th e  

magnesium m o n o - g ly c in a t e  complex have been o b t a i n e d  u n d e r  t h e  

same c o n d i t i o n s  of  t e m p e r a t u r e  and i o n i c  s t r e n g t h .  An 

a c c u r a t e  knowledge of t h e s e  a s s o c i a t i o n  c o n s t a n t s  was 

n e c e s s a r y  f o r  t h e  a n a l y s i s  of  th e  e n th a lp y  r e s u l t s  to  be 

d e s c r i b e d  l a t e r .
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Apparatus
E . m . f .  m easurem ents  were made u s i n g  t h e  c e l l ,

Ag/AgCl, HCl(0 .2 i . i ) /  g l a s s /  s o l u t i o n  (X 0 . 1 ) /S / 1 0  KCl,Eg2C l2 ,Hg.

F o r  e x p e r im e n t s  w i th  N-hIDA a  p a i r  o f  g l a s s  e l e c t r o d e s  

o f  t h e  s c r e e n e d  t y p e  ( E . I . L .  t y p e  G-.G-.53*) v/ere u s e d  and 

t h e s e  v/ere r e p l a c e d  by two Beckman G-eneral P u rp o se  g l a s s  

e l e c t r o d e s  (Type 42, 41263)  f o r  t h e  s t u d i e s  v / i th  g l y c i n e .

With two i n d e p e n d e n t  g l a s s  e l e c t r o d e s  i n  t h e  c e l l ,  any 

i r r e g u l a r i t y  i n  t h e  b e h a v i o u r  of one of  them was i m m e d ia te ly  

d e t e c t a b l e .  These were u se d  i n  c o n j u n c t i o n  w i t h  a  c a lo m e l  

e l e c t r o d e  and s a l t  b r i d g e  o f  d e s i g n  shown i n  F i g u r e  ( 5 ) .  A 

s m a l l  q u a n t i t y  ( 0 . 5  -  1ml) o f  t r i p l y  d i s t i l l e d  m ercury  was 

p l a c e d  a t  t h e  bo t tom  of v e s s e l  (0 )  i n  F i g u r e  (5 )  and t h i s  was 

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

t o g e t h e r  i n  a  m o r t a r ,  c a lo m e l ,  m ercury  and a  few d r o p s  of  

N/10 p o t a s s i u m  c h l o r i d e  s o l u t i o n .  The a p p a r a t u s  was t h e n  

c o m p le t e ly  f i l l e d  v / i th  N/10 p o ta s s iu m  c h l o r i d e  s o l u t i o n  

from r e s e r v o i r  (D ) .  Tube ( P ) ,  h a v in g  a  p l a t i n u m  v/ire  s e a l e d  

th r o u g h  t h e  t i p ,  was p l a c e d  i n  p o s i t i o n  a s  shown by means o f  

a  r u b b e r  bung ( E ) ,  t h e  j o i n t s  b e in g  c o a t e d  w i t h  p a r a f f i n  wax 

to  p r e v e n t  s t r a y  p o t e n t i a l s .  The c a p i l l a r y  t i p  (A) was b e n t  

t o  m in im ise  t h e  f low  o f  s o l u t i o n  from t h e  s a l t  b r i d g e  i n t o  

th e  c e l l .

Titrations were made with an ‘Agla’ micrometer 
syringe which had a total capacity of 0.5 ml* and from 
which 2 x 10~4 ml. additions could be made with accuracy.
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Fi a. <5
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E i t h e r  a  Pye p o t e n t i o m e t e r  w i t h  a  V ib ro n  e l e c t r o m e t e r  

( E . I . L .  model 33B) a s  n u l l  d e t e c t o r  o r  a  Beckman r e s e a r c h  pH 

m e te r  were u se d  t o  m easure  t h e  e . r n . f . s .  A l l  r e a d i n g s  were 

r e p r o d u c i b l e  t o  -  0 , 1  m .v .



E x p e r im e n ta l  Technique

The c e l l  i s  shown i n  F i g u r e  ( 6 ) .  A known volume of 

s o l u t i o n  was i n t r o d u c e d  and th e  e l e c t r o d e s  p l a c e d  i n  t h e  

ground g l a s s  s o c k e t s .  N i t r o g e n  was bubb led  t h r o u g h  th e  

c a p i l l a r y  t u b e ,  A, t o  remove ca rbon  d i o x i d e  and t o  s t i r  t h e  

s o l u t i o n ,  and an o u t l e t  b u b b l e r ,  B, p r e v e n t e d  d i f f u s i o n  of 

a i r  back  i n t o  th e  c e l l .  A c a p i l l a r y  a t t a c h m e n t  from th e  

m ic ro m e te r  s y r i n g e  e n t e r e d  th e  c e i l  by s o c k e t ,  C. When 

s o l u t i o n  was i n i t i a l l y  p u t  i n t o  th e  c e l l  a t  l e a s t  one hour  

was a l lo w e d  f o r  e q u i l i b r a t i o n ,  b u t  d u r i n g  a  t i t r a t i o n  10 to  

15 m in u te s  a f t e r  each  a d d i t i o n  was a l l  t h a t  was n e c e s s a r y .

I n  t h e  d e t e r m i n a t i o n  of t h e  d i s s o c i a t i o n  c o n s t a n t s  

of  th e  a c i d s ,  p o t a s s i u m  h y d r o x id e  was added to  a  s o l u t i o n  

c o n t a i n i n g  a  known w e ig h t  o f  th e  a c i d  t o g e t h e r  w i t h  s u f f i c i e n t  

p o t a s s iu m  c h l o r i d e  t o  e s t a b l i s h  an i o n i c  s t r e n g t h  o f  0 . 1  a t  

t h e  m i d - p o i n t  o f  t h e  b u f f e r  r e g i o n .  The r e s u l t s  o f  

m easurem ents  f o r  which  c a l c u l a t i o n s  showed t h a t  t h e  i o n i c  

s t r e n g t h  was n o t  w i t h i n  2c/o o f  t h e  r e q u i r e d  v a lu e  were d i s ­

c a r d e d .

The complex f o r m a t i o n  e x p e r im e n t s  were made i n  two 

ways: ( 1 )  a  s o l u t i o n  c o n t a i n i n g  th e  l i g a n d ,  p o ta s s iu m

h y d r o x i d e ,  and p o t a s s i u m  c h l o r i d e  was t i t r a t e d  w i t h  t h e  

a l k a l i n e  e a r t h  m e t a l  c h l o r i d e  s o l u t i o n ,  (2 )  t h e  m e ta l  

c h l o r i d e ,  t o g e t h e r  w i t h  p o t a s s iu m  c h l o r i d e  and l i g a n d ,  

was t i t r a t e d  w i t h  p o ta s s iu m  h y d r o x i d e .  I n  t h i s  v/ay, a  

com p rehen s iv e  r a n g e  of  b o t h  a c i d  and m e t a l  c o n c e n t r a t i o n s
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cou ld  "be c o v e r e d .

The e l e c t r o d e s  were s t a n d a r d i s e d  b e f o r e  and a f t e r  

each t i t r a t i o n  u s i n g  N .B .S .  s t a n d a r d  b u f f e r  s o l u t i o n s  

p r e p a r e d  a c c o r d i n g  t o  B a t e s ^ ,  B u f f e r s  were c hosen  w i t h  

pH v a l u e s  w i t h i n  t h e  r a n g e  o f  t h o s e  t o  be s t u d i e d  i n  th e  

complex f o r m a t i o n  e x p e r i m e n t s .



4-9

R e s u l t s

N - m e t h y l i m i n o d i a c e t i c  a c i d ,  H2 A, d i s s o c i a t e s  i n  two

s t e p s ,

H2A HA“ + H+ --------------------------------------------------( 1 9 )

and HA-  H+ +• A^~ -------------------------------------------------- (2 0 )

The t i t r a t i o n  c u rv e  i s  shown i n  f i g u r e  7,  and th e  

f i r s t  and second  d i s s o c i a t i o n  c o n s t a n t s  a r e  s u f f i c i e n t l y  f a r  

a p a r t  f o r  e ach  e q u i l i b r i u m  to  he s t u d i e d  i n d e p e n d e n t l y . 

E q u i l i b r i u m  19 h a s  been  s t u d i e d  e x t e n s i v e l y  by o t h e r  w o r k e r s ,  

b u t  i t  was n e c e s s a r y  t o  o b t a i n  a  r e l i a b l e  v a l u e  f o r  t h e  

second d i s s o c i a t i o n  c o n s t a n t  ( r e a c t i o n  ( 2 0 ) )  g iv e n  by,H [ a2-1

[ ha- ]

=      ( 2 1 )
k 2

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

and p o t a s s i u m  h y d r o x id e  t h e  c o n c e n t r a t i o n s  o f  t h e  i o n i c  

s p e c i e s  were o b t a i n e d  from t h e  e q u a t i o n s  f o r  t o t a l  a c i d ,

'i'a =  [hA^J + [ > ]   ( 2 2 )

and e l e c t r o n e u t r a l i t y ,

[H+-] + [k+] =  [ha- ]  + 2  [aZ]  +[oH“j ---------------( 25)

R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  shown i n  t a b l e  ( V I I I ) .

An e x a c t l y  s i m i l a r  method was u se d  f o r  t h e  t i t r a t i o n  of  g l y c i n e ,

EG-, and t h e  r e s u l t s  a r e  g iv e n  i n  t a b l e  ( I X ) .
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The complex f o r m a t i o n  i n v o l v i n g  a l k a l i n e  e a r t h  

m e ta l  i o n s  and N - m e t h y l i m i n o d i a c e t a t e  a n io n  can he 

f o r m u l a t e d  i n  t h e  f o l l o w i n g  way,

■+ iviA------------------------------------------------------ (24 )

HA + A2"  ^  k»A22 -    (2 5 )

The c o n c e n t r a t i o n s  of  i o n i c  s p e c i e s  i n  such  s o l u t i o n s  

were o b t a i n e d  from t h e  e q u a t i o n s  f o r  t o t a l  a c i d ,

Ta = § i r j4 -  [a2-]  + [ : a ]  + 2  [i.:a22-J , --------------------------------------( 2 6 )

t o t a l  m e t a l ,

Ito == [ m2+]  4 [ma]_ + | hA2H ------------------------------------ (2 7 )

e 1 e c t r  on eu t r  a l i  t y ,

[ k + ]  4  H-*- +  2 [i.i2+J  =  [il/r] 4- 2 | a 2~J 4. 2 jilA22-]  +[°H ^  + j o i ^ j  (28 )

and t h e  d i s s o c i a t i o n  c o n s t a n t ,  k 2 , f o r  t h e  a c i d .

Prom t h e s e  e q u a t i o n s ,  a  g r a p h i c a l  s o l u t i o n ,  s i m i l a r  

t o  t h a t  o f  G e l l e s  and N a n c o l l a s - ^ ,  was u sed  i n  th e  d e t e r m i n a t i o n

o f

*1  
and

K2 =  I MAo^-l /  | HA I \k ‘L~\ .  (3 0 )

The d e r i v e d  e q u a t i o n ,

i  =  a q  + k xk 2 ------------------------------------------------------------- ( 3 D

[ma| /  [ h 2+] [ a2- ]   ( 2 9 )

=  Q.ia2 2-̂ J / [ h a ]  [a2-]  . ------------------------------------- ( 3 0

w here X _  fcpm - Ta 4  (gA~| 4  [a2~]^
[_A2^J^2Tm - Ta + [hA-] + [^2J ^

^  -  [HA-] -  f c - jR

[a* J2 ^  2Tm-Ta •)- JhA^ f  [a 2_J ?
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was so lv e d  g r a p h i c a l l y ,  l a t a  f o r  th e  a l k a l i n e  e a r t h  complexes 

of N-i.IILA a r e  g iv e n  i n  t a b l e s  (X-XIV). T y p ic a l  p l o t s  o f  X 

a g a i n s t  Y a r e  g iv e n  i n  f i g u r e s  ( 8 - 1 1 ) ,  from which Kg and Kg 

were c a l c u l a t e d  from t h e  s l o p e s  and i n t e r c e p t s  of  th e  l i n e s  

r e s p e c t i v e l y .  The i n t e r p r e t a t i o n  of  t h e s e  p l o t s  was such  

t h a t  t h e  p o i n t s  a t  h i g h e r  Y v a l u e s  were w e ig h te d  more h e a v i l y  

i n  t h e  d e t e r m i n a t i o n  of Kq and p o i n t s  n e a r  t h e  Y a x i s  f o r  which 

t h e  c o n c e n t r a t i o n  of  t h e  s p e c i e s  was l a r g e r  were r e g a r d e d

as  more i m p o r t a n t  i n  t h e  d e t e r m i n a t i o n  of K2  • An E n g l i s h  

E l e c t r i c  Leo com puter  model  KLP9 was programmed f o r  th e  

d e t e r m i n a t i o n  of Kq ana K2 by t h e  method of l e a s t  s q u a r e s .

The s m a l l  d e g re e  of  a s s o c i a t i o n  between t h e  

magnesium and g l y c i n a t e  i o n s  r e s u l t e d  i n  a  r e l a t i v e l y  h ig h  

c o n c e n t r a t i o n  of  f r e e  magnesium i o n s  i n  t h e  s o l u t i o n s .  The 

p l o t s  of  X a g a i n s t  Y f o r  t h e s e  e x p e r im e n t s  showed a  d i s t i n c t  

c u r v a t u r e  i n  r e g i o n s  o f  h i g h  pH. T h is  c o u ld  be e l i m i n a t e d  

by making a l lo w a n c e  f o r  t h e  p r e s e n c e  of  MgOH* i o n s  i n  t h e  

s o l u t i o n s .  The c a l c u l a t i o n  i n v o lv e d  t h e  f o l l o w i n g  s t e p s .

f rom t h e  e q u a t i o n s  f o r ,  t o t a l  m e t a l ,

t h e  d i s s o c i a t i o n  c o n s t a n t  f o r  g l y c i n e ,



and th e  f i r s t  and second a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  

g l y c i n a t e  com plexes ,

[ k g +1 M
K1 =  _ L _ J _ --- - - - - ( 3 6 ) ,  Ko=  L 2J ------- (3 7 )

[ : : - + ] [ g- ]  MW
t h e  e q u a t i o n

Y1  =  XTC-l t  K xK2 ---------------------------------- ( 3 8 )

was d e r i v e d  i n  w hich ,

Y1  _  [ l a  -  [h g ] -  [ g - ]  +  §:gOII+] 3

[g - ] 2  S  2Tm-Ta+ [h g ] +  Q r ] -2[j iOHtj^

and

X1 _  fo m-Taf [h g ] + [G -] - 2  [ iQHtB

[ G - ]  f  2Ta-Ta+ [h g ] 4  [g ~ ] - 2  [ i O H ^

The c o n c e n t r a t i o n  o f  HG-, from which & - ]  c o u ld  be c a l c u l a t e d  

( 3 5 ) ,  was o b t a i n e d  from th e  e q u a t i o n ,

[ h g ]  =  Ta +[oH _]  -  [c +]  -  [ h [ ]  + [ h O h [ ] --------------------------- (39 )

i n  w h i  oh [ i.1 0 h []  i s  t h e  o n ly  unknown. I t  was n e c e s s a r y ,  

t h e r e f o r e ,  t o  u se  a  r e i t e r a t i v e  p r o c e e d u r e  by a ssum ing  a s  a 

f i r s t  a p p r o x i m a t i o n  t h e  a b se n c e  o f  hOE*. An a p p ro x im a te  

v a lu e  o f  was o b t a i n e d  from which t h e  c o n c e n t r a t i o n  of

M24* c o u ld  be c a l c u l a t e d ,  and hence  t h e  c o n c e n t r a t i o n  of

MOH+ from ,
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The a p p ro x im a te  v a lu e  of LiOE*“ was th e n  u se d  i n  o r d e r  to  

o b ta in  a  b e t t e r  app rox im ation .

R e s u l t s  o f  t h i s  c a l c u l a t i o n  a r e  g iv e n  i n  t a b l e  (XV) 

and R ig u re  ( 1 2 )  i s  a  t y p i c a l  p l o t  o f  X1 a g a i n s t  show ing 

th e  f i r s t  a p p ro x im a t io n  and th e  c o r r e c t e d  l i n e .  S in c e  w i th in  

e x p e r im e n ta l  e r r o r  t h i s  l i n e  p a s se d  th ro u g h  th e  o r i g i n  i t  was 

assumed t h a t  t h e  c o n c e n t r a t i o n  of MA2  was to o  s m a l l  t o  be 

s i g n i f i c a n t .



5 5

T A B L E  V II I  

1̂ 2 D e te r m in a t io n  f o r  II—ill DA

Run 1 .  

Ta.10^

I
oI—1 •

■+"» -log[H+J [ilA'j .10 3 [a2-] . i o 3
1—i01—1 •C\J

14
4 .297 6 .000 9 .4 8 3 2 .631 1 .6 6 5 2 .6 7

4.299 5 .57 5 9 .296 3 .048 1 .2 5 1 2 .6 6

4 .295 6 .3 4 1 9 .619 2 .502 1 .9 93 2 .6 7

4 .2 9 4 6 .5 1 1 9 .6 8 2 2 .139 2 .155 2 .6 8

4 .294 6 .5 9 6 9 .7 1 5 2 .0 5 8 2 .2 36 2 .6 3

4 .293 6 .6 8 1 9 .7 4 6 1 .97 7 2 .31 7 2 .7 0

4 .293 6 .7 6 6 9 .7 7 7 1 .896 2 .3 9 7 2 .7 1

4.292 6 .8 5 1 9 .809 1 .816 2 .476 2 .7 1

Run 2 .

5 .853 9 .2 8 4 9 .6 9 6 2 .5 0 4 3 .349 2 .6 9

5.860 8 .2 8 5 9 .4 1 1 3 .4 7 7 2 .38 3 2 .6 6

5 .8 5 8 8 .6 0 3 9 .5 0 5 3 .16 6 2 .692 2 .6 6

5 .857 8 .8 3 0 9 .5 3 3 2 .9 4 4 2 .9 13 2 .6 9

5 .855 9 .0 5 7 9 .63 6 2 .723 3 .132 2 .6 7

5 .857 8 .7 1 7 9 .5 6 8 3 .05 3 2 .8 0 4 2 .6 9

5 .853 9 .3 9 8 9 .726 2 .39 5 3 .4 5 8 2 .7 1

5 .856 8 .9 4 4 9 .599 2 .8 3 3 3 .02 3 2 .6 9

M e a n  ^  =  2 . 6 8  ( i . O l ) . l O * ^
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Hun 1 .

T A B L E  IX 

Be t e r m in a t io n  f o r  G ly c in e

T a .1 0 3 .1 0 5 pH oi—i •
r7b1
lLELi [cr] . i o 5
oi—io

 
1—1 .CM

1 5 .285 6 . 593 9 .379 1 0 .231 5 .05 4 2 .6 4

15 .2 5 4 7 .

CMO

9 .479 9 .39 7 5 .857 2 .6 5

15 .225 8 . 208 9.572 8 .5 66 6 .657 2 .6 6

15 .193 9 . O il 9 .666 7 .741 7.452 2 .6 5

15 .163 9 .

oi—iCO 9 .759 6 .923 8 .240 2 .6 5

15 .132 10 . 607 9 .8 5 4 6.110 9 .022 2 .6 4

Run 2 .

T a .1 0 5 .103 pH JHCU . 1 0  3 [g-] . 1 0 3

1—1OH.CM

9 .630 4 .913 9 .6 9 4 4 .780 4 .850 2 .6 3

9 .6 1 5 5 .519 9 .8 0 5 4 .17 7 5 .4 3 8 2 .6 2

9 .6 4 4 4 .306 9 .58 6 5 .587 4 .2 5 7 2 .63

9 .6 5 9 3 .696 9 .4 7 4 6 .0 01 3 . 6 5 3 2 .6 2

9 .6 0 1 6 .123 9 .9 1 5 3 .5 8 4 6 . 0 1 7 2 .6 1

9 .536 6 .725 10 .052 5 .000 6.5S6 2 .6 1

M ean === 2 .6 5 ( * .02).10"10
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T A B L E  X 

Magnesium N -M e th y l im in o d ia c e ta te ,  K̂ _ and K2

Run 1 .

T a.10^

5 .3 3 0 '

5 .3 2 7

5 .325

5 .3 2 4

5 .323

5 .32 0

5 .319

5 .3 1 7

Tin. 10 ̂  

2 .9 1 8  

3 .5 6 5  

3 .8 8 8  

4 .2 1 1  

4 .5 3 4  

5 .01 7  

5 .3 4 0  

5 .8 2 3

i f L ,10'

8 .6 1 1

8 .6 0 7

8 .60 5

8 .602

8 .600

8 .5 9 7

8 .5 9 4

8 .5 9 1

rh

9 .2 8 7

9 .1 6 4

9 .1 1 1

9 .0 5 7

9 .0 1 2

8 .9 4 6

8 .9 00

8 .8 3 9

Run 2 .  

5 .206  

5 .205  

5 .2 0 4  

5.202  

5 .201  

5 .19 8  

5 .195  

5 .1 9 3

4 .2 1 1

4 .5 3 4

4 .85 6

5 .179

5 .5 0 1

6 .1 4 5

6.788

7 .4 3 0

9 .17 6  

9 .1 73  

9 .1 7 1  

9 .1 6 8  

9 .1 6 6  

9 .1 6 1  

9 .15 6  

9 .1 5 1

9 .4 4 0

9 .3 9 1

9 .3 4 5

9 .2 9 3

9 .2 5 1

9 .1 6 8

9 .0 9 8

9 .0 3 9
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1.929

2 .21 7

2 .34 1

2 .4 3 4

2 .532

2 .640

2.671

2 .719

2 .7 8 1

2 .91 7

3.032

3 .0 9 8

3 .176

3.279

3 . 3 6 3

3 .4 4 3

2 .4 3 7

2 .06 3

1 .82 3

1 .6 8 7

1 .4 4 4

1 .222

1 .2 6 6

1 .2 4 7

2 .1 0 7

1 .8 3 4

1 .6 0 5

1 .6 2 4

1 .4 8 9

1 .3 9 6

1 .2 7 3

1 .0 5 5

Y .10~°  

0 .9 9 9  

1 .46 5  

1 .7 1 7  

2 .025  

2 .2 9  8 

2.786 

3 .2 3 4  

3.886

1 .3 2 8

1 .5 3 5

1 .832

2 .0 9 7

2 .7 2 7

3 .3 8 1

3 .996

3 .0 8  x 105 and K2=  1 .5 2  x 102

1 .142

X .10~2

1 .7 4 5

3 .290

4 .1 8 4  

5 .17 6

6 .18 5  

7 .839  

9 .12 3

11 .087

2 .6 3 3

3 .306

4 .033

4 .379

5 .740

7 .6 6 4

9 .71 3

11 .77 5

M e a n  K i =  3 . 1 4  x  1 0 ^  a n d  •K 2 ,s=r 1 . 1 9  x  1 0 2
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Hun 3 •

T a.10^

5 .485

5 .483

5 .482

5 .480

5 .479

5 .47 7

5 .4 7 4

5 .4 7 1

Run 4.
4 .532

4 .5 3 0

4 .5 2 7

4 .52 5

4 .52 3

4 .521

4 .5 2 0

4 .5 1 8

T A B

'I'm .10^ 

4 .695  

5 .0 1 7  

5 .3 4 0  

5 .662  

5 .9 8 4  

6 • 466 

7 .10 9  

7 .7 5 1

3 .242  

3 .8 8 8  

4 .5 3 4  

5 .179  

5 .8 2 3  

6 .14 5  

6 . 4 6 6  

7 .10 9

L E X

M . 1 0 ^

9 . 7 4 5

9 . 7 4 3

9 . 7 4 0

9 .7 3 8

9 .7 3 5

9 .7 3 1

9 .7 2 6

9 .7 2 1

8 .0 3 5

8 .0 3 1

8 .0 2 7

8 .0 2 2

8 .0 1 8

8 .0 1 6

8 .0 1 4

8 .0 1 0

£2

9 .4 8 6

9 .4 3 4

9 .3 8 8

9 .3 4 1

9 .2 9 9

9 .23 9

9 .1 7 0

9 .0 9 9

9 .6 0 1

9 .4 9 4

9 .3 8 8

9 .2 9 6

9 .2 1 6

9 .1 7 7

9 .1 4 5

9 .0 8 3
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3 .2 9 4

3 .396

3 .495

3 .5 6 8

3 .642

3 .7 1 8

3 .3 1 4

3 .8 2 8

5.966

5-705

4 .5 97

4 .409

3 .452

3 .1 5 0

1.806

4 .082

Y .10“ 6

0 .872

1 .0 50

1 .232

1 .4 4 8

1 .659

2 .0 2 8

2 .522

3 .1 9 1

X .1 0 "2

2 .650

3 .2 2 8

3 .8 5 6

4 .5 5 8

5 .2 9 0

6 .50 0

8 .1 9 1

1 0 .196

Mean K]_

2 .2 5 5

2 .5 53

2 .7 4 3

2 .882

2 .98 5

3 .0 0 7

3 .0 5 4

3 .1 0 7

2 .9 9  x 10*

14 .772

10 .610

9 .196

7 .71 5

6 .433

7 .020

5 .810

5 .29 0

and K2 ~  2 .8

0 .7 9 7

1 .136

1 .6 2 4

2 .1 8 4

2 .7 9 8

3 .1 8 4  

3 .479  

4 .19 0

101

1 .9 4 8

3 .2 1 6

4 .8 3 0

6 .713

8 .792

9 .972

11 .049

1 3 .4 1 4

M e a n  K i =  2 . 9 9  x  1 0  5  a n d  K 2  =  8 . 0  x  1 0 1



6 1
1

Run 5 .  

g a .1 0 5 

1*666

1 .6 6 4

1*663

1 .6 6 2

1 .6 6 2

1 .6 6 1

1 .6 6 0

1 .6 5 9

1.658

Run 6 .  

2 .0 5 3  

2 .052  

2 .052  

2 .0 5 1  

2 .0 50  

2 .050  

2 .04 9

T A B L E

Tm.10^

2 .4 3 3  

3 .5 6 5  

4 .2 1 1  

4 .856  

5 .179  

5 .8 2 3  

6 . 4  66 

7 .109  

8 .0 7 2

6 .4 6 7

6.788

7 .110

7 .4 3 1

7 .752

8 .0 7 3

8 .3 9 3

[k+] . i q 3 

’ 2 .9 8 7  

2 .9 8 4  

2 .93 2  

2 .9 8 1  

2 . 98 0  

2 .9 7 8  

2 .9 7 7  

2 .9 7 5  

2 .9 7 3

3 .1 7 1

3 .1 7 1  

3 .1 7 0  

3 .1 6 9  

3 .1 6 8  

3 .1 6 7  

3 .1 6 6

RS

9 .400

9 .2 25

9 .1 4 3

9 .07 5

9 .04 6

8 .99 2

8 .9 4 1

8 .8 9 4

8 .8 3 1

8 .5 0 4

8 .4 8 5

8 .4 6 5

8 .4 4 8

8 .4 3 0

8 .4 1 0

8 .3 8 7



6 2

0 .986

1 .1 1 4

1-145

1 .1 7 1

1 .1 8 4

1 .2 0 4

1 .2 1 4

1 .2 1 8

1 .2 2 0

1.1 ean

0 .9 7 1

0 .982

0 .9 9 1

1.001
1 .00 9

1 .0 0 7

0 .99 9

' 5 .290

2 .7 9 8

2 .5 5 8

2 .1 2 8

1-859

1 .5 6 4

1 .51 5

1 .5 1 0

1 .8 0 7

a =  5 .5 0  x 105

4 .047  

5 .6 1 7  

5 .512  

2 .9 2 4  

2 .6 4 0  

2 .858  

5 .567

Y .10“ 7

0 .759
1 .1 8 7

1 .49 0

1 .78 5

1 .926

2 .20 9

2 .5 2 5

2 .8 62

5 .582

and K2  =  5 .0 5

2 .2 5 7

2 .5 4 7

2 .4 4 7

2 .5 5 5

2 .6 5 5

2 .7 8 5

2 .9 7 5

Z ,1 0 “ 3

1 .7 9 7

5 .1 2 4

5 .959

4 .7 9 1

5 .201

6 .025

6 .8 9 1

7 .7 9 4

9 .16 5

102

7 .27 5

7 .645

8 .02 6

8 .5 90

8 .7 6 8

9 .2 5 4

9 .7 6 2

M e a n  K * j_=  2 . 8 4  x  1 0 ^  a n d  5 * 2 0  x  1 0 ^



6 3

Hun 7* 

T a.10^

2 .0 1 5

2 .0 1 5

2 .0 1 5

2 .0 1 4

2 .0 1 4

2 .0 1 4

2 .0 1 4

2 .0 1 4

2 .0 1 4

T A B L E  X

Tin. 10^ 

9 .9 5 6

9 .955

9 .9 5 5  

9 .9 5 4

9 .9 5 3

9 .953  

9 .95 2

9 .9 5 1

9 .9 5 1

flC *] .10 5

2 .813 

2 .8 6 0  

2 .9 0 6  

2 .9 5 3  

3 .0 0 0  

3 .04 6  

3 .0 9 3  

3 .1 4 0  . 

3 .1 8 6

8 .0 2 2  

8 .0 6 6  

8 .1 0 6  

8 .1 4 7  

8 .1 8 8  

8 .2 3 0  

8 .2 6 8  

8 .3 0 9  

8 .3 5 1



6 4

[ha]  .10 4 ma22”]  .1 0 5 _7
Y .10 1

7 .1 6 4 2 .682 5 .5 9 3

7 .5 8 7 2 .8 1 7 5 .245

7 .9 5 9 5 .2 1 4 , 4 .996

8 .5 5 5 5 .5 9 1 4 .765

8 .7 2 8 5 .8 7 1 4 .527

9 .1 4 0 4 .0 5 3 4.292

9 .4 5 7 4 .752 4 .165

9 .8 1 8 5 .175 4 .0 0 4

10 .20 6 5 .479 5 .8 5 1

X.10 - 4

1 .79 0

1 .6 7 8

1 .5 8 3

1 .5 0 6

1 .4 2 7

1 .5 55

1 .2 9 8

1 .2 4 1

1 .1 8 5

Mean £]_ —  2 .9 2  x 105 and K2 = 1 2 . 7  x 102

A verage from  r u n s  1,  2 , 5> 4, and 7 — 5 . 0 2 ( i o . 0 7 ).10'

A verage K2 from  r u n s  1 , 2 ,  5 and 6 =■  2 . 2 5 ( - 0 .8 7 ) .1 0 *



O.s

Fla. 8



6 6

T A B L E  X I

Calcium  R - Iv le th y l im in o d ia c e ta te ,  K i and K2

Run 1 .

Ta.lQ ^

1 .5 4 7

1 .5 4 6

1 .5 4 5

1 .5 4 4

1 .5 4 4  

1*545

Tm.ICK 

2 .075 

2 .4 8 8  

2 .9 0 1  

5 .5 1 4  

5 .7 2 6  

4 .1 5 8

[k+]  . 10

2 .4 1 1

2 .40 9

2 .4 0 3  

2 .4 0 7  

2 .4 0 5

2 .4 0 4

£H 

8 .7 5 5  

8 • 644 

8 .5 5 4  

8 .4 9 1  

8 .4 2 6  

8 .5 6 7

Run 2 .

T a.10^

1 .7 4 8

1 .7 4 5

1 .7 4 1

1 .7 4 0

1 .75 9

1 .7 5 6

Tin .10 

5 .166  

7 .2 1 3  

8 .2 3 2  

8 .6 3 9  

9 .3 5 1  

1 0 .5 6 7

10'

2 .9 7 3

2 .96 5

2 .9 6 1

2 .959

2 .9 5 7

2 .9 52

8 .5 7 7

8 .4 0 9

8 .3 4 8

8 .3 2 6

8 .2 8 7

8 .2 3 0



— — "■
Li A . 1 0 4

ooi—i • Y . 1 0 - 7 X . 1 0 ” 5

7 .50 3 14 .1 94 3 .7 8 1 4 .9 1 3
7 .890 2 .569 4 .712 6 .3 8 0

7 .9 3 8 6 .423 6 .0 7 1 S . 150

8 .1 5 5 0 .0 0 0 7 .0 5 8 9 .6 5 6

8 .1 6 2 1 .9 9 8 8 .4 2 7 1 1 .4 3 8

8 .1 1 3 6 .8 7 0 9 .952 13 .329

Mean K^ = 6 .9 6  x 103 and K2 =  4 .8 9 X i o 2

O.ia]  .10 5 Ima? 2" ]  ,. i o 5 Y.10~8 X .10 -4

1 .1 2 7 2 .55 6 0 .7 3 7 1 .0 4 2

1 .1 4 5 2 .22 6 1 .130 1 .6 1 4

1 .16 0 1 .629 1 .3 0 4 1 .8 8 4

1 .1 6 3 1 .49 2 1 .3 7 7 1 .9 9 5

1 .1 6 5 1 .45 5 1 .5 1 4 2 .1 9 5

1 .1 7 0 1 .2 5 4 1 .7 4 0 2 .53 2

Mean K^=- 6 .7 6  x 105 and r\o ii -f* • 00 x  102



68

Hun 3* 

T a.lcP

2 .7 3 3

2 .7 3 3

2 .7 3 3

2 .7 3 3

2 .7 3 2

2 .7 3 2

2 .7 3 2  

2 .7 3 1

Hun 4*

2 .5 4 1

2 .5 4 0

2 .5 3 9

2 .5 3 8

2 .5 3 7

T A B

Tm.ICP

9 .930

9 .929

9 .9 2 8

9 .9 2 7

9 .926

9 .9 2 5

9 .9 2 3

9 .92 2

8 .0 2 9

8 .3 3 4

8 .639

8 .9 4 4

9 .2 4 9

E XI

[ i d  . i o ?

3 .839

3 .8 85

3 .932

4 .025

4 .1 1 8

4 .2 1 1

4 .3 0 4

4 .39 7

3 .820

3 .8 1 8

3 .8 1 7

3 .81 5

3 .8 1 4

£2

7 .6 7 3

7 .70 5

7 .7 3 8

7 .802

7 .8 6 5

7 .9 2 8

7 .9 9 0

8 .0 5 3

7 .9 9 0

7 .9 7 1

7 .9 5 5

7 .93 9

7 .9 2 1



6 9

[ »ma22 - .10- y . i o - 8 X.10

1 .059
1 .10 0

1 .1 47

1 .2 3 4

1 .3 2 1

1 .4 07

1 .4 35

1 .5 6 4

1 .495

1 .70 3

1 .659

1 .9 3 1

2 .1 6 1

2 .4 2 4

3 .0 9 7

3 .7 4 6

2 .246

2 .15 0

2 .042

1 .8 7 4

1 .72 5

1 .5 9 6

1 .499

1 .410

2 .9 3 1
2 .7 9 3

2 .662

2 .4 3 7

2 .239

2 .068

1 .9 2 7

1 .8 0 1

Mean =  7 .4 4  x 10^ and K2  — 9*68 x 10^ .

1 .19 6

1 .19 5

1 .2 0 1

1 .2 0 4

1 .202

2 .800

2 .8 9 9

2 .6 3 8

2 .4 6 9

2 .6 1 8

1 .772

1 .8 6 0

T.936

2 .0 1 5

2 .1 0 6

1 .2 6 7

1 .3 3 3

1.381

1 .4 3 2

1 .5 0 0

  2
Mean K - ^  6 .9 4  x 10*̂  and Kg — 5 .9 1  x 10 .



7 0

T A B L E XI

Run 5 •

T a .1 0 3 Tm.103 r r f  . i o 3 £2

2 ,5 2 2 9 .2 6 1 3 .7 8 1 7 .9 5 5

2 .5 2 1 9.4-64 3 .7 8 0 7 .94 3

2 .5 2 0 9 .6 6 7 3 .77 9 7 .9 3 1

2 .5 2 0 9 .8 7 0 3 .7 7 8 7 .9 2 0

2 .5 1 9 10 .0 7 3 3 .7 7 7 7 .9 0 7

2 .5 1 8 10 .27 6 3 .7 7 6 7 .8 9 8

2 .5 1 8 10 .47 9 3 .7 7 5 7 .88 6



b i jJ  .10? Y .10-8 X.IO- 4

1 .3 9 7  1 .2 5 3  1 .9 4 5

1 .3 9 3  1 .2 9 6  2 .0 0 4

1 .3 3 8  1 .3 4 1  2 .0 6 5

1 .3 8 5  1 .3 8 3  2 .1 2 4

1 .3 7 6  1 .439  2 .1 9 3

1 .3 7 9  1 .469  2 .2 4 2

1 .3 7 2  1 .5 2 2  2 .5 0 9

i.iean K-j_ =  7 .3 2  x 10^

A verage  K]_ from  r u n s  1 ,  2 ,  3> 4» 5 = 7 . 0 8 ( 1 .2 3 ) .1 0  

A verage Kp from  r u n s  1 ,  2 ,  4 —  5 . 1 9 ( i . 5 0 ) . 1 0 2



7 2

Fia.S



7 3

T A B L E  XII 

S t ro n t iu m  N -Iv le th y l im in o d ia c e ta te ,  Ki and K ? .

Run 1 .

T a.10^

2 .3 3 4

2 .3 3 3

2 .332

2 .3 3 2

2 .3 3 1

2 .3 3 1

2 .329

2 .32 9

Run 2 .  
3

Ta.10

2 .3 3 8

2 .3 3 8

2 .3 3 8

2 .3 3 8

2 .3 3 7

2 .3 3 7

2 .3 3 7

3
Tm ,10

8 .4 4 7  

8 .7 9 6  

9 .1 4 6  

9 .49 5  

9 .8 4 4  

1 0 .193  

10 .890

1 1 .2 3 8

gm.lO3

9 .8 6 4

9 .8 6 3

9 .8 6 3  

9 .6 6 2  

9 .8 6 1  

9 .8 6 1  

9 .8 6 0

[k +1 .10?  

3 .5 0 4  

3 .5 0 3  

3-502  

3 .5 0 1  

3 .5 0 0  

3 .4 9 9  

5 .4 9 8  

5 .4 9 7

M  . i o 3

5 .2 7 7

5 .5 7 0

5 .4 1 7

5 .4 6 5

3 .5 1 0

3 .5 5 6

5 .6 0 3

Eg

8 .7 6 9

8 .7 5 1

8 .7 3 7

8 .7 2 0

8 .7 0 5

8.692

8 .6 6 2

8 .6 4 9

8 .5 3 1

8 .6 0 5

8 .6 4 1

8.678

8 .7 1 5

8 .7 5 0

8 .7 8 3



7 4

[ma]  .1 0 3 §,IA22"’]  *10 T.XO-6  X.IO
- 3

1 .0 0 7  6 .19 3  3 .0 9 3  3 .2 4 3
1 .0 1 1  7 .0 7 1  3 .2 5 7  3 .3 9 3

1 .0 2 0  4 .4 4 8  3 .336  3 .5 1 7

1 .0 2 1  6 .66 2  3 .49 9  3 .672

1 .0 2 8  5 .265  3 .6 1 3  3 .8 0 3

1 .0 3 4  4 .0 6 7  3 .72 9  3 .9 3 5

1 .0 4 0  5 .3 09  4 .0 1 4  4 .225

1 .0 4 3  5 .1 7 0  4 .1 46  4 .365

2 1 Mean 9 .4 0  x 10 and Kg =  4 .2 5  x 10

0 .8 2 1
0 .9 0 1

0 .9 3 9

0 .9 8 0

1 .022

1 .0 59

1 .0 9 3

0 .6 63
0 .782

0 .9 2 8

0 .9 0 2

0 .8 5 1

1 .0 4 7

1 .4 0 4

Y .10” 6

4 .423
3 .9 8 1

3 .8 0 3

3 .6 1 3

3 .4 3 3

3 .3 0 3

3 .1 9 8

x . i o “ p

4*783 " 
4 .3 00

4 .0 97

3 .8 9 7

3 .7 1 1

3 .5 5 8

3 .4 2 3

Mean K x =  9 .1 0  x 102 and K2 = 7 . 4 7  x lQ l



7 5

Run 3* 

T a.lO ^ 

2 ,3 1 6  

2 .8 1 6  

2 .3 1 5

2 .8 1 5

2 .8 1 5

2 .8 1 5  

2 .8 1 4  

2 .3 1 4

T A

Tm .IQ"* 

9 .88 9  

9 .8 8 8  

9 .8 8 7  

9 .886  

9 .886  

9 .8 8 5  

9 .8 8 4  

9 .8 8 1

L E XII 

K+] .10^d . ■■■■■■ ■■ ■

4 .02 1

4 .1 1 4  

4 .1 6 1  

4 .2 0 7

4 .2 5 4  

4*500 

4 .59 5  

4 .579

10H

3 .5 8 7

8 .652

8 .6 8 5

8.716

8 .7 4 5

8 .7 7 7

8 .8 5 7

8 .9 5 8

Run 4« 

T a .lQ ^  

2 .6 1 0

2 .6 0 9

2 .6 0 9

2 .6 0 9

2 .6 0 9

2 .6 0 9  

2 .6 0 8

Tin. 10^ 

9 .89 5  

9 .892  

9 .8 9 1

9 .890

9 .8 9 0  

9 .889  

9 .8 8 7

K*] .10^ 

5 .74 2  

5 .8 5 5  

5 .8 8 2  

5 .9 2 8  

5 .9 7 5  

4 .0 2 1  

4 .1 2 4

8 .6 06  

8 .6 7 1  

8 .7 0 2  

8 .7 5 6  

8 .7 7 0  

8 .3 0 2  

8 .8 7 2



7 6

;.'.a .1 0 5 Y .1Q-6 X .10-3

1 .0 7 3  3*347 3 .6 0 6 '

1 .1 6 3  3 .0 1 7  3 .279

1 .2 1 5  2 .8 6 0  3 .1 2 8

1 .2 5 3  2.74-1 3 .0 0 1

1 .2 9 7  2 .642  2 .889

1 .3 4 0  2 .5 3 3  2 .7 7 5

1 .4 2 1  2 .3 5 8  2 .5 8 0

1 .5 7 0  2 .0 9 4  2 .2 6 7

Mean Kx =  9 .0 4  x  102 ana

CO 
CO 
-.CNJIICM

MA
o

 
1—1 • [ma22-]  .1 0 6 Y .10” 6

0 .93 9 6 .63 3 ‘3 .3 97

1 .0 6 7 8 .0 0 6 3 .1 0 8

1 .1 0 2 1 1 .3 6 1 3 .0 0 8

1 .1 4 6 9 .0 73 2 .85 6

1 .1 8 8 8 .1 3 0 2 .7 3 0

1 .2 2 5 9 .8 7 8 2 .63 5

1 .3 0 6 14 .289 2 .4 5 0

M ean K]_=r 8.86 x 102 and K2 =  5 .4 2

X

3

3

3

3

2

2
.1

.777

.450

.319

.167

.034

.921

.699



7 7

T A B L E  XIX

Run 5 . 

T a .lQ ^  

2 .6 2 0  

2 .6 2 0  

2 .6 1 9  

2 .6 1 8  

2 .6 1 8

Tm.lO

8 .7 9 1

9 .14 0

9 .4 8 9

9 .8 3 8

10 .186

K .10'

3 .9 32

3 .9 3 1

3 .9 3 0

3 .9 2 9

3 .9 2 7

rh

8 .7 7 5

8 .7 5 9

8 .7 4 4

8 .7 2 9

8 .7 1 4



73

G,ia]  .1 0 3

1 .10 9

1 .1 1 7

1 .1 2 3

1 .129

1 .1 3 4

1.508
1 .4 4 7

1 .419

1*346

1 .3 4 5

Y . i c r 6 

2 .5 6 5  

2 . 6 6 6  

2 .769  

2 .66 9  

2 .9 7 5

X .10-3

2 .3 3 1

2 .94 6

3 .063

3 .1 7 8

3 .2 9 6

Mean Kq_ =• 8 .8 2  x 102 and IC2 =  3 .0 5  x 10 ^ . 

Average from  r u n s  1 , 2 ,  3> 4 , 5 =  9 .0 4  ( i . l 6 ) . 1 0 2 

A verage K2 from  ru n s  1 , 2 ,  4 , 5 =  6 .3 0  ( i l ^ . l O 1



7 9

4-.0

3.0

1.0

0.5

0 5 3 S

X x l O ' 3
2-52*0 3-0

Fia  10



8 0

T A B L E  XIII

Barium N -L le i i iy l im in o d ia c e ta te ,  and Kg

Run 1 .

g a . l 0 '> Ku.10^ M  .1 0 3 £H

3*107 8 .4 5 6  4*667 . 9*024

3*107 8 .6 5 1  4 .666  9 .0 1 7

3 .1 0 5  9 .0 4 1  4*664 9*003

3 .1 0 4  9 .4 3 0  4 .662  8 .9 8 9

3 .1 0 3  9*819 4 .6 6 0  8 .9 7 4

Run 2 .  

2 .7 52

2 .7 5 1

2 .7 5 1

2 .7 5 1

2 .7 5 0

2 .7 5 0

2 .7 5 0

2 .7 4 9

2 .7 4 9

2 .7 4 9

9 .806

9*805

9*803

9*802

9 .8 0 1

9 .79 9

9 .7 9 8

9*797

9 .7 9 6

9 .7 9 4

3 .7 3 3

3 .8 2 6

3*919

4 .012

4*104

4 .1 9 7

4*290

4*382

4 .47 5

4 .5 6 8

8 .7 1 4

3 .7 8 2

8 .8 4 3

8 .9 0 2

8 .9 6 4

9 .0 2 1

9 .0 7 8

9*133

9 .1 9 9

9 .2 6 1



8 1

[lia] .10 5 [}U 2 J  *105 Y.10-5 X.10-3

1.153 2.381 ' 6.390 1 .3 3 6

1.161 2.289 6.506 1 .3 6 3

1.182 1.766 6.665 1 .4 1 0

1.196 1.576 6.892 .1.463
1.210 1.417 7.124 1.517

iVi ean % =  3.98 x 102 and K 2 =  2.69

C\J0H

0.739 2.160 11.184 2.487
0.811 2.104 9.997 2.237
0.876 2.519 9.199 2.046
0.938 3.137 8.575 1.889
1.007 3.187 7.857 1.737
1.065 3.973 7.425 1.623
1.124 4.712 7.020 1.520

1.183 5.316 6.625 1.42 5

1.244 5*847 6*254 1*339
1.301 6*561 5.949 1.265

Mean K i ^  4*16 x 10^ and K 2 = = l .68 x 102



32

Run 3 .  

l a . 10^ 

2,674- ” 

2 .674

2 .6 7 4

2 .6 7 4  

2 .6 7 3

Run 4* 

2 .5 0 3

2 .5 01

2 .5 0 0

2 .4 9 9

2 .4 9 9  

2 .4 9 7

Tin . IQ ̂

' S .802 

9 .8 0 1  

9 .8 0 1  

9 .7 9 9  

9 .7 9 8

8 .6 6 2

9 .4 4 1

9 .7 0 1

9 .9 6 1

1 0 .2 2 0

1 0 .7 3 8

L E XIII

M  . 1 0 ^ 

4.012  

4 .0 5 8  

4 .1 0 4  

4 .1 9 7  

4 .29 0

3 .8 0 3

3 .8 0 0

3 .79 9

3 .7 9 8

3 .7 9 7

3 .7 9 4

8 .9 7 2

9 .0 0 1

9 .0 3 1

9 .0 9 0

9 .1 5 2

9 .0 5 7

9 .0 2 9

9 .01 9

9 .00 9

9 .002

8 .9 8 4



83

0
 

1—1 •
r ~ 

1 i'iA22 . . 1 0  5 X .IO -5 X .1 0 "5

9 . 0 5 5 " 7 .763 S . 161 1 . 7 3 1 ' ~

9 . 3 H 8 .34 5 7 .948 1 .7 2 1

9 .5 9 3 8 .7 5 1 . 7 .693 1 .6 6 1

10 .1 2 7 9 .7 3 4 7 .269 1 .5 5 5

1 0 .6 8 4 1 0 .536 6 .843 1 .4 5 6

k e an  K ^= = 4 .1 3 x 102 and K g — 1 .9 6 x 102

8 .8 0 6 5 .70 8 7 .205 1 .6 1 5

9 .0 3 8 5 .495 7 .682 1 .7 3 6

9 .1 1 1 5 .413 7 .836 1 .7 7 5

9 .1 5 6 5.499 8 .0 4 4 1 .8 2 0

9 .25 9 5 .189 8 .1 2 5 1 .8 5 3

9 .3 5 6 5 .232 8 .4 9 8 1 .9 3 9

mean IC^= 3--91 x 10^ and K2 = 2 . 2 8 •
C\J0

 
(—

1

A verage K-  ̂ from  r u n s  1 ,  2 , 3> 4 =  4 » 0 5 ( - .1 0 )  .10^ 

A verage  Kg from  r u n s  1 , 2 ,  3 ,  4 =  2 .1 5 ( - . 3 3  ) «102



3 4

/ x  10

o Z-kl.b

X » ( O ' 3

Fi a  I \
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T A B L E  XIV

K]_ and Ko V a lu es  f o r  A l k a l i n e  E a r t h - N - M e t h y l i m i n o d i a c e t a t e  

complexes  a t  25°C. and I o n i c  s t r e n g t h ,  0 . 1 .

Mg Ca Sr  Ba

K-, 3.02 xlO3 7.08 x 105 9.04 x 102 4.05 x 102
K 2 2.25 xlO2 5.19 x 102 6.30 x 101 2.15 x 10



S 6

L e t ie rm in a t io n  of  f o r  r.Iagnesium G l y c i n a t e

Hun 1 •

i a .10 ̂

9 .69S

9 .7 0 7

9 .7 17

9 .7 2 7

T111, 10^ 

3 .312  

3 .3 1 5  

3 .3 1 9  

3 .3 2 2

[k *] .10

4 . 3 0 s  

3 .902  

3 .4 9 5  

2 ,8 8 1

El
9 .5 5 0

9 .4 7 5

9 .40 0

9 .2 7 5

Hun 2 • 

l a . 10^ 

1 5 .1 5 7  

15 .142  

1 5 .1 2 7

Tm.lO^

5 .0 9 0

5 .085

5 .0 8 0

k . 1 0 '

5 .739

6 .143

6 .5 4 5

E l

9 . 4 3 1

9 .4 80

9 .5 2 8



37

2 .5 28

2 .3 0 4

2 .0 9 9

1 .7 5 1

k l

5 .0 6 8

5 .5 3 1

5 .692

,10 4 M0E+]  .1 0 5 . 10'
- 2

1 .970

1 .6 70

1.400

1.100

1 .196

1 .523

1 .487

1 .8 1 8

Ivlean K̂ _ =  2 .2 6  x 10 1

,104 Li OH•V . 10- X.10 -2

2 .5 0

2 .5 0

2 .8 0

0 .905

0 .845

0 .738

Mean £ ]== 1 .9 0  x 10-

Y.10"^

2 .8 4 0

5 .2 5 4

5 .40 6

4 .2 4 8

Y.10~3 

1 .6 8 4  

1 .5 7 0  

1 .4 5 6
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ittm 2 . 

T a .1 0 5 Tin. 10^ .10^ nS

10 .256 1 0 .257 2 . c;-73 9 .090

10.24-0 1 0 .2 2 1 5 .0 8 7 9 .2 2 1

10 .250 10 .2 11 5 . 495 • 9 .2 9 7

10 .220 1 0 .2 0 1 3 . 902 9 .3 7 1

1 0 .2 1 0 1 0 .19 0 4 .30 8 9 .4 4 3

1 0 .1 9 4 10 .175 4. 916 9 .5 4 3

1 0 .1 6 4 1 0 .145 6 .1 2 7 9 .7 4 2



,j'G+J  .1 0 4 E'-Oiit] .1 0 5 A.10- 2 Y .10-3

4 .0 7 4 2 .2 0 2 . 4 6 4 ( 2 . 4 7 ) 6 . 1 3 0 ( 6 . 2 4 )

5 .0 0 0 2 .9 0 1 . 9 6 6 ( 1 . 9 8 ) 5 . 0 3 1 ( 5 . 1 5 )

6.2S9 3 .5 1 1 . 7 4 0 ( 1 . 7 5 ) 4 . 5 3 9 ( 4 . 7 9 )

6 .1 7 0 4 .10 1 . 5 4 6 ( 1 . 5 6 ) 4 . 1 0 9 ( 4 . 2 7 )

6 .719 4 .8 0 1 . 3 9 7 ( 1 . 4 1 ) 3 . 8 0 2 ( 3 . 9 3 )

7 .4 7 4 5 .90 1 . 2 2 5 ( 1 . 2 4 ) 3 . 5 1 3 ( 3 . 7 4 )

8 .3 6 0 9 .1 0 0 . 9 7 3 ( 0 . 9 9 ) 3 . 0 1 0 ( 3 . 4 0 )

( B r a c k e t s  i n c l u d e  X and Y d a t a  b e f o r e  c o r r e c t i o n  f o r  LI OH*.)

Liean 2 .0 7  x 101 .

Average f rom r u n s  1 ,  2 ,  o =• 2 , 0 8 ( ^ 0 . 1 6 ) .1 0 1
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o.s

2 . 00-8

F i a  12
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D i s c u s s i o n

The a l k a l i n e  e a r t h  m e ta l  c a t i o n s  were d e s i g n a t e d

“C l a s s  A" m e t a l  i o n s  a c c o r d i n g  to  t h e  c l a s s i f i c a t i o n  of 
;  51
Schwarzenbach  . I n  t h i s  group a r e  i n c l u d e d  th e  c a t i o n s

f o r  which p u r e l y  e l e c t r o s t a t i c  bond ing  p r e d o m i n a t e s .  i h e

a s s o c i a t i o n  c o n s t a n t s  o f  complexes formed w i t h  t h e s e  m e t a l

i o n s  w i l l  be e j e c t e d  t o  i n c r e a s e  With d e c r e a s i n g  c a t i o n i c

s i z e .  However, s i n c e  t h e  r a d i i  o f  t h e  h y d r a t e d  i o n s . r  ,
h

may d e c r e a s e  f o r  a  p a r t i c u l a r  s e r i e s  a s  t h e  c r y s t a l l o g r s , p h i c

r a d i u s ,  r ^ y g - ^ ' . ,  i n c r e a s e s ,  t h e  t r e n d s  i n  K f o r  a  g iv e n

s e r i e s  o f  c a t i o n s  may be i n  d i f f e r e n t  d i r e c t i o n s  w i th

d i f f e r e n t  l i g a n d s .  I r r e g u l a r i t i e s  w i l l  be e x p e c te d

d e p e n d in g  on t h e  e x t e n t  o f  h y d r a t i o n  of  t h e  complex o r  
52

1011- p a i r ^  . "Values o f  K a ss* ^ or  ^lie a l k a l i n e  e a r t h  m e t a l
5 3i o n  complexes  o f  t h e  weakly  a s s o c i a t i n g  i o a a t e s ,  i n t r a t e s ,  

s u l p h a t e s  and t h i o s u l p h a t e s  i n c r e a s e  a s  r ,  i n c r e a s e s  b u t  w i t h  

s t r o n g l y  a s s o c i a t i n g  l i g a n d s  such  a s ,  o x a l a t e ,  m a lo n a t e ,  

g l y c i n a t e  and a s p a r t a t e ,  Ka s s . i n c r e a s e s  a s  r 0r y s t «  i n c r e a s e s .  

I n  t h e  c a s e  o f  t h e  i n o r g a n i c  o x y - a c id  l i g a n d s ,  t h e  m easured  

v a l u e s  a r e  u n d o u b te d ly  r e l a t e d  t o  t h e  r a d i i  o f  t h e  h y d r a t e d  

and n o t  t h e  b a r e  c a t i o n s  whereas  w i th  t h e  o r g a n i c  l i g a n d s  

t h e  cou lom bic  f o r c e s  o f  a s s o c i a t i o n  a r e  s t r o n g  enough f o r  

them t o  c o - o r d i n a t e  d i r e c t l y  w i th  t h e  c a t i o n .

I t  i s  s e en  i n  t h e  p r e s e n t  work t h a t  th e  a s s o c i a t i o n  

c o n s t a n t s  do n o t  f o l l o w  th e  e l e c t r o s t a t i c  p o t e n t i a l  o f  t h e

c a t i o n  f o r  N-MIDA. T h is  t r e n d  i s  a l s o  fo u n d  w i th  o t h e r
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m u l t i d e n t a t e  a i i i n o p o ly c a r  boxy l a t e  i o n s .  I t  i s  n o t  p o s s i b l e  

to  d e c i d e  w h e th e r  t h i s  b e h a v io u r  can be a t t r i b u t e d  t o  

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

thermodynamic p r o p e r t i e s .  To t h i s  end, AH and AS v a l u e s  

f o r  t h e  f o r m a t i o n  of th e  a l k a l i n e  e a r t h  complexes  o f  N-kIDA 

and g l y c i n e  have  been o b t a i n e d  i n  th e  f o l l o w i n g  s e c t i o n .



PARS? I l l

C a l o r i n e t r i c  H e a ts  of  f o r m a t i o n  of A l k a l i n e  f a r  tii-I~-l.il) A

and Grlycinate  Complexes
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CALORIMETRY

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

The g r e a t  i n t e r e s t  i n  th e  a m i n o c a r b o x y la t e  i o n s  

l i e s  i n  t h e i r  a b i l i t y  to  l o r n  v e ry  s t a b l e  complexes w i th  

a  wide v a r i e t y  of  m e t a l  i o n s .  T h is  h a s  r e s u l t e d  i n  t h e i r  

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

of  m e t a l  i o n s  i n  s o l u t i o n .  Much of  th e  worn,  s t i m u l a t e d  

by tn e  a p p l i c a t i o n  of  t h e  i i g a n d - f i e l d  t h e o r y ,  ha s  been 

done w i th  th e  t r a n s i t i o n  m e ta l  com plexes ,  p a r t i c u l a r l y  w i t h  

t h e  KDTA m o le c u le ,  w hereas  th e  a l k a l i n e  e a r t h  c a t i o n s  have 

r e c e i v e d  l e s s  a t t e n t i o n .  The l a t t e r  form a  p a r t i c u l a r l y  

s u i t a b l e  s e r i e s  f o r  s tu d y  and ,  i f  t h e  bond in g  were p u r e l y  

e l e c t r o s t a t i c ,  t h e  o r d e r  of  s t a b i l i t y  would be e x p e c te d  

to  f o l l o w  t h e  i n v e r s e  o r d e r  of  i o n i c  r a d i i .  I t  ha s  been 

shown i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h i s  i s  o f t e n  n o t  th e  

c a s e ,  t h e  s t a b i l i t y  o f  t h e  magnesium complex b e in g  

an o m a lo u s ly  low f o r  a  number o f  a m i n o p o l y c a r b o x y la te  l i g a n d s .  

To g a i n  a  g r e a t e r  i n s i g h t  i n t o  f a c t o r s  a f f e c t i n g  th e  e q u i ­

l i b r i u m  i t  i s  n e c e s s a r y  to  o b t a i n  h e a t  end e n t r o p y  d a t a  f o r  

t h e  f o r m a t i o n  of  t h e s e  complexes i n  s o l u t i o n .

Many a t t e m p t s  have been  made t o  c a l c u l a t e  AH form 

t h e  v a r i a t i o n  i n  e q u i l i b r i u m  c o n s t a n t s  w i t h  t e m p e r a t u r e .

The v a r i a t i o n  can be d e s c r i b e d  by an e q u a t i o n  of t h e  form,

l o g  K =  a  + M  + cT2 ............ ..

i n  which  t h e  p a r a m e t e r s  a ,  b and c can be o b t a i n e d  by 

s u b s t i t u t i n g  v a l u e s  of  K a t  t h r e e  t e m p e r a t u r e s  and s o l v i n g
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t h r e e  s i m u l t a n e o u s  e q u a t i o n s .  V a l u e s  o f  ArH can  t h e n  be 

c a l c u l a t e d  by d i f f e r e n t i a t i n g  l o g  IC w i t h  r e s p e c t  t o  temp­

e r a t u r e  and  w h i l e  t h e s e  v a l u e s  can  be r e l i a b l e  i f  a  l a r ^ e  

enough  t e m p e r a t u r e  r e n g e  i s  c o v e i e d  t h e  a c c u r a c y  o b t a i n e d  by 

t h i s  m ethod  i s  f r e q u e n t l y  v e r y  p o o r ^ ’ ^ . T h e re  a r e ,  t h e r e ­

f o r e ,  o b v i o u s  a d v a n t a g e s  i n  m easuring :  t h e  h e a t s  o f  com plex  

f o r m a t i o n  by a  d i r e c t  c a l o r i n e t r i m e t h o d .

A number  of  c a l o r i m e t e r s  h a v e  been  d e v e l o p e d  f o r  t h e  

m e a s u re m e n t  o f  h e a t s  o f  s o l u t i o n  and  h e a t s  o f  com plex  fo rm ­

a t i o n .  h o s t  o f  them a r e  of  t h e  c o n s t a n t  e n v i r o n m e n t  typ>e, 

t h e  t e m p e r a t u r e  o f  w h ich  i s  c o n t r o l l e d  s u c h  t h a t  a  m e a s u re d  

th e rm o d y n a m ic  p r o p e r t y  can  be • a s s i g n e d  t o  t h i s  t e m p e r a t u r e .

A c a l o r i m e t e r ,  whose d e s i g n  h a s  become t h e  s t a n d a r d
56f o r  many s u b s e q u e n t  i n s t r u m e n t s  was d e v e l o p e d  by jp i t z e r - '

f o r  s e n s i t i v e  m e a s u re m e n t s  a t  low c o n c e n t r a t i o n s  o f  r e a c t a n t s .

Tr. is  c a l o r i m e t e r  h ad  a  c o p p e r  r e s i s t a n c e  t h e r m o m e t e r  ( ~ 1 0 0 - f l - )

i n c o r p o r a t e d  a s  one arm o f  a  l . C .  W h e a t s to n e  b r i d g e .  The

c a l o r i m e t e r  was k e p t  a t '  c o n s t a n t  t e m p e r a t u r e  i n  a  w a t e r

b a t h .  The i n t e r n a l  h e a t i n g  e l e m e n t  c o n s i s t e d  o f  i n s u l a t e d

c o p p e r  w i r e  p r o t e c t e d  by a  t h i n  s i l v e r  s h e a t h .  An e l e c t r o n i c

t i m e r  was u s e d  t o  r e c o r d  t h e  d u r a t i o n  o f  t h e  h e a t i n g  c u r r e n t s

t o  1 /2 0 0  o f  a  s e c o n d .  m i x i n g  was e f f e c t e d  by b r e a k i n g  a

g l a s s  p h i a l  on t h e  b l a d e  o f  a  r o t a r y  s t i r r e r ,  and  t e m p e r a t u r e
/ °c h a n g e s  o f  3 x 10“ ^ C. c o u l d  be d e t e c t e d .  A c a l o r i m e t e r  o f

57s i m i l a r  d e s i g n  h a s  b e e n  u s e d  i n  r e c e n t  work by S t a v e i e y - "  i n  

w h ic h  t h e  m i x i n g  d e v i c e  was a  g l a s s  b o t t l e  w i t h  g ro u n d  g l a s s



s t o p p e r s  to p  and b o l t o n .  Botli  s t o p p e r s  c o u ld  be r e l e a s e d
• p:0 „ax t n e  sa..e  t i n e .  A t e m p e r a t u r e  s e n s i t i v i t y  of 5 x 10“* o • 

was r e p o r t e d  f o r  t h i s  c a l o r i m e t e r .

Lange and H o b i n s o n ^  gn 1 9 3 1  s t u d i e d  h e a t s  of  

d i l u t i o n  w i th  a  sys tem of tw in  a d i a b e t i c  c a l o r i m e t e r s  i n  an 

a t t e m p t  xo e l i m i n a t e  e x t e r n a l  d i s t u r b a n c e s .  Two s y m m e t r i c a l l y  

c o n s t r u c t e d  c a l o r i m e t e r  v e s s e l s  were p l a c e d  und e r  s i m i l a r  

c o n d i t i o n s  i n  a  t h e r m a l l y  homogeneous medium, whereby any 

r e m a in i n g  t h e r m a l  d i s t u r b a n c e s  between o u t s i d e  and i n s i d e  were 

d u p l i c a t e d  i n  b o t h  v e s s e l s .  The sm a l l  h e a t  e f f e c t s  accompany­

i n g  th e  r e a c t i o n  were t h e n  p roduced  i n  one o f  th e  c a l o r i m e t e r s  

snu th e  t e m p e r a t u r e  d i f f e r e n c e s  b e f o r e  and a f t e r  t h e  r e a c t i o n  

were m easured  a s  a c c u r a t e l y  a s  p o s s i b l e .  Bach c a l o r i m e t e r  

c o n t a i n e d  a  s e c t i o n  of a  1 , 3 0 0  yu n t io n  t h e r m o p i l e  and t h e  

h e a t  change  was d e r i v e d  from t h e  change of  e . m . f .  w i t h  t i m e ,  

l o r e  r e c e n t l y  a u to m a t i c  r e c o r d i n g  of  t e m p e r a t u r e

changes  have  been i n t r o d u c e d  and c a i o i m e t r i c  work h as  been
5 9  60

r e p o r t e d  by Cobble and I z a t t  i n  whien t h e  o u t p u t  from a  

B .C .  W h ea ts tone  b r i d g e  was a p l i f i e d  and f e d  t o  a  c h a r t  r e c o r d e r  

T h e r m i s t o r s  have, been d ev e lo ped  which a r e  v e r y  s t a b l e  and h a \ e  

a  l a r g e  t e m p e r a t u r e  c o e f f i c i e n t  of r e s i s t a n c e  and t h e s e  have
1 6 0  61been  i n c o r p o r a t e d  i n t o  a  number of c a l o r i m e t e r s  7° .

I n  t h e  . - r e s e n t  work, a  p a i r  o f  tw in  a d i a b a t i c  

c a l o r i m e t e r s  a r e  d e s c r i b e d  i n  which t h e r m i s t o r s  were employed 

a s  t h e  s e n s i n g  e l e m e n t s .  Us_ng t h e s e  c a l o r i m e t e r s ,  h e a t s  of 

f o r m a t i o n  of  a l k a l i n e  e a r t h  h - m e t h y l i i n i n o d i a c e t a t e s  and g i y c i n a  

have  been  d e t e r m i n e d .
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The d i f f e r e n t i a l  t h e r m i s t o r  c a l o r i m e t e r s  a r e  shown i n  
CuyicL H£odju±

P i g u r e  13^. They c o n s i s t e d  of two s i l v e r e d  Dewar f l a s k s , A, of  

500 m l .  c a p a c i t y ,  cemented i n t o  "brass c o n t a i n e r s ,  B. The 

r u b b e r  0 - rm n g c , C, between the  t o p s  of  t h e s e  c o n t a i n e r s  end 

th e  screwed-down l i d s ,  Z), en su red  a  w a t e r - t i g h t  s e a l .  To 

a c h i e v e  e f f i c i e n t  th e rm a l  i n s u l a t i o n ,  a  s o l i d  c y l i n d r i c a l  

t e f l o n  bung, S, 4 cm. i n  l e n g t h ,  was cemented t o  th e  u n d e r s i d e  

of  each  l i d .  P our  h o l e s  i n  th o  l i d  of  each  Dewar accommodated 

a  p l a t i n u m 'w i r e  h e a t e r ,  of  known r e s i s t a n c e ,  P, a  v i o r o - s t i r r e r  

d iap h rag m ,  G-, a  t h e r m i s t o r ,  IT, and a  m ix in g  d e v i c e ,  I .  I n  

o r d e r  to  r e d u c e  to  a  minimum any h e a t i n g  e f f e c t s  caused  by 

u n e q u a l  s t i r r i n g ,  b o th  s t i r r i n g  r o d s  were d r i v e n  from t h e  

same v i b r o r o t a t o r y  m o to r ,  ( V i b r o - k i s e h e r ,  h e s s r s .  Shandon and 

Co. L t d . ,  E ng land)  by means of  a  s p e c i a l l y  d e s ig n e d  chuck ,  J .  

The b r a s s  c o n t a i n e r s  were b o l t e d  t o g e t h e r  and were c o m p l e t e ly
4- Q

immersed i n  a  t h e r m o s t a t  a t  2 5 - . 0 1  C.

The h e a t e r  d e s i g n  i s  shown i n  P i g u r e  14* I t  c o n s i s t e d  

of  a  h o l lo w  p y r e x  g l a s s  t u b e ,  A, 1 cm. i n  d i a m e t e r  and 6 cm. 

i n  l e n g t h  a t t a c h e d  t o  a  s i m i l a r  t u b e ,  B, 0 .7  cm. i n  d i a m e t e r  

and 12 cm. i n  l e n g t h .  The w id e r  tu b e  was c l o s e d  a t  t h e  bo t tom  

enc. e x c e p t  f o r  a  smalm nome, 0 ,  unrou^h wnmcn cne pmsiimun 

h e a t i n g  w i r e ,  D, (42 s . w. g . )  was l e d .  Tne w i r e  was th e n  

wound ro u nd  t h i s  tu b e  and p a s s e d  th r o u g h  a n o t h e r  s m a l l  h o l e ,  C, 

n e a r  t h e  j u n c t i o n  of  th e  t u b e s .  At b o th  h o l e s ,  en am el led

c o p p e r  l e a d  w i r e s ,  E, were a t t a c h e d  to  t h e  p l a t i n u m ,  s e a l e d  

i n  t h e  h o l e s  and l e d  ou t  o f  t h e  c a l o r i m e t e r  th r o u g h  t h e  n a r ro w

t u b e .  The h e a t i n g  w i re  was i n s u l a t e d  by p a i n t i n g  w i th  a
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The h e a t i n g  c i r c u i t  was s i m i l a r  t o  t h a t  of P i t s e r ^ ° ,  

and i s  shown i n  f i g u r e  15 .  A v a r i a b l e  r e s i s t a n c e ,  A, was 

u se d  t o  r e g u l a t e  t h e  c u r r e n t  which was m easured  by d e t e r m i n i n g  

th e  v o l t a g e  drop  a c r o s s  a  s t a n d a r d  1 ohn r e s i s t a n c e ,  D, u s i n g  

a  Cambridge s l i d e - w i r e  p o t e n t i o m e t e r . 3y means of  a  dummy 

r e s i s t a n c e ,  C, e q u a l  to  t h a t  of  t h e  h e a t e r ,  3 ,  t h e  12 v o l t  

b a t t e r y  was a l lo w e d  to  s e t t l e  down to  m in im ise  f l u c t u a t i o n s  

i n  t h e  c u r r e n t  t h ro u g h  th e  h e a t e r  d u r i n g  h e a t i n g  p e r i o d s .

The m ix in g  d e v ic e  i s  shown i n  f i g u r e  16 .  I t  c o n s i s t e d  

of  a  g l a s s  tu b e  of a b o u t  5 m l .  c a p a c i t y ,  A, which c o u ld  be 

s e a l e d  a t  b o th  ends by r u b b e r  'hungs cemented on to  p e r s p e x  

d i s c s ,  3 .  The _perspex d i s c s  were a t t a c h e d  t o  n y lo n  t h r e a d s ,

C, which  were  l e d  o u t  of  t h e  c a l o r i m e t e r  t h r o u g h  t h e  g l a s s  

s u p p o r t i n g  t u b e ,  3 .  D ur ing  an e x p e r im e n t ,  th e  c o n t e n t s  o f  

t h e  m ix in g  d e v ic e  c o u ld  be em pt ied  i n t o  th e  Dewar by p u l l i n g  

on t h e  n y l o n  t h r e a d s .

A p a i r  o f  matched t h e r m i s t o r s ,  H, i n  f i g u r e  15, 

( S t a n t e l ,  Type f  15 A?) of r e s i s t a n c e  100 ,00  0 ohms, (Temp­

e r a t u r e  c o e f f i c i e n t  of  r e s i s t a n c e  43 p e r  ° G . ) ,  were u sed  a s  

s e n s i n g  e l e m e n t s .  These were i n c o r p o r a t e d  i n  th e  two arms 

of a  W hea ts tone  b r i d g e ,  a s  shown i n  f i g u r e  17,  t h e  o t h e r  two 

arms o f  s i m i l a r  r e s i s t a n c e ,  b e in g  h i g h  q u a l i t y  l i e l i p o t  

p o t e n t i o m e t e r s .  C a p a c i ty  e f f e c t s  were b a la n c e d  o u t  by 

means of  two 5 - 5 0 p f .  v a r i a b l e  c o n d e n s e r s  i n  p a r a l l e l  w i t h  

t h e  H e l i p o t s .
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s i g n a l  gi f r e q u e n c y  800 c . p . s .  The o u t - o f - b a l a n c e  s i g n a l  was 

a m p l i i i e d  by means of  a  h i g h  g a in  a . c . a m p l i f i e r  i n c o r p o r a t i n g  

a  p h a se  c o n s c i o u s  synchronous  d e t e c t o r  and th e  o u t p u t  was 

r e c t i f i e d  and f e d  to  a . u . c .  a m p l i f i e r  c o u p le d  t o  a  1 m .v .  f a s t -  

r e s p o n s e  c h a r t  r e c o r d e r .  A b lo c h  d iagram  o f  t h e  c i r c u i t  i s  

shown i n  f i g u r e  17 .  The s e n s i t i v i t y  of t h e  b r i d g e  c o u ld  be

v a r i e d  by means of  an a d j u s t a b l e  g a in  c o n t r o l .  To t e s t  th e  

l i n e a r i t y  o f  t h e  r e c o r d e d  s i g n a l ,  c l o s e  t o l e r a n c e  100 ,000  ohm 

r e s i s t o r s  t o g e t h e r  w i th  a  h i g h  q u a l i t y  v a r i a b l e  r e s i s t o r  was 

s u b s t i t u t e d  i n  p l a c e  of t h e  t h e r m i s t o r s ,  and f i g u r e  18 shows 

a  t y p i c a l  p l o t  of o u t p u t  s i g n a l  v e r s u s  r e s i s t a n c e  chang e .

Over t h e  r a n g e  s t u d i e d ,  t h e  o u t p u t  was p r o p o r t i o n a l  to  th e  

r e s i s t a n c e  d i f f e r e n c e  between th e  two arms o f  t h e  b r i d g e  and 

so th e  s i g n a l  c o u ld  be used a s  a  d i r e c t  m easure  o f  t h e  temp­

e r  a t  u r  e d i f f e r e n c e  between t h e  c a l o r i m e t e r s . I n e  n o i s e  

l e v e l  was s u f f i c i e n t l y  low t o  e n ab le  t e m p e r a t u r e  d i f f e r e n c e s
CO  __’7,

of 10 C . ,  c o r r e s p o n d i n g  t o  3 m 10 J c a l o r i e s  to  be u e t e c v e a .

The c a l o r i m e t e r s  were p l a c e d  i n  a  l a r g e  w a te r  f i l l e d  

t h e r m o s t a t  which was m a i n t a i n e d  a t  2 5 ° - 0 . 0 1  C. by means of  

a  l a r g e  c a p a c i t y  m e r c u r y - t o l u e n e  r e g u l a t o r  i n  c o n j u n c t i o n  

w i t h  a  Sunvic  p r o p o r t i o n a t i n g  h e a d .  The h e a t i n g  e le m e n t  was 

a  250 w a t t  b u l b .  a c o o l i n g  c o i l  was i n c l u d e d  i n  th e  sys tem  

th r o u g h  which  a  s low f lo w  of c o ld  waucr  was m a i n t a i n e d •

The c u r r e n t  was t im ed  by m a n u a l ly  o p e r a t i n g  a  pye 

s t o p —c l o c k  which  was shown t o  be a c c u r a t e  t o  w i t h i n
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when t h e  h e a t i n g  c i r c u i t  was d e s ig n e d  such  t h a t  an e l e c t r i c  

t i n e r  , ( E r i c s o n  I n t e r v a l  t i m e r ) ,  was s y n c h r o n i s e d  w i t h  t h e  

h e a t e r  o n - o f f  s w i t c h .
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h q u a l  volumes ox s o l u t i o n ,  500 m l .  a t  2 5°C . ,  were 

i n t r o d u c e d  i n t o  "both c a l o r i m e t e r s .  The s o l u t i o n s  were 

s t i r r e d  f o r  a t  l e a s t  two h o u rs  i n  t h e  t h e r m o s t a t  b e f o r e  each 

r u n  to  e n s u re  e q u i l i b r a t i o n .  when a  s t e a d y  change o f  e . m . f .  

was e s t a b l i s h e d ,  r e p r e s e n t e d  by s t r a i g h t  l i n e s  on th e  c h a r t ,  

h e a t  was i n t r o d u c e d  by s w i t c h in g  th e  h e a t e r  i n t o  t h e  c i r c u i t ,  

c u r r e n t  was p a s se d  th ro u g h  th e  h e a t e r  f o r  a b o u t  60 s e c o n d s .

The v o l t a g e  drop a c r o s s  t h e  s t a n d a r d  1 - f t - r e s i s ta n ce  gave a  

d i r e c t  m easure  of th e  h e a t i n g  c u r r e n t .  A f t e r  t h e  h e a t e r  had 

been s w i tc h e d  o f f  and t h e  e . m . f .  had s e t t l e d  down to  a n o t h e r  

s t e a d y  r a t e  of change th e  m ix ing  d e v ic e  was opened.  A 

r a p i d  change o f  e . m . f .  was obse rved  a t  t h i s  p o i n t  r e f l e c t i n g  

t h e  r a t e  o f  th e  r e a c t i o n  and when t h e  change i n  e . m . f .  had 

once a g a i n  become s t e a d y ,  t h e  w a te r  e q u i v a l e n t  was a g a i n  

d e te r m in e d  by h e a t i n g  e l e c t r i c a l l y .

C a l i b r a t i o n  o f  C a lo r i m e t e r s

There  a r e  a  number of  c h em ica l  r e a c t i o n s  w i th  w e l l  

a u t h e n t i c a t e d  h e a t  changes  which have been u sed  to  checx  th e  

c a l i b r a t i o n  of s o l u t i o n  c a l o r i m e t e r s .  Among th e  most  common 

a r e  ( 1 )  t h e  h e a t  o f  s o l u t i o n  of  c r y s t a l l i n e  p o ta s s iu m  c h l o r i d e  , 

( 2 )  t h e  h e a t  of r e a c t i o n  of t r i s - ^ h y d r o x y m e t h y l ) - a m i n o - n e t h a n e  

w i t h  h y d r o c h l o r i c  a c i d  J and (5 )  t h e  h e a t  o f  i o n i s a t i o n  of

w a t e r 5 6 ’ 6 0 ’ 6 4 ’ 6 5 ’ 66 ’ 6 7 .

The h e a t  o f  i o n i s a t i o n  of  w a te r  was used  to  t e s t  t h e

s e n s i t i v i t y  o f  th e  c a l o r i m e t e r s .  Tne c l a s s i c a l  mechod Oa.



d e t e r m i n i n g  AH f o r  t h e  r e a c t i o n ,  .

K+ + OH" H20  (41 )

i s  t o  m easure  t h e  h e a t  of n e u t r a l i s a t i o n  of  a  s t r o n g  a c i d  w i th

a  s t r o n g  b a se  and v a l u e s  i n  t h e  l i t e r a t u r e  r e f e r  t o  a  v a r i e t y

of  i o n i c  s t r e n g t h s  and t e m p e r a t u r e s .  R o s s i n i ^  and P i t z e r ^

c o r r e c t e d  t h e s e  v a l u e s  to  z e ro  i o n i c  s t r e n g t h  and 25°C. and

r e c e n t  e s t i m a t i o n s  were c a r r i e d  o u t  a t  low i o n i c  s t r e n g t h  w i th

a  r e f i n e d  c o r r e c t i o n  f o r  h e a t  of d i l u t i o n 8 8 . I t  h a s  been 
60

shown t h a t  t h e  AH0 v a lu e  i s  in d e p e n d e n t  of  th e  s a l t  formed 

i n  t h e  a c i d  b a se  r e a c t i o n ,  an i d e n t i c a l  r e s u l t  h a v in g  been 

o b t a i n e d  w i th  h y d r o c h l o r i c  and' p e r c h l o r i c  a c i d s .

Sodium h y d ro x id e  s o l u t i o n s  were seamed i n  t h e  m ix in g  

d e v ic e  and t h e  e x p e r i m e n t a l  h e a t  change when t h i s  was mixed 

w i t h  d i l u t e  a c i d  s o l u t i o n  i n  th e  c a l o r i m e t e r s  was m easu red .

A s t o i c h i o m e t r i c  e x ce ss  of base  was used  to  a v o id  any h e a t  

e f f e c t s  from t h e  n e u t r a l i s a t i o n  of c a r b o n a t e  i n  t h e  b a s e .

D e t e r m i n a t i o n  of t h e  H ea ts  of Complex F o r m a t i o n .

P o r  measurement of t h e  h e a t  of complex f o r m a t io n  th e

Dewars c o n t a i n e d  s o l u t i o n s  o f  th e  m e ta l  s a l t .  h -m e th y l im in o -

d i a c e t i c  a c i d  was a c c u r a t e l y  weighed i n t o  t h e  m ix in g  d e v ic e

and t h i s  was d i s s o l v e d  i n  s u f f i c i e n t  p o ta s s iu m  h y d ro x id e
2 -

s o l u t i o n  to c o n v e r t  th e  a c i d  t o  i t s  d i —a n i o n i c  form, a 

I n t h e  c a s e  of t h e  g l y c i n e  a  s t o c k  s o l u t i o n  of t h e  p o t a s s iu m  

s a l t  of t h e  a n io n  was p r e p a r e d  and th e  r e q u i r e d  volume of  

t h i s  s o l u t i o n  was p i p e t t e d  i n t o  t h e  m ix in g  d e v i c e .  m i l
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s o l u t i o n s  added t o  the  c a l o r i m e t e r s  o r  m ix ing  d e v ic e s  v/ere

t r a n s f e r r e d  u n d e r  an a tm osphere  of  n i t r o g e n .  i h e  h e a t  of
69d i l u t i o n  01 t h e  m e t a l  s o l u t i o n s  was assumed to  he z e ro  , 

h u t  i t  was n e c e s s a r y  t o  d e te rm in e  th e  h e a t s  of d i l u t i o n  of 

t h e  s o l u t i o n s ' c o n t a i n i n g  th e  p o ta s s iu m  s a l t s  of  th e  l i g a n d s  

f o r  each  r u n .  T h is  was done hy m ea su r in g  th e  h e a t  o b t a i n e d  

on m ix in g  th e  same volume of p o ta s s iu m  s a l t  of  t h e  l i g a n d  

i n t o  a  s o l u t i o n  of  th e  same i o n i c  s t r e n g t h  a s  t h a t  of the  

m e t a l  s o l u t i o n ,  h u t  w i t h o u t  th e  m e ta l  p r e s e n t .  The pH of 

a l l  s o l u t i o n s  were measured a t  th e  end of each ru n  u s i n g  a  

Bechman R e se a rc h  pH m e t e r .  ^



H e s u i t s

R e s u l t s  o f  tiie c a l i b r a t i o n  e x p e r im e n t s  a r e  g iv en  i n

t a b l e  XVI. The mean of  th e  v a lu e s  i s  comparab le  to  th o s e

o b t a i n e d  by -o th e r  w orkers  whose r e s u l t s  a r e  summarised i n

t a b l e  XVII, from h e a t s  o f  f o r m a t io n  o f  w a te r  a t  an i o n i c

s t r e n g t h  o f  O . lh ,  A.Hq, th e  thermodynamic h e a t  o f  f o r m a t i o n ,

AH0 , was d e r i v e d  from th e  e q u a t io n ^ 0 ,

. Al-Io =  Al'Il t  2 .303  HT2 3(i.dD , Q  l o a  f i 2 , -------------- (4 2 )
J p K ?  +  2  J

i n  which  th e  v a l u e s  o f  D, th e  d i e l e c t r i c  c o n s t a n t  of  w a t e r ,
71were t h o s e  of  A k e r l o f '  .

I f  an a p p r e c i a b l e  e x ce ss  o f  m e ta l  i o n  was u sed  i n  t h e  

e x p e r im e n t s  w i th  E-lilDA c o n d i t i o n s  cou ld  be chosen  such  t h a t  

o n ly  t h e  1 : 1  complex, XA, was form ed .  The c o n c e n t r a t i o n s  of  

i o n i c  s p e c i e s  were c a l c u l a t e d  from t h e  q u a d r a t i c  e q u a t i o n ,

M  + / X  + ^ 2  + Kl ( lB -  Ta)j  =  2 a , -----------------(43 )

d e r i v e d  from e q u a t io n s  f o r  t o t a l  a c i d ,

Ta =  [eX ]  + (a2-]  + [ X ] — --------------------------------------- (44 )

t o t a l  m e ta l

Ota =  + [ 4 ------------------------------------------------------ (4 5 )

kp f o r  th e  a c i d ,  e q u a t io n  ( 2 1 ) ,  and Iiq f o r  t n e  complex, 

e q u a t i o n  ( 2 9 ) .  I 'o r  t h e s e  s o l u t i o n s  i n  which th e  m e t a l  io n  

c o n e e n t r a t i o n  was h rgn  was formed m  e x p e r im e n t s  i r " v o lv m g

magnesium and c a lc iu m  i o n s .  moQifyinm e q u a t io n  (44-) to  .m clude  

a  te rm  i n  Q.10E+J  and knowing t h e  a s s o c i a t i o n  c o n s t a n t  f o r  X0H+ , 

e q u a t io n  ( 4 0 )* f o r  t h i s  io n  ^ne q u a d r a t i c  equc^oion,
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! " ] 2[ x i (H + lt2)^ + [A2 ] [ v 2Ki(2m -  2 a )  + |e +] (1 + ki, [ W j

+ 1=2(1 -  k h  |o ;P |)  =  l’a . k 2 ( l  + l=ia-{oi3~] )------------- ( 4 6 )

was d e r i v e d  and so lv e d  f o r  A" from which th e  c o n c e n t r a t i o n s  

of  a l l  o t h e r  s p e c i e s  cou ld  he d e r i v e d .

I n  s o l u t i o n s  i n  which two complexes ,  hA and 

e x i s t e d  t o g e t h e r ,  a  c u b ic  e x p r e s s io n  d e r i v e d  from e q u a t io n s  

( 2 1 ) , ( 2 6 ) , ( 2  7), ( 2 9 ) , ( 3 0 ) ,

r r+

+ [ a2" ^ ^  -  2 a )  + 1 + ®a,--------------------------(47 )

2 a )  f  KX(1 f ^  J)

r e s u l t e d .  The c o n c e n t r a t i o n s  of s p e c i e s  were obtained-  by 

s o l v i n g  t h i s  e q u a t i o n .  R e s u l t s  o f  t h e s e  c a l c u l a t i o n s  f o r  

N-IIIDA a r e  g iv e n  i n  t a b l e s  (X V II I -X X l l l )  and f o r  s i m i l a r  

c a l c u l a t i o n s  f o r  g l y c i n e  i n  t a b l e s  XXIV and XXV. A 7044 

’F o r t r a n ’ computer-was programmed f o r  c a r r y i n g  ou t  t h e s e  

c a l c u i a t i o n s .

E v a l u a t i o n  of h e a t  Changes

The method used  f o r  th e  e v a l u a t i o n  of  w a te r  e q u i v a l e n t s
72and t h e  h e a t s  of f o r m a t io n  was t h a t  of E i t e l  . I n  F i g u r e  IS ,  

which  i s  a  g ra io h ic a l  r e p r o d u c t i o n  of  a  t y p i c a l  c h a r r  t r a c e  r o r  

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

a g a i n s t  t i m e .  T h is  was d i v i d e d  i n t o  t h r e e  p e r i o d s ,  t h e  

A n t e r i o r ,  t h e  E x p e r im e n ta l  and th e  E a t i n g  p e r i o d s .  The f i r s t  

r e a d i n g  was d e s i g n a t e d  0O a t  t ime T0 , and a t  Tq, wnere  t h e  

r e a d i n g  was © t , t h e  heater* , was sw i t c n e d  on • Tne r a t e  or 

c h a n g e ,  Ta , was g iv e n  by (0 O -  © i ) / ( I i  -  T0 ) d i v s .  t - 1  and. -the
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<rv c ra g e  2 en d in g  211 wiiis perioci was 0 ^ ^  2 ( ^ 0  ^ 0 i  )d i v s . m e  

h e a t  change was g iv en  by a  change i n  c h a r t  r e a d i n g  i r o n  0g to  

9 e , where 9 e marks th e  commencement of th e  R a t in g  p e r io d  and 

01  i t s  t e r m in a t io n ,  th e  c o r re sp o n d in g  t im e s  b e in g  Tc and T-j_.

The r a t e  o f  change , Vr , and th e  a v e ra g e  r e a d in g  9r , in  t h i s  

p e r i o d  were g iven  by (0e -  © i ) / ( T i  -  Te ) d i v s .  t - 1  and i ( 9 e + 9±) 

d i v s .  r e s p e c t i v e l y .

The R e v n a u l t -P f a u n d le r  fo rm u la  was th e n  a p p l i e d  to  

c o r r e c t  t h e  e x p e r im e n ta l  h e a t  change f o r  any v a r i a t i o n  i n  

s lo p e s  o f th e  A n te r io r  and R a t in g  p e r i o d s .  The c o r r e c t i o n  

a p p l i e d  to  (9 e -  9 g ) d i v s .  was _ 2.

Se = 5yra + (vr -  vaV(®r -  ea)-H'(ee + 0i) + Z e  - i xe.
■ v-

and th e  c o r r e c t e d  h e a t  change was g iv en  by,

A 0 =■ ( S 0 + Qe ~ ) i iv s .
m u l t i p l i c a t i o n  of / \9  d i v s .  by th e  w a te r  e q u iv a le n t  ( i n  c a i s / -  

c h a r t  d i v . )  gave th e  e x p e r im e n ta l  h e a t  change , -Q c a l s .

The m easured  h e a t  change , Q, was e x p re s s e d  by,

Q =  Q1 f  q ( l )  + q(2  ) + a (3 )  ------ — -------------------------------- (43 )

where Q1 was th e  c o n t r i b u t i o n  from th e  h e a t  o f  complex fo r m a t io n ,  

q ( l ) ,  t h e  h e a t  o f d i l u t i o n  of th e  p o ta s s iu m  s a l t  of th e  a c i d ,  

q ( 2 ) ,  t h e  h e a t  due t o  fo rm a t io n  of w a te r  and q ( 3 ) ,  th e  h e a t  

c o n t r i b u t i o n  from changes i n  th e  l i g a n d /  p ro to n  e q u i l i b r i u m .

The v a lu e  of q ( l )  was o b ta in e d  from a  b la n k  ru n  c a r r i e d  o u t

f o r  e a c h  e x p e r im e n t .

Knowing th e  pH of th e  b la n k  s o l u t i o n s ,  pll-g, c o n c e n t r a t i o n s
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of fh e  a c i d  S p e c ie s  [ a2"] b and B f  o r H-LIDA and [ gt] 3

and [nd|-g f o r  g ly c in e  were c a l c u l a t e d  iron, th e  d i s s o c i a t i o n  

co n G ran ts  f o r  th e  a c i d s ,  e q u a t io n s  (21 ) and (35 ) r e s p e c t i v e l y ,  

and from  th e  exp ress io n  f o r  t o t a l  a c i d ,  e q u a t io n  ( 2 2 ) .  The 

c o r r e s p o n d in g  c o n c e n t r a t i o n s  i n  th e  m e ta l  com plex ing  e n p e r iu e n t s  

were c a l c u l a t e d  by th e  method d e s c r ib e d  p r e v i o u s l y .  H eat 

c o n t r i b u t i o n s ,  q (3 )  were e v a lu a ted ,  from th e  a p p r o p r i a t e  h e a t s

of o r o t o n a t i o n ,
2- + - a -i75A + II ■=■ HA , Z\HA ss# =  -  6 .8  k . c a l .m o l e

f o r  N-hlDA and ,
. n74

G“ + H1- =  EG, AHAss# =  -  10 .80  k . c a l s . m o l e  .

f o r  g l y c i n e .

The h e a t  c o n t r i b u t i o n ,  q ( 2 ) ,  was c a l c u l a t e d  from  pE^

and pHg ( t h e  pH o f  th e  s o l u t i o n  c o n ta in in g  th e  com plex) u s in g
- 1  57a  v a lu e  1 3 .3 6  k .c a l .m o l e  recommended by S ta v e le y  , f o r  th e

h e a t  o f  f o rm a t io n  of w a te r .

W ith a  knowledge of q ( l ) ,  q ( 2 )  and q ( 3 )  th e  e x p e r im e n ta l  

h e a t  due to  complex f o r m a t io n ,  Q , was c a l c u l a t e d  i r o n  e q u a t io n  

( 4 7 ) .  The h e a t  of complex f o rm a t io n ,  AHp k . c a l .m o l e ” *1-, was 

th e n  c a l c u l a t e d  f o r  an i o n i c  s t r e n g t h  of 0 . 1 .  I n  c a s e s  where 

b o th  HA and HAg, were p r e s e n t ,  th e  AHq and AH2 were o b ta in e d  

by s o l v i n g  s im u lta n e o u s  e q u a t io n s .  The e n th a lp y  of fo rm a t io n  

o f  mgOH^ had n o t  been p r e v i o u s ly  d e te rm in e d  b u t  from a  c o n s i d e r ­

a t i o n  o f  th e  v a lu e s  f o r  Ca, Sr ano. Sa75 and a  xnov/leG.0 e 01  me 

t r e n d s  shown by o th e r  a n io n s  wich t h e s e  n e 'o a ls  a  v a lu e  or r . 3  

k . c a l . m o l e w a s  assumed i n  o rd e r  to  e s t im a t e  th e  sm a ll  

c o r r e c t i o n s  required. & iu .b lo tt  and L'.on'.t ' s ' 5 v a lu e  o f  x.25
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“ 1 -4-h . c a l . r a o l e  . f o r  th e  e n th a lp y  of - fo rm a t io n  of CaGii was

u se d  t o  make c o r r e c t i o n s  i n  e x p e r im e n ts  i n  which t h i s  i o n -

p a i  r  wa s f  orm ed.

R e s u l t s  o f  th e s e  c a l c u l a t i o n s  f o r  N-XIDA a r e  g iv en

i n  t a b l e s  ( X 7 I I I - X X II I ) and f o r  g ly c in e  i n  t a b l e s  XXIV and

X X V .



Run

1

2

3

4

5

Run

1

2

3

4

5

i1 A B L E  XVI

C a lo r im e te r  1 .

-Q
( c a i .  ). , “ A h:l . 1(1c .c a l .m o le  . )

.1—ICjO

- 0  _i
( k . c a l .m o l e  " .  )

’5 .47" 13.10 38 13 .06

5 .56 13 .3 1 38 13 .2 7

5 .5 7 13 .3 4 36 13 .30

4 .33 13 .35 33 1^ • oQ

5 .5 4 13 .2 7 36 13 .2 3

Mean ^H0 = 13-33 -  0 .1 9  £

C a lo r im e te r  2 .

• c a l .m o le ” ^ .

-Q
( C a l . ) 

4 .15

—AHj
( k .c a l .m o l e  . )

S c a l . 7 ^ 0  1 -
( k . c a i  .::.ole“ x )

13 .25 32

1 
*C-J•1—1

1

4 .2 3 15 .6 8 33 1 3 . 6 4

4 .12 13 .12 • 32 1 3 . 0 8

5 .57 13 .3 4 36 15 .5 0

5 .60 13 .40 36 13 0 0

Mean*AH0 = 1 3 -3 2 i  0 .1 4  k . c a l .m o le



T A B L E  XVII

R e a c t io n

IIC1 + NaOH 

HG1 + NaOH 

EC1 + RaOH 

KC1 + NaOH 

I1CIO4  + NaOH 

HCIO^ + NaOH 

HC1 + NaOH 

HCIO4  + Na0H

H eat of I o n i s a t i o n  of W ater

-AHo 
( k . c a l . i n o l e " " .  )

13.363 

13 .320  

13.336 

13 *356

13 .33 4

13 .335  

13 .340 

13 .325
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T A B L E  XVIII

II c a t of  F o rm a tio n  of th e  1eaynes ium N-Ii o th y lim in o d ic .c  etc;to

Comolex j 1 ^ .

Run Tm.102 T a.10^ oH [.:/]  . l o ? [ :o : : f]  .10 4

1 2 .7 5 3 3.159 9 .623 3 .0 7 0 1 .8 8 3

2 2 .7 5 8 3 .1 5 4 9 .619 • 3 .065 1 .849

3 2 .7 5 8 3 .1 5 4 9 .65 4 3 .0 6 8 2 .0 0 4

4 1 .9 3 1 3 .16 1 9 .757 3 . 0 4 6 1 » 6 8 8

5 1 .9 3 1 3 .159 9 .806 3 .0 50 1 . 8 9 0

6 1 .9 3 1 3 .1 6 1 9 .6 7 1 3 .036 1 .3 9 0  .

T o ta l Y/.E.
. V o l . ( c a l . -Q -Q1 ( k . c a l .

Run ( u n i t e ) u n i t “ l ) ( c a l . ) ( c a l . ) m o l e - 1 )

1 3 0 0 1 5 . 6 0 .153 -2 .3 9 2 -2 .9 3 7 2 .8 7

2 3 0 0 9-55 .226 - 2 .1 8 5 - 2 .7 5 9 2 . 7 0

3 3 0 0 12 .25 .188 - 2 .3 0 3 - 2 .3 7 4 2 .8 1

4 3 0 0 1 0 . 9 0 . 2 1 0 - 2 . 2 9 2 - 2 .8 3 3 2 .79

5 3 0 0 1 2 .7 0 .195 ' - 2 .4 7 0 - 2 .9 5 9 2 .9 1

6 3 0 0 10 .70 . 2 2 0 - 2 .3 5 7 - 3 .0 2 6 2 .99

mean AHj =  2 . 8 5 - . 03 h . c a l .mole” *̂ .
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T A B L E  XIX
H eat of f o r m a t io n of th e  Calcium N-Methy' l i m i n o d i a c e t a l e

Hun Tin .10 2

Com'plo:-:, ! 

T a .1 0 5

HA

pH GiiO . 1 0 5

1 1 .9 7 3 2 .808 9 .777 2 .7 6 7

2 1 .973 2.802 9.329 2 .7 2 8

5 1 .9 7 3 3.156 9 .873 3 . H 3
A-4* 1 .4 3 0 3.159 9 .3 7 4 3 .1 0 1

5 1 .973 3.150 9 .87 8 3 .106

6 1 .4 8 0 3.152 9 .953 3 .095

7 1 .97 3 3 .152 . 9 .3 6 1 3 .10 8

Run

T o ta l  
V o l . 

( m l . )
A 0

( u n i t s )

V/.E.
( c a l . 
u n i t "  )

-Q
( c a l . )

-Q1 
( c a l . )

A Hi
( k .c a l . ,
m ole“ J\)

1 300 3 .5 0 .161 1 .372 0 .929 - 1 .1 2

2 3 0 0 6 .00 .157 0.939 0 .856 - 1 .0 5

3 3 0 0 9 .05 .166 1 .5 0 4 1 .26 7 - 1 .3 6

4 3 0 0 6 .5 5 .197 1 .2 8 8 1 .03 3 - 1 .1 1

5 3 0 0 15 .35 .102 1 .56 6 1 .219 —1 .

6 3 0 0 14 .7 5 .103 1 .512 1 .239 - 1 .3 3

7 3 0 0 13 .33 .101 1 .34 5 1 .0 8 8 - 1 .0 5

4-  _ • ]

Mean AHi=  - 1 .1 9 -  *12 k . c a l .m o l e  •
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T A B L E  XX

rle a ! of F o rm a tio n  o f  th e  S t r ontium N-Ile t h y l i n i n o d i a c  e ta 't e

Complex, XA

Run Tm.102 Ta.10^ RS E i iO . io 5

1 '3 .2 8 9 2.963 9 .771 2 . 7 7 7

2 3 .289 2 .981 9'.720 2 . 7 3 4

3 2 .000 3 .019 9 .962 2 . 7 4 9

4 2 .0 0 0 3 .019 9 .970 2 . 7 5 0

5 2 .000 3 .020 9 .953 2 . 7 4 s

6 2 .0 0 0 3 .02 0 9.983 2 . 7 5 4

Run

T o ta l  
V o l.  

( m l . )

A rt W-S *A 9 ( c a l .
( u n i t s )  u n i t - 1 )

-Q -Q1
( c a l . )  ( c a l . )

A III 
( k . c a l .
Iu0.lG ,

1 3 0 0 11 .80 .100 1 .1 35  .833 — 0 . 9 0

2 3 0 0 11 .50 .104 1 .1 95  .739 -0 .85

3

ooto 9 .1 0 .093 0 .89 5  .664 - 0

I—1CO•

4 3 0 0 9 .0 0 .105 0 .9 4 1  .722 -0 .37

5 3 0 0 7 .80 .105 0 .8 1 5  .570 - 0 .69

6 3 0 0 8 .2 5 .111 0 .9 1 6  .717 -0 .87

MeanAHj =  - . 8 3 - . 0 6  k . c a l .m o l e ” 1
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T A B L E  X}Ql

H eat o f  f o r m a t io n  of th e Barium H-He-thy l im in  od macctame

Comol e x ,  HA.

Run Tm.102 f a . 105 T>H [haJ .H P

1 2 .0 0 0 3.019 10 .171 2 .543

2 2 .000 3 .0 2 4 9 .991 2 .499

3 2 .6 6 7 3.016 10.082 2 .6 3 7

4 2 .6 6 7 3.016 10.130 2 .6 5 1

5 2 .6 6 7 3.022 10 .231 2.669

6 2 .6 6 7 3.019 10 .10 4 ro . CO V
J

1

Run

T o ta l  
.V o l. 
(m l . ) ( U n i t s )

W.E.
( c a l ._ 
u n i t “ -L)

-Q
( c a l . )

-Q1
( c a l . )

^ Ei  _( x . c a i
mole ±

1 3 0 0 11 .03 .075 .825 0 .8 4 1 - 1 .1 0

2 3 0 0 8 .0 0 .106 .847 0 .7 3 9 - 1 .0 5

3 3 0 0 5 .75 .126 .726 0 .6 1 3 - 0 .7 3

4 300 6 .5 5 .125 .319 0 .3 48 - 1 .0 7

5 3 0 0 6 .45 .148 • 953 0 .9 3 4 - 1 .2 3

6 300 6 .7 0 .145 .974 0.909 - 1 .1 5

l e a n  AHj - 1 . 0 6 ±0 . 1 0  k . c a l  .mole"*1 .
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T A B L E  XXIX

l e n t  of F o rm a tio n  of th e  1 :2  magnesium ^ - R e t h y l i m i n o i l a c c i u t e

Complex, MAg2 -

Run Tin .103 T a.105 pH 0 4  i o ’ W - l . i d

1 2 .7 5 8 8 .277 10 .763 1 .382 1 .262

2 2 .7 5 3 8 .236 10 .737 1 .5 8 4 1 .26 0

3 3 *310 8 .279 10.736 1 .763 1-370

4 2 .7 5 8 S . 274 10 .68 4 1-385 1-259

5 3-310 S . 288 10 .665 1-769 1-369

Run

T o ta l
V o l.

( m l . )
A ©

( u n i t s )

W.E.
(ca l .>.__1
u n i t s ’" - Q s) ( c a l . )

-Q1 
( c a l . )

A Up
( l i . c a i . . 
m ole- 1 .

1 3 0 0 33-45 .090 -  3-024 -.876 2 .3 1

2 3 0 0 27 .3 0 .097 -  2 .699 -.813 2 .1 5

3 300 17-90 ■ .150 - 2 . 6 9 2 - .7 4 7 1 .8 2

4 300 19-95 -145 - 2 . 8 9 3 —1 .0 1 3 2 .6 8

3 300 17 .7 0 • 146 - 2 .5 3 2 - .8 0 5 1 .9 6

mean A Hp =  2 .1 8 3 .2 7  2 . c a l .m o le ” ^ .

i
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T A 8 Jj H XXIII

H eat o f  fo r m a t io n  of th e  1 :2 Calcium H-H e th y  l im in  oo.iac e t a t  o
-  '

Complex , ha22- .

Hun

tooi—i •e9 Ta.10^ pH jnAf.104 D A22 ]  -lo 3

1 2 .960 8 .272 10.655 9 .777 1 .9 3 3

2 2 .9 6 0 8 .273 10 .660, 9 .839 1 .9 3 1

3 3 .552 8 .290 10 .590 13 .720 2 .099

4 3 .552 S . 272 10 .598 13 .750 2 .096

5 2 .5 6 5 8 .279 10.670 7 .721 1 .763

6 3 .552 8 .276 10 .613 13 .720 2 .100

7 2 .5 6 5 8 .2 7 0 10.662 7.739 1 .7 6 1

Hun

T o ta l  
v o l . 

( m l . )
A 9

( u n i t s )

W.E.
( c a l .  . 
u n i t s  )

-Q
( c a l . )

i HI  -O r ( h . c c l  
( c a l . )  mole -

1 3 0 0 12.10 .124 1 .505 1 .4 6 5  -  2 .5 2

2 3 0 0 9 .65 .123 1 .190 1 .1 8 4  “ 2 .0 4

3 3 0 0 12 .8 0 .124 1 .582 1 .13 8  - 1 . 8 1

4 3 0 0 11 .60 .123 0 .89 6 0.972 “ 1 .5 5

5 300 8 .8 0 .122 1 .0 7 4 l .o 6 0  - 2 . 0 0

6 3 0 0 11 .65 . .128 1 .4 88 1 .135  “ 1 .8 3

7 300 7 .7 0 .128 0 .936 0 .916  - 1 . 7 3

+ -1  Iviean =• - 1 .9 3 - . 2 2  k . c a l .m o l e

H
I-

1
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T A b l e m v

H eat o f  Forma t io n  of th e uapncsium  C -lycinate  Connie

Hun Tin. 10^ Ta.10^ pH Ol-G-tt .1 0 4 , o n €  . i o 4

1 1 .695 5.752 10.172 7 .189 4.282

2 1 .0 1 7 3.752 10.520 4.933 5 .557

3 0 .509 3.752 10.595 2 .699 2 .0 38

4 2 .7 5 8 3.000 10 .134 8 .233 6 .215

5 1 .379 5 .000 10.235 5 .024 4 • 043

Hun

T o ta l  
V o l . 

( m l . )
A 9 v

( u n i t e )

Y/.E. 
( c a l .  
u n i t - 1 . )

-Q -Q1 
( c a l . )  ( c a l

AHi
(let c a l .

) mole 1 .

1 500 5-50 .105 -0 .3 5 9  -1 .7 3 7  7 .25

2 500 1 .75 .254. -0 .4 1 9  -1 .1 4 5  6 .97

3 5 0 0 2 .4 4 .098 -0 .2 3 9  - 0 .6 9 4  7 .5 6

4 500 8 .5 0 .103 -0 .8 7 6  - 1 .8 4 7  6 .73

5 500 4 .50 .106 -0 .4 7 9  -1 .1 4 6  6 .8 5

Mean

C-IItV-
<3 . 0 7 -0 .2 7  l i . c a l  .m o le"1 .
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T A B L E XXV

H eat of fo r m a t ! on of th e Calcium c -ly c in a te  Conrol e x , n +...cr

Run Tm,102 l a . 10^ pH M .1 0 4 Ll OH*] .10 5

1 1 .973 3 .000 10.400 3 .800 5.430

2 1 .973 3.000 10 .410 3 .804 5.590

3 1 .973 3 .000 10 .406 • 3 .800 5.540

4 2 .960 3 .000 10.353 5 .280 7 .380

Run

T o ta l  
V o l.  

( m l . )

300 ~

A Q
( u n i t s )

W • iii • 
( c a l . 
u n i t - 1 )

-Q
( c a l . ) ( c a l . ;

( k . c a l . 
m ole-1

1 3 .3 0 .069 -0 .2 2 9 - .9 4 7 2 .3 1

2 300 1 .4 0 .103 -0 .1 4 5 - .3 4 2 0 .72

3 300 2 .0 0

oi—i • - . 2 0 7 - .6 2 3 1 • 46

4 300 0 .8 0 .103 - .0 8 3 - .3 6 2 0 .5 1

+ -1  Mean — 1 .2 5 - 0 .6 4  k . c a l .m o l e
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DISCUSSION

The thermodynamic f u n c t i o n s  f o r  th e  1 : 1  a l l : a l i n e

e a r t h  com plexes w i th  N -m e th y l im in o d ia c e t ic  a c id  and g ly c in e

a r e  g iv e n  i n  t a b l e  (XXVI). S ince  t h i s  work was done,

c a l o r i m e t r i c  r e s u l t s  have been p u b l i s h e d  by A n d e r e g g 7 6  a t

20°C. f o r  a  number of N-XIDA com plexes . The v a lu e s  a r e

g iv e n  i n  b r a c k e t s  i n  t a b l e  (XXVI) and th e  ag reem ent, i n

m ost c a s e s ,  w i th  th e  p r e s e n t  work i s  seen  to  be s a t i s f a c t o r y .
7 7

Tne t a o l e  a l s o  i n c l u d e s  v a lu e s  f o r  i m i n o d i a c e t i c  a c id  and 

n i t r i l o t r i a c e t i c  a c id 7 8  and , i n  o rd e r  to  f a c i l i t a t e  

c o m p a r iso n s ,  th e  d a t a  a r e  p l o t t e d  a s  a  f u n c t i o n  o f  a to m ic  

number i n  F ig u r e  (2 0 ) .

The e n tro p y  change accom panying th e  r e a c t i o n ,

M(H2 0 ) x 2+ + A(H2 0 )y 2_ HA(H2 0 ) z + (x -y -z )H 20 ----------- ( 4 9 )

can be c o n s id e r e d  to  be made up of two p a r t s ,  a  d e c r e a s e  i n  

e n t ro p y  due to  th e  r e d u c t io n  o f  t h e  number o f  s o l u t e  s p e c i e s  

i n  s o l u t i o n  and an i n c r e a s e  due to  th e  g r e a t e r  m o b i l i t y  o f  

s o l v e n t  m o le c u le s  b ro u g h t  a b o u t  by c h a rg e  n e u t r a l i s a t i o n .

F ra n k  and S v a n s 7 9  have su g g e s te d  t h a t  io n s  i n  s o l u t i o n  

o r i e n t a t e  th e  w a te r  m o le c u le s  a round  them so a s  to  form  an 

e f f e c t i v e  " i c e b e r g " , th e  p r o c e s s  b e in g  s i m i l a r  to  p a r t i a l  

f r e e z i n g  o f  th e  l i q u i d .  The rem o va l o f  i o n s  from th e  s o l u t i o n ,  

a s  i n  t h e  p r o c e s s  o f  complex f o r m a t io n ,  w i l l  leao. g o  a  b re a k ­

down o f  t h i s  s t r u c t u r e  and a  r e s u l t i n g  p o s i t i v e  e n tro p y  change ,
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S A B L E  XXVI

T h em  odyn ami c Inunctions f o r  he t a l  C om dex Pom ei t i o n .

R e a c i i  on
-  AG n 

(1c. c a l .m o le  )
AH

(!■:.c a l  .m ole” 1 )
M

( c a l  .do*'

I,ig2+ -  iilBA2- 4 .78  (4.62) 42 • 85 (4^  .1-2) 2 5 .6

Ca2+ - x.ilDA2- 5.25  (5 .0 3 ) - 1 .1 9  ( - I . 6 4 ) 13 • 6

s d  -  i.IDA2- 4 .02  (3 .6 2 ) - 0 .8 3  ( - 1 .2 3 ) 1 0 .7

Ba2+ -  :,:iX)A2" 3 .5 6  (3.47) - 1 .0 6  ( - 0 .7 9 ) 8 .4

Kg2* - £iy“ 1 .8 0 47 .0 7 2 9 .8

Ca2+ - gly“ 1 .5 1 f l . 2 5 8 .6

Mg2+ -  IDA2- 3 .9 4 4 2 .9 4 2 3 .5

Ca2+ - IDA2- 3 .4 7 4 0  • 1 0 1 2 .7

s d  - IDA2- 2 .99 +0.10 1 0 .5

Ba2+ ' -  IDA2- 2 .2 4 +0.10 8 .0

Mg2'*' - HTA3" 7 .2 5 +4 . 4 4 39 .8

Ca2'*’ - KIA 8 .6 0 - 1 . 3 6 24 .7

Sr 2f  _ HSA5- 6 .6 8 - 0 . 5 4 20.9

Ba2'1' -  HTA3- 6 .4 4 - 1 . 4 4 17.1

( 2 o .4 )

( 1 I . 5 S ;

(3 .S 5 )

( 9 .1 7 )
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AS, f a v o u r in g  th e  r e a c t i o n .  S ince  th e  e n tro p y  e f f e c t  w i l l  

oe r e l a t e d  to  th e  i o n i c  c h a rg e s  and th e  d e g re e  of h y d r a t io n  

o f  t h e  i o n s ,  a  l a r g e  p o s i t i v e  AS w i l l  he e x p e c te d  i n  r e a c t i o n s  

in v o lv i n g  m e ta l  io n s  w ith  low h y d r a t io n  e n t r o p i e s  which 

un d e rg o  e f f i c i e n t  ch arge  n e u t r a l i s a t i o n  in  fo rm in g  com plexes .

The e n tro p y  change accom panying th e  io n  a s s o c i a t i o n  

r e a c t i o n  (49)?

AS =  S ° ( M )  -S°(I.12+*) -S °(A 2- ) , ------------------------------------ (5 0 )

where S° i s  th e  s ta n d a rd  aqueous e n tro p y  of th e  s p e c i e s  

e n c lo s e d  i n  b r a c k e t s , can he w r i t t e n  a s  a  sum of h y d r a t i o n ,  

ASgyd, and gas  p h a se ,  Sg, e n t r o p i e s ,  r e s u l t i n g  i n  t h e  

e q u a t io n ,

AS + S°(M2 + ) = Sg(HA) — Sg(A ) 4 AS^yg(hA) “ A S ^ y d ^ 2 )

I  I I

V a lu es  o f  AS + S °(h^+ ) a r e  g iv en  i n  t a b l e  XXVII f o r  th e  

com plexes in v o lv in g  N-XIDA and g ly c in e  a t  25°C. and f o r  a l l  

t h e  o t h e r  a m in o c a rb o x y la te  com plexes f o r  which a c c u r a t e  

c a l o r i m e t r i c  d a t a  a r e  a v a i l a b l e .  f o r  th e  m ost p a r t  th e  

l a t t e r  have been o b ta in e d  from c a l o r i m e t r i c  m easurem ents  a t  

20°C . b u t  th e  te m p e ra tu re  d i f f e r e n c e  betw een 20 and 25°C. 

w i l l  n o t  a f f e c t  t h e  fo l lo w in g  a rgum en ts .

i

j

— (51
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T A 3 L 1 XXVII 

V alues o f AS + S ° ( h ^ )  f o r  1 :1  M eta l  A m inocarboxy la tc

Complexes

h c t a l  I o n  h i  DA G-LYC. IDA77 SDIA6 0 >81 hwA73

Mg2+ - 2 . 6  +1.6  - 4 . 7  2 2 .8  11 .6

Ca + 0 .4  —4*61 — u • 3 m3 *4 l-^.o

S r2+ + 1 .3  1 .1  1 6 .2  1 1 .5

h a 2+ + 11 .4  1 1 .0  2 1 .7  2 0 .1

I n  e q u a t io n  (51)? Verm I  r e f l e c t s  th e  change i n

c o n f i g u r a t i o n a l  and l i b r a t i o n a l  e n tro p y  of th e  l ig a n d .

m o le c u le  when i t  e n t e r s  i n to  complex f o r m a t io n .  Ihe
* /

t r a n s l a t i o n a l  component of t h i s  term  w i l l ' b e  s m a l l ,  and , 

s i n c e  th e  l i g a n d  l o s e s  some o f  i t s  m o b i l i t y ,  i n  fo rm in g  a 

more r i g i d  com plex, te rm  I  w i l l  be e x p e c te d  to  be n e g a t i v e .  

Term I I  on t h e 'o t h e r  hand w i l l  be p o s i t i v e  s in c e  A S gygU -^-) 

w i l l  be more n e g a t iv e  th an  AS^y^(l'lA) i n  which th e  c h a rg e  h as  

been  n e u t r a l i s e d .  For a  s e r i e s  o f complex fo rm a t io n  

r e a c t i o n s  i n v o lv i n g  th e  same l i g a n d ,  Sg(LIA) w i l l  n o t  v a ry  

a p p r e c i a b ly  so t h a t  AS + S ° (h 2* )  w i l l  r e f l e c t  t h e  h y d r a t io n  

e n t r o p i e s  o f th e  com plexes. th e  a b sen ce  o f  any l a r g e  

d i f f e r e n c e s  i n  th e  v a lu e s  o f  AS + S ° (h 2 + ) f o r  magnesium, 

c a lc iu m  and s t r o n t iu m ,  i n d i c a t e s  a  s i m i l a r  s t r u c t u r e  f o r  

t h e i r  com p lex es . A common f e a t u r e  of tn e  d a t a ,  now ever, 

i s  th e  r e l a t i v e l y  h ig h  AS + S°(i,I2‘i‘ ) v a lu e s  f o r  th e  barium  

c o m p lex es . The l a r g e  barium  io n  h a s  a  sm a l l  ch a rg e  d e n s i t y  

end w i l l  bond l e s s  e f f e c t i v e l y  to  th e  l i g a n d  th u s  a l lo w in g

th e  l a t t e r  to  r e t a i n  some ox mtc l iD r a v ^ o n a l  e n tro p y  i n  .̂..e



com plex . C o n seq u en tly ,  term  I  w i l l  be s m a l l e r  th an  f o r  

com plexes in v o lv in g  o th e r  m e ta l  i o n s .  I n  a d d i t i o n  rhe, 

ba rium  io n  i n  i t s  complexes m igh t be e x p e c te d  to  r e t a i n  

some o f th e  s t r u c t u r e  of th e  f r e e  io n  due to  th e  i n a b i l i t y  

o f  t h e  l i g a n d  to  c o m p le te ly  su rro u n d  th e  l a r g e  m e ta l  i o n .

I f  t h i s  i s  th e  c a se  th e  S° o f  th e  complex w i l l  be s i m i l a r  t
o 24-th e  S f o r  th e  3a  r  io n  which i s  r e l a t i v e l y  h ig h .

V/here AS + S°(H2+ ) h as  l a r g e  p o s i t i v e  v a lu e s ,  

te rm  I I  i s  more im p o r t a n t .  T h is  i s  seen  t o  be th e  case  

w i th  e t h y l e n e d i a m i n e t e t r a - a c e t i c  a c id  (KDTA) and 

n i t r i l o t r i a c e t i c  a c id  (NTA) where t h e  h ig h  ch a rg ed  a n io n s ,
(/■ QT» J —Irr r e s p e c t i v e l y ,  have v e ry  sm a ll  h y d r a t io n  e n t r o p i e s

compared to  AS^_yg(MA) s in c e  a  l a r g e  d e g re e  o f  ch a rg e

n e u t r a l i s a t i o n  w i l l  have o c c u r re d  i n  fo rm in g  th e  com plex.

I n  m ost o f  t h e  o t h e r  c a s e s  i n  t a b l e  XXVII te rm s  I  and I I

a r e  a b o u t  e q u a l ly  i m p o r t a n t .

S in ce  th e  d i v a l e n t  a l h a l i n e  e a r t h  i o n s  have i n e r t

g as  e l e c t r o n i c  c o n f i g u r a t i o n s  th e y  w i l l  be e x p e c te d  to

form  e s s e n t i a l l y  i o n i c  bonds i n  t h e i r  com plexes w i th  l ig a n d
45T here  i s  some e v id e n c e  , how ever, w hich  s u g g e s t s  m a t  a  

c e r t a i n  d e g re e  o f  co v a len c y  i s  p r e s e n t ,  e s p e c i a l l y  in  bonds 

betw een n i t r o g e n  and th e  magnesium i o n .  I t  i s  c l e a r  from 

th e  N.M.R. e v id e n c e ,  p r e s e n te d  i n  P a r t  I ,  t h a t  th e  m agnesia  

and c a lc iu m  io n s  bond to  th e  n i t r o g e n  c o o r d i n a t i o n  c e n t r e  o 

N-XI3A and i t  i s  d i f f i c u l t  to  c o n c e iv e  of a  s t r o n g  bond 

w hich  i s  p u r e ly  i o n i c  i n  c h a r a c t e r .  f u r t h e r  e v id e n ce  f o r



n i t r o g e n  bond ing  may be seen  from- th e  enhanced s t a b i l i t y  

0 1  w-hIDA and IDA complexes over th o s e  form ed w i th  th e  

a n a lo g o u s  d i c a r b o x y l i c  a c id  h av in g  a  CI-I2 group in  p la c e  o f  

th e  n i t r o g e n .  I f  e l e c t r o s t a t i c  i n t e r a c t i o n s  were th e  

on ly  f a c t o r  to  be c o n s id e re d  th en  th e  magnesium complex 

would be e x p ec te d  to  have a  g r e a t e r  s t a b i l i t y  th an  t h a t  

of t h e  c a lc iu m . T his i s  n o t  th e  c ase  f o r  th e  X-klDA and 

i'ifA com plexes i n  t a b l e  XXVI and a  number o f o th e r  p o ly -  

a m in o p o ly c a rb o x y la te  l ig a n d s  a r e  known which show th e  

same b e h a v io u r  i n  t h e i r  complexes w ith  magnesium and 

c a lc iu m  i o n s .

I t  i s  p r e f e r a b l e  to  c o n s id e r  th e  f r e e  energy  

change a s  b e in g  a  consequence  of h e a t  and e n tro p y  changes 

and to  d i s c u s s  b o th  o f  th e s e  f u n c t i o n s .  I t  i s  seen  in  

t a b l e  XXVI t h a t  a l l  th e  magnesium com plexes form w ith  an 

e n d o th e rm ic  h e a t  change and a  l a r g e  p o s i t i v e  e n tro p y  change 

T h is  l a r g e  i n c r e a s e  i n  e n tro p y  i s  a  r e s u l t  o f  th e  h ig h  

c h a rg e  d e n s i t y  o f th e  sm a ll  magnesium io n  which c a u se s  i t  

to  have a  r e l a t i v e l y  sm a l l  aqueous e n tro p y  l e a d in g  to  a  

l a r g e  A8 when i t  a s s o c i a t e s  w i th  n e g a t i v e l y  ch arged  l ig a n d s  

The end o the rm ic  h e a t  change i s  p ro b a b ly  a  r e s u l t  of two 

e f f e c t s :  (1 )  t h a t  th e  energy  r e q u i r e d  to  b re a k  th e

r e l a t i v e l y  s t r o n g  m agnesium -w ater bonds ou tw eighs  th e  

en e rg y  r e t u r n e d  to  th e  system  when th e  m e t a l - l i g a n d  bonds 

a r e  form ed and (2 )  th e  e n d o th e rm ic i ty  in v o lv e d  i n  th e  

f o r m a t io n  of s t r a i n e d  N-CH2 -COO" c h e l a t e  r i n g s  a round  th e
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s n a i l  magnesium i o n .  m o le c u la r  models i n d i c a t e  t h a t  th e  

s t r a i n  i s  g r e a t e s t  l o r  th e  magnesium io n  and s m a l l e s t  l o r  

th e  c a lc iu m  i o n .  The s t a b i l i t y  of th e s e  com plexes which 

a b s o rb  h e a t  when th ey  a r e  fo rc e d  i s  th u s  a  consequence  o f  

th e  v e ry  l a r g e  i n c r e a s e  in  e n tro p y  accompanying th e  p r o c e s s .

The e f f e c t  of in t r o d u c in g  a  m ethy l group on th e  

n i t r o g e n  f o r  Itf-MIDA a s  compared w i th  IDA i s  seen  from th e  

h e a t s  o f  fo rm a t io n  of th e  two s e r i e s  of com plexes i n  t a b l e  

XXVI. The g r e a t e r  e x o th e rm ic i ty  of th e  N-hlDA com plexes 

can  be a t t r i b u t e d  to  th e  i n d u c t i v e  e f f e c t  o f  th e  m ethy l 

g roup  in  enhanc ing  th e  bonding  of th e  n i t r o g e n  to  th e  

m e ta l  i o n .  I n  c o n t r a s t  to  i\j-$IIDA th e  magnesium complexes 

o f  IDA a r e  more s t a b l e  th an  th e  c a lc iu m . ih e  ca lc iu m  

complex of IDA i s  form ed w i th  a  more endo th e rm ic  h e a t  cnange 

th a n  i s  th e  h-MIDA complex w h i le  th e  h e a t  change f o r  th e  

f o r m a t io n  of th e  magnesium complexes i s  a lm o s t  th e  same 

f o r  b o th  of th e  l i g a n d s .  T h e s e  r e s u l t s  can be e x p la in e d  

i f  a  r e l a t i v e l y  s t r o n g e r  c o v a le n t  bond i s  form ed between 

th e  magnesium io n  and th e  n i t r o g e n  atom s th a n  t h a t  i n v o lv in g  

th e  c a lc iu m  i o n .  T h is  would be e x p ec te d  to  be l e s s  enhanced 

by th e  i n d u c t i v e  e f f e c t  th an  i s  th e  c a l c iu m - n i t r o g e n  bond 

and N .Ivl .H . r e s u l t s  a p p e a r  to  s u p p o r t  t h i s  r u e a .

The s t a b i l i t i e s  of th e  c a lc iu m , s t r o n t iu m  and barium  

com plexes of N—10IDA d e c re a s e  rn  tn e  o rd e r  oa}or^.Da a s  

g^apected from  th e  e le c  c r o s ta  uic ^ O u e n t ia l s  Ox Jhvj Cmuj-uiIoi 

I n  t a b l e  XXVI however, i t  can be seen  t n a t  th e  n e a t  of 

f o r m a t io n  of th e  Ba complex i s  more e x o t —erm-c unan



tiie ouron tium  complex. Anderegg-'s v a lu e s  show 'the r e v e r s e  

e f f e c t  b u t  th e s e  a re  c o n t r a r y  to  r e s u l t s  o b ta in e d  f o r  BTA. 

i n  t a b l e  XxVI and o th e r  p o ly am in o p o ly ca rb o x y la te s^ > < o 0 ,o 2 ^

T n is  r e l a t i v e l y  l a r g e  exo therm ic  h e a t  o f fo rm a t io n  of Ba 

com plexes , i s  p ro b a b ly  due to  in co m p le te  d e h y d ra t io n  of th e  

l a r g e  io n  when i t  form s complexes r e s u l t i n g  in  l e s s  h e a t  

b e in g  a b so rb ed  in  b re a k in g  m e ta l -w a te r  bonds.

H eat i s  ab so rb ed  i n  th e  fo rm a t io n  of b o th  th e  hg

and Ca m o n o g ly c in a te  com plexes; th e  fo rm a t io n  o f  the

magnesium complex b e in g  much more e n d o th e rm ic .  The g e n e r a l

t r e n d  i n  t h i s  r e s p e c t  i s  t h e r e f o r e  th e  sffie a s  f o r  th e  o th e r

l i g a n d s .  The g r e a t e r  e n d o th e rm ic i ty  f o r  fo rm a t io n  of b o th

o f t h e s e  com plexes a s  compared w i th  th o se  of N-MIDA or IDA

r e f l e c t s  th e  d i f f e r e n c e  i n  d e n ta te  c h a r a c t e r  o f th e  l i g a n d s .

The h e a t  a b so rb ed  i n  d e h y d ra t in g  th e  Mg2* and Ca2* io n s  m ust

be more im p o r ta n t  th an  th e  h e a t  r e g a in e d  by bond fo rm a t io n

to  th e  b i d e n t a t e  l i g a n d .  A d d i t io n a l  ev id e n ce  f o r  e x te n s iv e

d e h y d ra t io n  of th e  Mg2* io n  in  fo rm a t io n  of i t s  mono—com plexes
2 —  —i s  t h e  f a c t  t h a t  th e  fo rm a t io n  of ngCmlDA^ ”* from Mg(MiBA) 

t a x e s  p l a c e  w i th  an exo therm ic  h e a t  c n an ^ e . i n i o  inm cauG o  

t h a t  m ost o f th e  w a te r  i s  r e l e a s e d  from th e  h y u ra re d  i-.a^-esium 

io n  i n  th e  mono—M.IDA. com plex. i t  i s  i n  c e re s  om g oo n o m a t  

P h is  AH v a lu e  i s  a lm o s t  tn e  sa^e  a s  biiau uccomgeny—n^. ~o_^.c.oim 

o f  t h e  magnesium KDTA com plex. The l a r g e  e n tro p y  change i n  

th e  f o rm a t io n  of magnesium mono—g l y c i n a t e  <̂ .s co^paj-co. wi on 

th e  o th e r  l i g a n d s ,  may be due mo th e  s m a l l e r  gas  e n tro p y  Oj.
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t h e  g l y c i n a t e  io n  in  making term  I- l e s s  n e g a t i v e .  h-.-ISA 

c o n s t i t u t e s  one n a i f  o f an IIDTA m o lecu le  and a s  such i s  

i a e a l  f o r  d i s c u s s i o n  of th e  c h e l a t e  e f f e c t .  The therm o­

dynamic p r o p e r t i e s  f o r  th e  r e a c t i o n ,

K(2SIDA)22"  f  KDIA4- — SED2A2"  + 2UIDA2 - , ---------------- (52 )

i n  w hich  two l ig a n d s  a r e  r e p la c e d  by EDTA a r e  g iv en  in  t a b l e  

XXVIII which a l s o  i n c lu d e s  d a ta  f o r  Zn^t and Cd^t o b ta in e d  

r e c e n t l y  by Anderegg*^.

1X312 XXVIII

Th e r  m 0 dyn ami c f u n c t i o n s  f o r  h e t a l Complex f o r i ,ia ti on

R e a c t io n
-  Ac-

(k .  c a l .  mole"-1-) (x
A h

.c a l .m o le  J
A s

( c a l  .de.

Ig 'ID A  f  KIDA2 - 3 . 2 2 - 0 .6 7 ro r O ♦ O

GaillDA + i l l  DA2 ” 3 .83 - 0 .7 4 •0H

2 n 2+ + iilDA2- 1 0 .28 - 2 .1 7 2 7 .7

Cd2+ +■ K IM 2 - 9 .0 8 - 1 .3 9 2 4 .5

ZniilDA + K IM 2 - 3 .62 —3 * 63 1 6 .7

CdXIM 4- KIDA 7.72 - 5 .3 8 8 . 0

- 1 n o l e " x )

The o u t e r  e l e c t r o n i c  c o n f i g u r a t i o n s  f o r  z in c  and cadmium a r e  

3 d 1 0 4 s 2 and 4 d 1 0 5 s 2 r e s p e c t i v e l y  so t h a t  th e  d i v a l e n t  io n s  

have a  f i l l e d  d s h e l l .  I t  would t h e r e f o r e  be e x p ec ted  t h a t  

th e s e  i o n s  would form p re d o m in a n t ly  i o n i c  bon ds . The i o n i c  

r a d i i ,  a s  g iv e n  by P a u l i n g ^ ,  0.74?- f o r  Zn^* and G.97A f o r  

Cd2+ , a r e  s u f f i c i e n t l y  s i m i l a r  to  th o s e  f o r  h g ^ , 0 .S 5 X, and 

Ca2* ,  O.9 9 A, f o r  com parisons to  be made.



r\ ry
Schwarzenbach^ d e f in e d  th e  c h e l a t e  e f f e c t  of 

r e a c t i o n  (5 2 ) ,

Chel =  l o g  Ki(2DTA) -  lo g  KiKg(X-hlLA)-------------------------( 3 3 )

Tne a v a i l a b i l i t y  of p r e c i s e  h e a t  and e n tro p y  d a ta  makes i t  

p o s s i b l e  to  examine th e  so u rc e  of th e  c h e l a t e  e f f e c t  i n  more 

d e t a i l  th a n  i s  p o s s ib l e  from a  c o n s i d e r a t i o n  on ly  of th e  f r e e  

energy  c h a n g e s .  The e n tro p y  change accompanying r e a c t i o n  (52 )

A S ohel .= 2S°(HIDA) + S°(MKDTA) - S°(SDTA) - S° [pXIDA)^] (54)
o r ,

ASchel =  As£m(EDTA)} - AS^K(KIDA) h ----------------------- (54a)
V

The changes i n  theimodynamic p r o p e r t i e s  on c h e l a t i o n  a r e  

l i s t e d  i n  t a b l e  XXIX.

TABLE XXIX

The C h e la te  E f f e c t  Thermodynamic f u n c t i o n s  f o r  R e a c t io n  ( S )

-AG , AH a s
(HIDA)2 2D‘J}A (k.oal.Eole_J-) (l:.cai..::ole ) (cal.Ce^ •1iiole~J-)

„ ;2 +~a 3 .6 5  + 1 .51"  + 17 .1

Ca2+ 5 .27  - 4 .6 2  + 2 .7

2n24 3*23 + 0 .98  +x+.6

Cd2+ 6 .8 7  - 1 .7 8  +11 .3

2x 2.± ,  ̂ „ 2+
I t  can be seen  t h a t  i n  th e  c a s e s  of tn e  mg , Zn ana Gd 

com plexes , c h e l a t i o n  i s  accom panied by a  f a i r l y  l a r g e  e n tro p y  

change and a  sm a ll  change i n  e n th a lp y .  Tne enao unej.*.iiLc .^cib 

changes  f o r  and Zn2+ com plexes a r e  due to  th e  g r e a t e r

s t r a i n  in v o lv e d  m  f i t t i n g  an ouner c n e la o e  r i n g  around  iiiese
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s m a ll  i o n s .  The l a r g e r  end o the im ic i  ty  f o r  th e  s m a l le r
, ~.2+ -• i.,:g xon emphasj.ses m i s  p o i n t . P o s s ib l e  s t r u c t u r e s  l o r  

i l ie  n - i I i A  and. jfDl'A complexes a r e  shown in  f i g u r e  21 assum ing 

o c t a h e d r a l  symmetry. The c h e l a t e  e f f e c t  f o r  th e s e  t h r e e  

m e ta l s  i s  t h e r e f o r e  l a r g e l y  an e n tro p y  e f f e c t  which can be 

a s c r i b e d  to  th e  i n c r e a s e  i n  the  number of f r e e  s o l u t e  p a r t i c l e s  

accom panying  complex fo rm a t io n  w ith  a  co n seq u e n t  i n c r e a s e  i n  

Sg. Some in c r e a s e d  o r d e r in g  o f  s o lv e n t  m o le c u le s  m igh t be 

e x p e c te d  f o r  th e  two f r e e  io n s  compared to  th e  s i n g l e  io n  

b u t  i f  t h i s  i s  th e  case  th e  e f f e c t  i s  overshadowed by th e  

r e l e a s e  o f  an e x t r a  s p e c i e s  i n t o  th e  s o l u t i o n .

I n  c o n t r a s t ' t o  th e s e  r e s u l t s ,  i t  i s  seen  from t a b l e  

XXIX t h a t  th e  c h e l a t e  e f f e c t  f o r  th e  ca lc iu m  com plexes i s  

p r i n c i p a l l y  one of e n th a lp y .  T h is  can be e x p la in e d  by th e  

s t r a i n  f r e e  s t r u c t u r e  f o r  Ca(EDTA)^“ a s  compared to  th e  

com plexes in v o lv in g  th e  s m a l le r  c a t i o n s  and i t  i s  seen  t h a t  

th e  cadmium complex a l s o  f o l lo w s  t h i s  g e n e r a l  t r e n d .  I t  i s ,  

how ever, d i f f i c u l t  to  e x p la in  th e  e x tre m e ly  sm a ll  i n c r e a s e  

i n  en t»r ogy .

Prom th e  s t r u c t u r a l  p o i n t  of view t h e r e  have been no 

X -ray  s t u d i e s  o f  th e  a l k a l i n e  e a r t h  a m in o p o ly c a rb o x y ia tc  

com plex es . U sing  X -ray  c r y s t a l l o g r a p h y ,  h o a rd  and co­

w ork e rs  have e s t a b l i s h e d  th e  s t r u c t u r e s  of t h e  XDTA com plexes 

o f  C o ( l l l j 3 4 , l 'T x(il)8 5 , F e ( l l l ) 80 and M n ( l l ) 8 7 . xhese

X -ray  s t u d i e s  have p ro v id e d  c o n s id e r a b le  i n s i g h t  i n t o  tn e  

problem  a  dan g er  e x i s t s  i n  e x t r a p d a r i n g  m e s c  r e s u j . t s  m 

aoueous s o l u t i o n s  and e s p e c i a l l y  to  o t h e r  s y s r e n s  i n  s o l u t i o n .



1 3 3
i

\j  c ra n  oc.ra„ 'JTi-'-l—Q w-i- 51' U S SiiOWm - in  f i g u r e  . 2 1  1 Ox' COmp-LCUCS Ox 

■:-. .i iA and  o t n e r  KDTA-like l ig a n d s  w i t h  t h e  s m a l l  magnesium 

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

.much o f  t h i s  s t r a i n  i s  removed i f  a  t e t r a h e d r a l  s t r u c t u r e  i s  

e n v i s a g e d  and  m  t h e  o a s i s  of  t h e  r e s u l t s  o b t a i n e d  so f a r  i t

i s  n o t  p o s s i b l e  to  make a, c h o ic e  between th e s e  p o s s i b i l i t i e s .
58

Lana, nee and n o a rd  from tn e  r e s u l t s  o f  X -ray  s t u d i e s  w i th  

lan thanum  1I)T'A complexes have shown t h a t  th e  p redom inan t 

s p e c i e s  i s  [ l a ( OHg)4 aDTAjII which has  a d i s t o r t e d  o c ta h e d r a l  

s t r u c t u r e  l e a v in g  room f o r  w a te r  m o le c u le s  t o  be r e t a i n e d  

on th e  m e ta l  i o n .  The h e a t  and e n tro p y  d a t a  p r e s e n te d  in  

th e  p r e s e n t  work s u g g e s ts  t h a t  . .s im ila r  s t r u c t u r e s  may e x i s t  

f o r  th e  a m in o c a rb o x y la te  complexes o f th e  barium  io n  which i s  

even l a r g e r  th a n  La^+ .

Fia 21
u
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