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INVESTIGATION OF COMPLEX FORMATION REACTIONS OF F e ( I I I )  
AND A l ( I I I )  WITH SOME PHENOL DERIVATIVES BY THE METHOD

OF ION EXCHANGE*

By th e  method o f  i o n  exchange on th e  e x c h an g e r  Dowex 50 
WX 8 100-200 mesh complex fo r m a t io n  was i n v e s t i g a t e d  i n  th e  
system  Me(C104) 3 ♦ XCgH/OH ♦ HC1Q/ NaCIO, ♦ H70 ,  w i th  
Me -  F e ( I I I )  o r  A l ( I I I )  and  X -  C l ,  B r,  CH3, NO?. I t  was 
p roved  t h a t  1 :1  com plexes a r e  form ed betw een  M e t l l l )  and 
a p h en o l  m o le c u le .  S t a b i l i t y  c o n s t a n t s  o f  th e  com plexes 
w ere  d e te rm in e d  and r e l a t e d  w i th  Hammett’ s  sigm a c o n s t a n t s .

The g r e a t  a b i l i t y  o f  p h en o l  d e r i v a t i v e s  t o  form com plexes 
w i th  F e ( l I I )  i s  w e l l  known. S p e c t ro p h o to m e t r i c  i n v e s t i g a t i o n s  
C l ]  and s t u d i e s  o f  t h e  k i n e t i c  i s o t o p e  e f f e c t  [ 2 ] showed, t h a t  
w i t h i n  pH ra n g e  0 . 8 - 2 . 8 ,  p h en o l  and  F e ( I I I )  Ion  form a  com­
p le x  o f  t h e  c o m p o s i t io n  1 : 1 .  Under such  c o n d i t i o n s  p h en o l  d e r i ­
v a t i v e s  XCgH^OH a r e  p r a c t i c a l l y  u n d i 6 s o c i a t e d .  The fo rm a t io n  
o f  t h e  complex [FeC^O^CX C^H ^O )]2* i s  p re ced e d  by an i n t r a ­
m o le c u la r  p ro to n  t r a n s f e r  [ 3 - 5 ]  a c c o rd in g  to  t h e  fo rm u la s  ( 1 - 3 ) :

[ F e ( H 20 ) 6 ] 3+ ♦ H20  i = s [ F e ( H 20 ) 5 ( O H ) ] 2+ + H?0 + ( 1 )

[ F e ( H20 ) 5 (OH)] 2* + XCgH^OH [ Fe( H20 )^ ( 0 H ) ( H O C ^ X ) ] 2+ + H20 (2 )  

„ [ F e (H 20 ) 4 (OH)(HOC6H4X )]2'f [> e (H 20 ) 5(0C6 HAX )]2+ ( 3 )

* The work h a s  been c a r r i e d  o u t  w i t h i n  t h e  r e s e a r c h  prob lem  
MR-1.1A.
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T h is  mechanism h a s  been  co n f irm ed  f o r  mono- and d i - s u b -  
s t l t u t e d  p h e n o l s  w i th  th e  v a l u e s  pKa <  3 .

W hile i n v e s t i g a t i n g  com plexes o f  F e ( l I I )  w i th  some pheno l  
d e r i v a t i v e s  M i l b u r n  [ 1 ]  m a in ta in e d  c o n s t a n t  l i g a n d  con­
c e n t r a t i o n  e q u a l  t o  0 .0 5  M. T h is  s tu d y  used  t h e  method o f  io n  
exchange f o r  w id e ly  v a r y in g  l i g a n d  c o n c e n t r a t i o n s .  F u r th e rm o re ,  
i n v e s t i g a t i o n s  were c a r r i e d  o u t  f o r  a g r e a t e r  number o f  p h en o l  
d e r i v a t i v e s  (X * H, p-CHy p -B r ,  p-N02 » m-NOg» m-CHj, m-Br, 
m -Cl) t o  be a b l e  to  draw more g e n e r a l  c o n c lu s io n s  c o n c e rn in g  th e  
dependence  o f  th e  complex s t a b i l i t y  on t h e  l i g a n d  s t r u c t u r e .

Complexes o f  pheno l  w i th  A l ( I I I )  have n o t  been i n v e s t i g a t e d  
a s  y e t ,  p r o b a b ly  due to  t h e  c o m p l ic a te d  h y d r o l y s i s  p r o c e s s .  In  
aqueous  s o l u t i o n s  w i th  pH <  3 .0 0  A l ( I I I )  e x i s t s  a s  a h ex a -  
aquocom plex [ Al ( H20 ) 6 ] . When pH -  3 .0 0  in  d i l u t e d  s o l u t i o n s  
C<  10“ ^ M) one d i s t i n g u i s h e s  [ Al ( 0H) ( H20 ) i o n s  [ 6 ,  7 ] , which 
a r e  form ed - i n  a r a p i d  and r e v e r s i b l e  r e a c t i o n .  I t  was t o  a n t i ­
c i p a t e  t h a t  t h i s  p a r t l y  h y d ro ly s e d  c a t i o n  can form  com plexes 
w i th  p h e n o l ,  s i m i l a r l y  a s  F e ( I I I ) .

E x p e r im e n ta l

R eag e n ts  and s o l u t i o n s

The f o l lo w in g  m a t e r i a l s  were u s e d  i n  t h e  i n v e s t i g a t i o n s :  c a ­
t i o n  ex c h an g er  Dowex 50 WX 8 100-200 mesh (The Dow. Chem. C o . ) ,  
A l ( f iO j) j  and F e ( N 0 j ) j  a s  s t a r t i n g  s a l t s ,  HCIO^, NaClO^ ( a l l  
from PO C h-G liw ice) and. s u b s t i t u t e d  p h e n o ls  XC^H^OH w i th .  X ■
■ p-CHj, ra-CHj, m-NOg» m-Br, m-Cl, p -B r ,  p-N02 , H ' ( BDH 
P o o l e ) .  A l l  r e a g e n t s  were p u re  f o r  a n a l y s i s .

D e m in e r a l iz e d  w a te r  w i th  th e  s p e c i f i c  c o n d u c ta n c e  o f  0 . 1 -  
- 0 . 5  (jlS was u sed  t o  p r e p a r e  s o l u t i o n s .

S o lu t io n s  o f  F e ( I I I )  and A l ( I I I )  p e r c h l o r a t e s  were o b t a i ­
n ed  a c t in g  w ith  an e x c es  o f  30% HCIO^ on a f r e s h l y  p r e c i p i t a ­
t e d  and  w ashed d e p o s i t  o f  h y d ro x id e s  [ 8 ] ,



Methods

Complex f o r m a t io n  r e a c t i o n s  were i n v e s t i g a t e d  by t h e  s t a t i c  
method o f  i o n  ex ch an g e .  E x p er im en ts  were made i n  a g l a s s  r e a c ­
t o r  w i th  t h e  volume V -  0 .2 5 0  dm3 , c o n t a i n i n g  1 x 10“ ** M so­
l u t i o n  o f  a d e q u a te  m e ta l  p e r c h l o r a t e  and a p h en o l  d e r i v a t i v e  o f  
a known c o n c e n t r a t i o n  v a ry in g  w i th in  th e  ra n g e  o f  1 ;5  x 10” ^ M 
t o  5 .0  x  10‘ 2M.

F o r  each  s o l u t i o n  th e  i o n i c  s t r e n g h t  ¡j. -  0 .1  and a d e f in e d  
pH v a lu e  were m a in ta in e d  by adding, th e  a p p r o p v ia t e  amounts o f  
NaClO^ and HCIO^ r e s p e c t i v e l y .  The s o l u t i o n  was k e p t  i n  a 
t h e r m o s t a t  a t  t h e  t e m p e ra tu re  o f  2 9 3 .0  ( + 0 . 1 )  K u n t i l  th e  
th e rm a l  e q u i l i b r i u m  was r e a c h e d .  Then a w e ig h t  p o r t i o n  (ma3S 

0 .2 5 0  g )  o f  an a i r - d r y  c a t i o n  ex ch an g er  i n  th e  hydrogen  form was 
a d d e d .  Both p h a s e s  were s e p a r a t e d  a f t e r  3 h  and th e  c o n t e n t  o f  
M e ( I I I )  i n  t h e  s o l u t i o n  was d e te rm in e d  by 2 , 2 ’ - d i p y r i d y l e  meth­
od [ 9 ] and 8- h y d r o x y q u in o l in e  method [ 1 0 ]  f o r  F e ( l I I )  and 
A l ( l I I )  r e s p e c t i v e l y .

A S p eco l  ZV p h o to m e te r  (K . Z e i s s  -  J e n a )  was used  to  meas­
u r e  t h e  a b s o r b a n c e .  A l l  th e  p o t e n t i o m e t r i c  m easurem ents  were 
made by means o f  a pH -m eter OP -2 0 5  ( R a d e l k i s ) .

R e s u l t s  and d i s c u s s i o n

The r e s u l t s  o f  d e te r m in in g  M e ( I I I )  c o n c e n t r a t i o n  i n  s o l u t ­
i o n s  i n  e q u i l i b r i u m  w i th  c a t i o n  ex ch an g er  a l lo w e d  t o  c a l c u l a t e  
t h e  n u m e r ic a l  v a l u e s  o f  d i s t r i b u t i o n  c o e f f i c i e n t s  DM, f o r  
r e s p e c t i v e  m e ta l  i o n s ,  which a r e  g iv e n  by th e  dependence (4 )s

°M “  < V CM ( 4 )

w h e re :
Cm» Cm -  a r e  c o n c e n t r a t i o n s  o f  m e ta l  i o n s  i n  th e  r e s i n  p h ase  

and i n  th e  s o l u t i o n  r e s p e c t i v e l y .

The d ependences  o f  -Djj on l i g a n d  c o n c e n t r a t i o n  Cj a r e  shown 
i n  F ig .  1 and 2 r e s p e c t i v e l y  f o r  sy s tem s  c o n t a i n i n g  
nnd A l ( I I I ) .



1 2
C ^IO ^ lM )

F i g .  1 .  Dependences o f  d i s t r i b u t i o n  c o e f f i c i e n t  o f  th e m etal DM 
on th e  l i g a n d  c o n c e n t r a t i o n  CL f o r  t h e  sys tem  F e ( C1 0 / ) 3 ♦ 
+ XCcH/OH ♦ NaCIO, ♦ H20 f w i th  X -  p-CH3 (7  ) , ra-CH3 (▼) , m- 
-NOt ( a ) ,  m-Br ( ■ ) ,  m-Cl ( o ) ,  p -B r  ( • ) ,  p-N 02 ( A ) ,  H ( A ) .

T -  293 K, H -  0 . 1 ,  pH -  1 .20

L im i t in g  d i s t r i b u t i o n  c o e f f i c i e n t s  Dq were d e te rm in e d  by 
e x t r a p o l a t i o n  of. t h e  f u n c t i o n  Dj  ̂ •  fCC^) t o  t h e  v a l u e  CL •  0 .

S t a b i l i t y  c o n s t a n t s  f o r  com plexes o f  F e ( I I I )  and A l ( I I I )
w ere  d e te rm in e d  by F ro n aeu s  m ethod, u s in g  a u x i l i a r y  f u n c t i o n s :  
F « f i ^ ) ,  G -  f (C L) and  A G (A C l ) “*1 -  f  [A F  ( A C ^  ~ 1 ] c a l c u l a ­
t e d  from e x p e r im e n ta l  D^ and D0 v a l u e s  [ 1 1 ] .  The dependences  
AG ( A O “ 1 ■ f  [AF ( ACL) " 1 ] a r e  shown i n  F ig .  3 and 4 r e s p e c t i ­
v e l y  f o r  sy s tem s  c o n t a i n i n g  F e ( l I I )  (pH » 1 . 2 )  and A l ( I I I )  
( pH * 3.1 ) .

A3 seen  from F i g .  3 f u n c t i o n s  A G (A C ^)“ 1 r e a c h  0  f o r  th e  
v a l u e s  A F (A C L ) " 1 * 0 ( (3R « 0 ' f o r  n  >  1 ) ,  hence th e  formed 
F e ( l I I )  com plexes have th e  c o m p o s i t io n  1 :1  and a c c o rd in g  to
Vci'i p r e v io u s  w orks [2 -4  j a r e  d e s c r ib e d  by th e  fo rm u la  
[F e (H 20 ) 5 X6Hao ] 2 t .

The same c o m p o s i t io n  may be deduced from F i g .  4 f o r  A l ( l I I )



F i g ,  2 .  The same d ep en d en ces  a s  i n  F ig .  1 f o r  t h e  system  con­
t a i n i n g  A l ( I I I ) .  T -  293 K, y. -  0 . 1 ,  pH -  3 .1

com plexes  formed a t  pH ■ 3 .1  i . e .  i n  s o l u t i o n s  c o n t a i n i n g  p a r ­
t i a l l y  h y d ro ly s e d  i o n s  [ a i ( 0H)CH20 ) j ] 2+. At pH <  3, when hy­
d r o l y s i s  o f  A l^+ io n  does  n o t  o c c u r ,  complex fo rm a t io n  waa 
n o t  r e v e a l e d  i n  t h e  examined s y s te m s .

E q u i l ib r iu m  s t u d i e s  o f  io n  exchange do n o t  p e r m i t  p r e c i s e  
d e t e r m in a t i o n  o f  t h e  r e a c t i o n  mechanism, b u t  b a s in g  on th e  p r e ­
v i o u s  i n v e s t i g a t i o n s  o f  sy s tem s  w i th  F e ( I I I )  one can assume 
t h a t  t h e  fo rm a t io n  o f  A l ( I I I )  com plexes ru n s  a s  f o l lo w s :

[ a1(0H)(H20 ) 5] 2 + + XC6H40H ^ [ a1(0H)(H20 ) /+(XC6H40 H )]2 + + HgO ( 5 )  

[ a1(0H)(H20 ) 4 ( xc6h4o h ) ] 2+ ^ [ a i ( h2o )5( xc6h4o ) ] 2+ ( 6  )

S t a b i l i t y  c o n s ta n t s  (31 f o r  th e  in v e s t i g a t e d  m e ta l com ple­
x e s  w ere d e te rm in e d  irom  th e  s lo p e s  o f  th e  s t r a i g h t  l i n e s  shown 
i n  F i g .  3 and  A. N um erical v a lu e s  o f  [3-̂  a r e  sum m arized in  
T a b le  1 .



AF/ACL

F i g .  3 .  P l o t s  o f  F ronaeu3  a u x i l i a r y  f u n c t i o n  AO ( ACi)"1 » 
•  f  [ AF ( A C .)-1 ] f o r  th e  system  F e(C 10 /)3  + XCcH/OH + NaCIO/ + 
+ H20 ,  w i th  X ■ p-CH3 ( V ) ,  m-CH3 ( t ) ,  m-N02 ( a ) ,  m-Br 

( ■ ) ,  m-Cl ( o ) ,  p -B r  ( • ) ,  p-N02 ( a ) ,  H ( a )

T a b l e  1
N u m erica l  v a l u e s  o f  s t a b i l i t y  c o n s t a n t s  |3j d e te rm in e d  by F ronaeus  
method [1 1 ]  f o r  F e ( I I I )  and A l ( I I I )  com plexes w i th  p h en o l  d e r i v a ­

t i v e s  i f  •  293 K and ^  « 0 . 1 )

S u b s t i t u e n t
X

S t a b i l i t y  c o n s t a n t s  (31 x 102 f o r  
com plexes [Me(H20 ) 5 XC6HA0H ] 2+

F e ( I I I ) A I ( I I I )

p- ch3 5 .6 3  ( + 0 .1 2 ) 12 .70  (+ 0 .5 7 )

m-CHj 3 .91  (+ 0 .2 0 ) . 9 .8 2  (+ 0 .7 2 )

CM
O5c316 3 .8 7  (+ 0 .1 1 ) 6 .5 2  ( + 0 .1 8 )



T ab le  1 ( c o n td . )

S u b s t i t u e n t
X

2
S t a b i l i t y  c o n s ta n t s  (3, x 10 f o r  
com plexes [MedigO)^(XCgH^OH ) ] 2*

F e ( I I I ) A l ( I I I )

m-Br 3 .6 9  ( Ï 0 .1 5 ) 6 .2 0  (+ 0 .2 1 )

m-Cl 3 .2 7  (* 0 .2 2 ) 6 .3 8  (+ 0 .6 3 )

p -B r 3 .2 5  (+ 0 .2 1 ) 5 .7 6  (+ 0 .2 6 )

p- no2 2 .1 3  (+ 0 .1 3 ) 3 .2 3  (+ 0 .3 3 )

H 0 .9 0  (+ 0 .1 0 ) 1 .3 2  (+ 0 .2 0 )

• A F/ACj_

F ig .  4 ,  The same p l o t s  a s  i n  F ig .  3 f o r  th e  system
A l v I H  )

c o n t a i n i n g



I t  seems t h a t  A l ( I I I )  fo rm s more s t a b l e  com plexes w ith  
p h e n o ls  th a n  F e ( l I I ) .  I t  i s  p a r t i c u l a r l y  w e ll  seen  f o r  s u b s t i ­
tu e n t s  b e in g  e l e c t r o n  d o n o rs , e .  g .  -CHV  The s t a b i l i t y  o f  com­
p le x e s  o f  b o th  m e ta l in n s  w ith  n i t r o - s u b s t i t u t e d  p h e n o ls  1« 
p r a c t i c a l l y  th e  sam e.

The d e te rm in e d  s t a b i l i t y  c o n s ta n t s  (3^ may be r e l a t e d  w ith  
th e  s u b s t i t u e n t  p o s i t io n  and ty p e  u s in g  Ham m ett’s  sigm a con­
s t a n t s  1 1 2 ] .  The v a lu e s  o f  th e  r a t i o  l g  Pl x / l g  P 1H (w here  (31X 
an<* ^1H e r e  c o n s ta n t s  f o r  com plexes w ith  s u b s t i t u t e d  and 
u n s u b s t i t u t e d  p h e n o l r e s p e c t i v e l y )  f o r  F e ( I I I )  and A l ( I I I )  
com plexes a r e  p l o t t e d  a g a in s t  a 'x  i n  F ig .  5 .

F ig .  5 . P lo t s  o f  th e  fu n c t io n  l g  Piv/ P hj a g a in s t  Ham m ett’ s  con ­
s t a n t s  crv f o r  th e  system  Me(C104>3 + HC6H/0H ♦ NaClO/ ♦ H ,0 , 

w ith  Me -  A l U I I )  ( — ) and F e ( l l l )  ( ---- )

The s lo p e s  f o r  th e  l e a s t  s q u a re s  l i n e s ,  w i th  s ta n d a rd ' d e ­
v i a t i o n s ,  a r e :  0 A1( i i l )  * -0 .3 3 0  (+ 0 .0 2 0 )  and -0 .2 3 B  
( + 0 .0 1 2 ) .  Thus, th e  in f lu e n c e  o f  th e  s u b s t i t u e n t  p o s i t io n  and 
ty p e  on com plex s t a b i l i t y  i s  g r e a t e r  f o r  A l ( I I I )  c o m p le x e s ’ th a n  
f o r  F e ( l I I )  o n e s .  S u b s t i t u e n t s  w hich  d e c re a s e  th e  a c i d i t y  o f  
p h e n o l ,  I n c r e a s e  th e  s t a b i l i t y  o f  com plexes o f  b o th  m e ta ls  e x a ­
m ined and th e  e f f e c t  o f  s u b s t i t u e n t s  in c r e a s in g  th e  a c i d i t y  o f  
p h en o l i s  o p o s i t e .
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BADANIA REAKCJI K0MPLEK30WANIA F e ( I I I )  I A l ( I I I )
Z NIEKTÓRYMI POCHODNYMI FENOLU METODĄ WYMIANY JONOWEJ

Na p o d s taw ie  badań  wymiany jonow ej w u k ła d a c h : Me(C10/;) 3 + 
+ XC6 H,0H + HC104 + NaClOi + H,0 ♦ Dowex 50 W X 8 LMe =* F e a i l )  
lu b  A I U I i ; ?  X -  C l,  B r, CH3, N02 ] s tw ie rd z o n o  tw o rz e n ie  s i ę  
kompleksów o s k ła d z ie  Me:L -  1 :1 .

O zn aczen ie  s tę ż e ń  Me ( I I I )  w ro z tw o rac h  b ęd ący ch  w równo­
wadze z k a t io n i te m  p o z w o liło  o b l ic z y ć  w a r to ś c i  lic zb o w e  w sp ó ł­
czynników  p o d z ia łu  m e ta lu  pom iędzy fa z ę  ro z tw o ru  i  J o n i tu  
(D m i  D0 ) .  Na p o d s ta w ie  e k sp e ry m e n ta ln ie  wyznaczonych DM i



D0 , s to s u ją c  m etodę F ro n ae u sa  o b lic z o n o  s t a ł e  t r w a ło ś c i  (31 . S ta ­
ł e  t rw a ło ś c i  sko re low ano  z p o ło żen iem  i  ro d za jem  p o d s ta w n i-  
k a  s to s u ją c  ró w n an ie  Ham m etta. W arto śc i s t a ły c h  g w ynoszą d l a  
Al ( I I I )  Q •  -0 ,3 3 0  (+ 0 ,0 2 0 ) ,  a d la  Fe U H )  R -  -0 ,2 3 8  
( + 0 ,0 1 2 ) .  Zatem wpływ p o ło ż e n ia  i  ro d z a ju  p o d staw n ik a  J e s t  w ięk­
szy  d la  kompleksów Al ( I I I )  n iż  d l a  kompleksów Fe ( I I I ) .  Pod­
s ta w n ik i ,  k tó r e  z m n ie js z a ją  kwasowość fe n o lu  z w ię k s z a ją  s t a b i l ­
n o ść  kompleksów obydwu badanych  m e ta l i ,  a  wpływ podstaw ników  
z w ię k sz a ją c y c h  kwasowość f e n o lu  j e s t  od w ro tn y .

EaHHa MacjioBcna, , Bnon3HMex IleHTeK

HCOTOOBAHHE PEAKIJWH K0MTUIEKC00EPA30BAHMH Fe ( I I I )  H A l ( I I I )  
Jł3 HEKOTOPtC® nPOHSBOflHHMH -i>EHOJIA MET OJ* OM MOHHOrO OBMEHA

Meioji.oM ".HOHHoro oOMena Ha caJibHOKHOJioił CMoae Dowex 50 W X 8 
hccjieaOBanu peaicuHH K0MruieKC006pa30BaHKfl b cncieM ax: [ Me(C10A )o + 
XC6 H<,0H + HGl0i+ NaCHH + H20[Me -  F e ( I I I )  jihOo A l ( I I I ) ;  X « 
= C l ,  B r , CH3 , NO2 ]. yctaHOB^eHO 06pa30BaHHe KOurweKcoB cocłaB  
K0? 0pax cooTBerciByeT cooTHoaeHiiK) M e ( I I I ) s  L* 1 : 1. Onpe^e^eHo
KOHfetaHTH OTOSkOCTH H HX 3aBH0SIM0CTH napaMBipOB PaMMeTTa.


