
Fact in i to Prieo t  

Micron lot Srico }

Avo'lobi* from iko 
OWico of Tockoicol Sorview 
Doportimoni o f Commotco 
Wo&Kin^on 25. 0. C.

M a s t b h

(Con* ’■lbution No. 1173 f r o m  The  I n s t i tu t e  f o r  A to m ic  R e s e a r c h  and
D e p a r t m e n t  of C h e m i s t r y ,  Iowa Sta te  U n i v e r s i t y ,  A m e s ,  Iowa)

" ...........................

Solu t io n s  of C a l l iu m ( l )  S a l t s  in Aqueouj^ B a se

JO HN D. C O R B E T T

The c h a r a c t e r i s t i c  r e a c t i o n  of the  s o - c a l l e d  g a l l iu m  d i c h l o r id e  with 

w a t e r  h a s  been  known fo r  a c o n s i d e r a b l e  t i m e .  With a m p le  a m o u n t s  of 

w a t e r  a  s t r o n g l y  r e d u c i n g ,  f lo c c u le n t ,  o r a n g e - b r o w n  to  b lac k  p r e c i p i t a t e  

i s  p r o d u c e d  t o g e t h e r  w ith  s m a l l e r  a m o u n t s  of h y d r o g e n  and  g a l l i u m .

The p r e c i p i t a t e  e v o lv e s  h y d r o g e n  s low ly  on s t a n d in g  a s  the  «olid t u r n s  

whi te  o r  r a p id ly  on a d d i t io n  of a c i d s  w i th  u l t i m a t e  s o lu t io n  of the  p r o d u c t . 4

Although the i d e n t i ty  of th is  p r e c i p i t a t e  h a s  n e v e r  b e e n  c a r e f u l l y  s tu d ied ,
*

the  su p p o s i t io n  h a s  b e en  m a d e  th a t  i t  i s  g a l l iu m (U )  h y d ro x id e  p r o d u c e d  by

h y d r o l y s i s  of the  r e a c t a n t  G a C l ,  s i n c e  the  e m p i r i c a l  f o r m u l a  fo r  the
*

l a t t e r  s u g g e s t s  a d i p o s i t i v e  s t a t e .  * H o w e v e r ,  s u b s e q u e n t ,  d i v e r s e

s t u d i e s  have a m p l y  shown th a t  the  g a l l i u m  d i h a l i d e s  a r e  a c t u a l l y  the
a 4 - h

g a l l iu m ( l )  s a l t s  Ga (GaX^) and  th a t  the  abo v e  r e a c t i o n  with  w a t e r  is

c h a r a c t e r i s t i c  of gall iumt.I)  c o m p o u n d s  s i n c e  it  o c c u r s  not only  in the
•  . . . . 4 7

p r e s e n c e  of  the G aX ^ an io n  but a l s o  w ith  A lC l^ ,  A l B r ^ ,  B r  and  I . *

B e c a u s e  of the  s t r o r g  r e d u c in g  c h a r a c t e r  of the  g a l l ium (I)  ox id a t io n  

s t a t e ,  v e ry  l i t t l e  i n f o r m i t i o n  h a s  b e e n  r e p o r t e d  r e g a r d i n g  i t s  so lu t io n  

p r o p e r t i e s .  So lu t ions  ot the  above  p r e c i p i t a t e  (o r  g a l l iu m ( l )  s a l t s  

d i r e c t l y )  in d i lu te  a c i d s  ex h ib i t  l i t t l e  if any  r e d u c i n g , s t r e n g t h  once  the 

s y s t e m  i s  c l e a r  of s u s f  en d ed  p a r t i c l e s ;  h o w e v e r ,  t h e r e  have been  r e p o r t s
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of r e d u c in g  s o lu t io n s  f r o m  the  a c t io n  of c o n c e n t r a t e d  h y d r o c h l o r i c  a c id

on the  m e t a l ,  w h e r e  G a + m a y  be s t r o n g l y  c o m p l e x e d .  ** ^ R e c e n t ly  S th u g  
10and  Sodowski  have  p r e s e n t e d  s t o i c h i o m e t r i c  e v id e n c e  tha t  hot ,  c o n c e n ­

t r a t e d  (11 M) p e r c h l o r i c  a c id  r e a c t s  with  m e t a l  to  y ie ld  h y d r o g e n  p lu s  the  

G a + i n t e r m e d i a t e  and  th a t  th i s  r a p id ly  r e d u c e s  the  p e r c h l o r a t e  ion ,  

p o s s i b l y  b e c a u s e  the  l a t t e r  i s  a  k in e t i c a l l y  m o r e  f a v o r a b l e  h o m o g e n e o u s  

r e a c t i o n  in th i s  so lv e n t  than  p r o d u c t io n  of h y d r o g e n .  Anodic o x id a t io n  of 

g a l l i u m  in a n h y d r o u s  a c e t i c  a c id  h a s  b een  shown to  y ie ld  a g a l l iu m  

w ith  an a v e r a g e  o x id a t io n  n u m b e r  b e tw ee n  1 .2 5  a n d  2 tha t  s lo w ly  e v o lv e s

h y d r o g e n  f r o m  the  so lv e n t  and r e d u c e s  s o m e  of the  s t r o n g e r  o x id is in g  
11 12a g e n t* .  * A s i m i l a r  o x id a t io n  in l iqu id  a m m o n i a  g iv e s  a r e l a t i v e l y  

s t a b le  so lu t io n  w ith  the  g a l l i u m  in an  a v e r a g e  o x id a t io n  s t a t e  of about  

2 . 2 5 .  In n e i t h e r  s tu d y  w a s  the  p r e s u m e d  s o lu t io n  of ga l l ium (I )  f u r t h e r  

c h a r a c t e r i s e d .  A l though  the u n ip o s i t iv e  s t a te  h a s  b e e n  r e p o r t e d  to have  

a t  b e s t  only a  t r a n s i e n t  e x i s t e n c e  in a q u e o u s  s o l u t i o n s ,  it w a s  o b s e r v e d  

s o m e  t im e  ago  th a t  a lk a l i n e  s o lu t io n s  of the  d a r k  p r e c i p i t a t e  d e s c r i b e d  

abo v e  o r  of a g a l l iu m (I )  s a l t  i t s e l f  a r e  a c tu a l ly  s u r p r i s i n g l y  s t a b le .

Som e i h a r a c t e r i a a t i o n  of the  s t a b i l i t y  and  r e d u c in g  p r o p e r t i e s  of th i s  

s y s t e m  a r e  c o n ta in e d  in the  p r e s e n t  p a p e r .

So u t ion  of a  g a l l iu m ( I )  s a l t  su ch  a s  G a 2C.l^ in a q u e o u s  NaCH g i v e s ,  

a s  with p u r e  w a t e r ,  a b l a c k  to d a r k  o r a n g e  p r e c i p i t a t e ,  but th i s  r e a d i l y  

r e d i s s c l v e s  and the  s o lu t io n  p r o c e e d s  t h ro u g h  s h a d e s  of o r a n g e  and ye l low 

to  c o lo  l e s s  in a  few t e n s  of m i n u t e s .  The i n i t i a l l y  v ig o r o u s  r e a c t i o n ,  

p r o b a b . y  l a r g e l y  due  to  the  h y d r o l y s i s  of the  G a C l ’ ion ,  p r o d u c e s  so m e
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5 to 25% (depend ing  on s a m p le  e l s e )  of the  to ta l  p o s s i b l e  h y d r o g e n  by 

r e d u c t io n  of w a t e r  and a l s o  5 to 20% of the  t h e o r e t i c a l  a m o u n t  of m e t a l  

t h ro u g h  d i s p r o p o r t i o n a t i o n  (da ta  fo r  2 M O H ” ). The  p r o d u c t io n  of m e t a l  

m a y  be r e s p o n s i b l e  fo r  the  in i t i a l ly  d a r k  c o l o r  of the  p r e c i p i t a t e ;  it  shou ld  

be e m p h a s i s e d  tha t  g a l l i u m  m e t a l  i s  o b ta in e d  on ly  d u r in g  the i n i t i a l  r e a c t i o n  

with w a t e r .  T he  r e s u l t i n g  so lu t io n  e v o lv e s  h y d ro g e n  h o m o g e n e o u s ly  and 

not f r o m  the w a l l s  of the g l a s s  c o n t a i n e r ,  so  th a t  the q u i e s c e n t  l iqu id  

b e c o m e s  h igh ly  s u p e r s a t u r a t e d  ("pinpoint  h y d ro g e n a t io n " ) .  T he  k in e t i c s

of th i s  r e a c t i o n  in 1 to 4 M NaOH have  b een  m e a s u r e d  by fol lowing the
. . . . . . .  . . -  ......................

r a t e  of h y d ro g e n  ev o lu t io n  f r o m  v ig o r o u s l y  s t i r r e d  s o lu t io n s .  The ne t  

r e a c t i o n  ( C a  + ) -f 2H^O ♦ 2 0 H  — Ga(OH)^ ♦ w a s  found to be f i r s t  

o r d e r  in g a l l iu m ( I ) .  D ata  taken  f r o m  the t i m e  the  so lu t io n  p r o c e s s  

a p p e a r e d  c o m p l e t e ,  5 to 10 m in .  a f t e r  a d d i t io n  of b a s e ,  w e r e  in  a g r e e m e n t  

with th o se  tak en  a f t e r  the  so lu t io n  l o s t  i t s  l igh t  ye l low  to o r a n g e  c o lo r  

15 to 40 m in .  l a t e r ,  the  l o n g e r  t im e  p e r t a in i n g  to  so lu t io n s  l o w e r  in 

h y d ro x id e  c o n c e n t t  a t io n .  R a te  c o n s t a n t  r e s u l t -  c b ta in e d  for  so lu t io n s

3 .5  to 10 m i l l i m o l a r  in g a l l iu m ( l )  a r e  s u m m a r i s e d  in T a b le  I. ** 

C o m p a r i s o n  of the  r a t e  c o n s t a n t s  fo r  s o l v e n t s  m a i n t a i n e d  at  a f ixed ,  

to ta l  c o n c e n t r a t i o n  of 2 c r  4 M by NaClC>4 i n d i c a t e s  th a t  the  r e a c t i o n  is  

a l s o  f i r s t  o r d e r  in h y d r o x id e  ( 0 .9 5  to 1 .0  o b s e r v e d )  o v e r  the r a n g e  s tu d ied .  

G a l l iu m ( l l l )  w a s  found to be w ithout  s i g n i f ic a n t  e f f e c t  on the  r a t e  a l though 

a t  the 0 . 0 5  M l e v e l  it  v i r t u a l l y  e l i m i n a t e s  p r o d u c t i o n  of m e t a l  d u r in g  the 

in i t i a l  so lu t io n  p r o c e s s .  As an in d ic a t io n  of the  s t a b i l i t y  of t h e s e  s o l u ­

t i o n s ,  the r a t e  c o n s t a n t  in 1 .0 0  M b a s e  c o r r e s p o n d s  to a ha lf  l i fe  of
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T a b ic  1

P S E U D O -F I R S T  O R D E R  R A T E  CO N STA N TS F O R  THE D E C O M PO SIT IO N  

O F  A L K A L IN E  SOLUTIONS O F  G a ( G a C l4 ) AT 2 2 -2 4 *

NaOH
M

ad d ed
M

r a t e  c o n s ta n t  
s e c * 1 x 105

0 .9 9 8 3. 7 3 a  0. 1

1 .9 9 8. 3? * 0 . 2

1 .9 9 0. 05 Ga(III) 8. 2 j a 0. 1

1 .9 9 0 . 3  I* 8. 54 a 0. 1

4 . 0 0 —27 a  9

0 . 9 9 0 1 .0 0  N aC 1 0 4 4 . 17? a 0 . 0 4

0 .9 9 2 2. 98 N a C lC 4 5 . 0 6  A 0 . 0 6

1 .9 8 6 2. 00 N a C 1 0 4 9 . 9 3 a  0. 3

2 .9 8 2 1 .0 2  N aC 1 0 4 1 4 .6  A  0 . 5

5 . 2  hr*urs.  T nc  i n c r e a s i n g  r e a c t i v i t y  with i n c r e a s i n g  h y d ro x id e  c o n c e n ­

t r a t i o n ,  c o n t r a r y  to  th a t  fo r  a r e a c t i o n  invo lv ing  p r o to n  r e d u c t io n ,  

s u g g e s t s  th a t  the  r e a c t i o n  e f f e c t i v e ly  t a b e s  p l a c e  th r o u g h  an i n t e r a c t i o n  

of OH* with the  s o l v a te d  Ga* ion to  i n d u c t iv e ly  a f f e c t  t r a n s f e r  of the  

two 4s  e l e c t r o n s  to  w a t e r  of s o lv a t io n ,  f o r m in g  h y d ro g e n  e i t h e r  d i r e c t l y  

(and p r o b a b ly  i n t r a m o l e c u l a r l y )  o r  via a  h y d r id e  i n t e r m e d i a t e .  A t t e m p t s  

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

s u b s t a n t i a l l y  n e g a t iv e ;  e m u l s i o n  p o l y m e r i s a t i o n  of s t y r e n e  in 0. 05 M 

NaOH u s ing  D r a f t  a s  the  e m u l s i f y in g  a g e n t  gave  on ly  fa in t  a m o u n t s  of 

t u r b id i t y  with g a l l iu m (I )  a l th o u g h  a p e r o x y d i s u l f a t e - s u l f i t e  m i x t u r e  w a s  

found to  i n i t i a t e  t h i s  s y s t e m  s a t i s f a c t o r i l y .  In c o n t r a s t  to th e  b e h a v i o r

/
x
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In b a s e ,  a  so lu t io n  of G a ^C l^  in  0 . 3  M HCIO^ p r o d u c e d  a  n e g l ig ib le  quan t i ty  

of h y d r o g e n  a f t e r  the  12 m in .  n e c e s s a r y  to ge t  the  in i t i a l  p r e c i p i t a t e  into  

so lu t io n ,  a l th o u g h  an o r a n g e - b r o w n  c o l o r  p e r s i s t e d  for  m o r e  than  an  h o u r .

C a r e f u l  n e u t r a l i s a t i o n  of the  b a s i c  so lu t io n s  p r o v i d e s  the  i n t e r e s t i n g

r e s u l t  th a t  AH of the  r e d u c e d  g a l l i u m  i s  r e v e r s i b l y  p r e c i p i t a t e d  a s  a f l o e -

c u l e n t ,  whi te  p r e c i p i t a t e  r e s e m b l i n g  h y d r o u s  G a^O ^ .  The r e d u c e d  g a l l i u m

is  r e l a t i v e l y  s t a b le  in t h i s  f o r m  and  m a y  be kept  fo r  m o r e  than  a w e ek

s t o r e d  u n d e r  w a t e r .  On slow a d d i t io n  of a c id  the  so l id  b e g in s  to evo lve

h y d r o g e n  a t  abou t  pHh, and  the so lu t io n  i s  s low  e v en  a t  a pH of 1 to 2.

In the  l a t t e r  c a s e  the sy t . t e m  i s  f r e e  of r e d u c in g  s t r e n g t h  b e f o r e  the

m a t e r i a l  h a s  c o m p l e t e l y  d i s s o l v e d .  T he  m a n n e r  in w h ich  the r e d u c e d

g a l l i u m  i s  so  p r e c i p i t a t e d  i s  not  know n.  No s u g g e s t i o n  of an  a n a lo g u e

of a  g a l l iu m (I )  g a l l a t e  i s  found in the  b e h a v io r  of u n iv a le n t  ions  such  a s

Ag*, T l*  o r  N a T, a s  t h e s e  a r e  not  p r e c i p i t a t e d  a long  with  h y d r o u s  Ga^O^

u n d e r  the  s a m e  c o n d i t i o n s .  On the  o t h e r  hand i t  i s  p o s s ib l e  th a t  such  a 
10 2 ♦s m a l l  d s ion a s  Ga co u ld  be t r u l y  a m p h o t e r i c ,  a l th o u g h  no s u c c e s s  

in f r a c t i o n a t i o n  of the  two o x id a t io n  s t a t e s  a t  h ig h e r  pH v a lu e s  w a s  e v i d e n c e !  

in p r e l i m i n a r y  e x p e r i m e n t s .  E l e c t r o m i g r a t i o n  and ion e x ch a n g e  e x p e r i ­

m e n t s  ami p r e c i p i t a t i o n  s t u d i e s  with  s o lu t io n s  c o n ta in in g  l e s s  than the 

e q u iv a le n t  a m o u n t  of ga l l iu m (H I)  o r  o t h e r  a n io n s  m ig h t  be i n f o r m a t i v e .

A c o n s i d e r a b l e  n u m b e r  of r e d u c in g  r e a c t i o n s  of the  b a s ic  so lu t io n s  

of  G a ^ C l^  w e r e  I n v e s t i g a t e d .  C o n c e n t r a t e d  so lu t io n s  w e r e  m a d e  i p to 

be b e tw e e n  0. 5 and  1 M in Ga* and  n e a r  1 M in f r e e  b a s e  ( p r e s u m in g  

Ga(OH)^ i s  f o r m e d  f r o m  G aC l^)  so  th a t  i n d ic a t i o n s  of the  r e d u c t io n  

p o te n t i a l  would  be m o r e  s ig n i f ican t ,  In a d d i t io n  to r e a c t i o n s  e x p e c te d



with the  s t rong*  r o x id is in g  a g e n t s ,  basic  g a lh u m ( I )  so lu t io n s  r e a d i ly  

r e d u c e  to the  *ne ta i i ic  e l e m e n t ,  u n l e s s  o t h e r w i s e  no ted ,  I M NaOH 

s o lu t io n s  ot T r ,  As0 2 , Cd(CN)^ V  IM CN ")  and 1 M NaOH s a t u r a t e d  

w ith  so l id  PbO  Cd(OH>2 , Til ,  CdS SnO , a n d ,  with w a r m i n g ,  F e ^ O  ^

(to F e ^ O ^ l  a n d  ZntOH)^.  R e ac t io n  is  not found with so lu t io n s  at C r O ^ ,

SO^*, SeO'j* , a s  w e l l  a s  CIO^ and SO^ , k in e t ic  l i m i t a t i o n s  a lo n e  a r e  

a p p a r e n t l y  r e s p o n s i b l e  fo r  the lack of r e a c t i o n  with a l l  of t n e s e  but 

C rO ^  (vide in f r a ) .  F r o m  the s t a n d a r d  r e d u c t io n  p o ten t ia l  fo r  ZnfOH-j)- Zn, ® 

the  w e a k e s t  c o u p le  for  which  r e a c t i o n  ia o b s e r v e d ,  an E g  va lue  of 1 .2 4  v. 

o r  g r e a t e r  is  e s t i m a t e d  fo r  | G a  + | ♦ 4 0 H ’ * G a (O H )’ 4 2e.  With 1 .2 9  v. 

fo r  G * -G a(O H )^ ,  ^  the  G a-G a ( I )  p o te n t i a l  ia  1 .3 9  v. o r  l e s s .

T he  f l e e t in g  e x i s t e n c e  of Ga* in a c id  m a k e s  any  e s t i m a t e  of the  

p o te n t i a l  fo r  the  G a * - < l a i+ coup le  t h e r e i n  s o m e w h a t  m o r e  d i f f ic u l t .

R e a c t i o n s  of a v a r i e t y  of o x id is in g  a g e n t s  with  Ga* in a c id  w e r e  t e s t e d  

by a d d i t io n  of the  n e u t r a l  r e a g e n t  to  the  re d u c in g  p r e c i p i t a t e  at  pH 5 -7  

fo l low ed by s low  a c id i f i c a t io n .  The m a j o r i t y  oi the  o b s e r v e d  r e a c t i o n s  

o c c u r r e d  at  the  poin t  w h e r e  the p r e c i p i t a t e  began  to d i s s o l v e  and r e l e a s e  

h y d ro g e n  r a p i d l y ,  i . e . ,  a t  a  pH of 0 to 2. R e d u c t io n  of s t r o n g e r  o x id i s in g  

a g e n t s  u n d e r  t h e s e  c o n d i t io n s  in c lu d e  C r ^ O * '  to  C * J + , S e O ^ '  to  Se and  

the  k i n e t i c a l l y  m o r e  d i f f ic u l t  SeO^* to Se a n d  C I O '  to C l* .  The  e l e m e n t  

w a s  a l s o  o b t a in e d  f r o m  so lu t io n s  of Sn*4 , As(UI) ,  Cd^ '  and  f r o m  so l id  

P b C l^ ,  whi le  90^*  w a s  r e d u c e d  to H^S a n d  Se e f f e c t iv e ly  to H^Se a s  a 

f u r t h e r  p r o d u c t  f r o m  the above  s e l e n a t e s .  No r e a c t i o n  u n d e r  t h e s e  

c o n d i t io n e  w a s  found with the  s o l id s  Pb 9 D ^ ,  T1C1, T il  and  s o lu t io n s  of 

F e * 4 , N i * 4 a n d  (p ro b ab ly )  C r ^ 4 . Although u n c s r t a i n t i s s  a s  the  e f f e c t iv e

6

I
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*

pH and  the  s t a t e  of the p i o d u c t  gaUium(III )  m a y  d i m i n i s h  s o m e w h a t  the 

q u a n t i t a t iv e  s ig n i f ic a n c e  of t h e s e  o b s e r v a t i o n s ,  r e d u c t io n  of C d 2> o c c u r s  

a t  a su f f i c i e n t ly  high a c id i t y  tha t  U s  s t a n d a r d  p o ten t ia l  a l lo w s  a l ik e ,  

l o w e r  l im i t  of a p p r o x i m a t e l y  0 . 4 0  v. to  be a s s i g n e d  to G a ^ - G a * * .  With 

the  known E* va lue  fo r  G a— G a i 4 , * a n  a p p r o x i m a t e  m a x i m u m  of 0. 79 v. 

c a n  then  he e s t a b l i s h e d  fo r  Ga—G a*.

It wil l  be no ted  th a t  t h e r e  i s  a  s ig n i f ic a n t  d i f f e r e n c e  b e tw e e n  the 

( m a x i m u m )  v a lu e s  so  e s t i m a t e d  fo r  the  G a - G a ( I )  coup le  in a c id  and in 

b a s e ,  0 . 7 9  and  1 .3 9  v. r e s p e c t i v e l y .  Although the  a c id  va lu e  is  p r o b a b ly  

l e s s  r e l i a b l e ,  the  Ga*— Ga* + p o te n t i a l  e s t i m a t e d  d i r e c t l y  would  have  to 

be 0. 10 v . ,  in d i s t i n c t  c o n f l i c t  w i th  the  o b s e r v e d  r e d u c t io n  of C d ’ *, in 

o r d e r  fo r  the  a b o v e ,  d e r i v e d  v a lu e s  to  a g r e e .  A m o r e  p l a u s ib l e  e x p l a n a ­

t ion  would be th a t  the Ga— G a + c o u p le  i s  indeed  not pH in d ep e n d en t ,  a s  

e x p e c te d  fo r  the s i m p le  h y d r a t e d  ion ,  but r a t h e r  th a t  g a l l ium (I)  i s  m o r e  

s t a b le  in b a s e  by a bou t  0 . 6  v. due  to a sp e c i f ic  c o m p le x in g  r e a c t i o n  with 

the  h y d r o r i d e  ion .  Such a c o n d i t io n  m ig h t  a l s o  be i n f e r r e d  f r o m  the e n ­

h a n c e d  k in e t ic  s t a b i l i t y  of su c h  a s o lu t io n  a s  wel l  a s  the  p r e c i p i t a t i o n  

b e h a v io r  d i s c u s s e d  e a r l i e r .

T ak e n  a t  face  v a lu e ,  the  abo v e  e s t i m a t e d  p o t e n t i a l s  in d ic a te  th a t  

g a l l iu m (I )  sh o u ld  be s t a b le  with  r e s p e c t  to  d i s p r o p o r t i o n a t i o n  in e i t h e r  

a c id  o r  b a s e .  H o w e v e r ,  t h i s  c o n c lu s io n  m a y  a p p e a r  s o m e w h a t  e q u iv o ca l  

when  i t  i s  no ted  th a t  the  m i n i m u m  p o t e n t i a l s  d e d u c e d  fo r  Ga(I)— Ga(III) 

would  have  to be on ly  0. 13 a n d  0 . 0 5  v. l a r g e r ,  r e s p e c t i v e l y ,  in o r d e r  

to  have  an e q u i l i b r i u m  c o n s t a n t  of u n i ty  fo r  the d i s p r o p o r t i o n a t i o n .  That
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su c h  an  o v e r - a i l  d e c o m p o s i t i o n  r e a c t i o n  i t  not o b e e r  'ed o t h e r  than  d u r in g  

the i n i t i a l ,  v ig o r o u s  so lu t io n  p r o c e s s  h a s  a l r e a d y  been n o ted .  Although 

the a to m i c a l l y  d i s p e r s e d  m e ta l  so p r o d u c e d  co u ld  c o n c e iv a b ly  r e a c t  a s  

r a p id ly  a s  f o r m e d  with  the  ac?dic o r  bas ic  so lu t io n s  a t  the  c o n c e n t r a t i o n s  

u s e d ,  c o n t r a r y  to the  b e h a v io r  of the  hulls m e t a l ,  it i s  d i f f ic u l t  to s e e  how 

a r a t e - d e t e r m i n i n g  d i s p r o p o r t io n . . t i o n  r e a c t i o n  in b a se  co u ld  be f i r s t  o r d e r  

in g a l t iu m ( I ) .  The e f f e c t  of ga l l ium (III )  in a l m o s t  e l im in a t in g  the f o r m a t io n  

of m e t a l  d u r i n g  the in i t i a l  so lu t ion  p r o c e s s  m a y ,  h o w e v e r ,  be the  r e s u l t  

of a r e a c t i o n  with  the f inely d i s p e r s e d  m e t a l .

As no ted  a b o v e ,  a d e f in i te  r e d u c t io n  of CIO^ to Cl"  is  o b ta in e d  a s  the  

p r e c i p i t a t e  g o e s  in to  so lu t io n  in d i lu te  HCIC^ a l though  the y ie ld  is s m a l l  

c o m p a r e d  to the  evo lu t ion  of h y d r o g e n  The p e r c h l o r a t e  ion i s ,  of c o u r s e ,  

both a m u c h  w e a k e r  and  a n o t o r io u s ly  s l o w e r  o x id is in g  ag en t  r r d a r  1 j v (i 

c o n d i t i o n s  th an  m the h'»t, c o n c e n t r a t e d  w h e re  th is  r e a c t i o n  i s  a l s o

i n d ic a t e d ,  so  tha t  f u r t h e r  e v id e n c e  of the  r e d u c in g  c a p a b i l i t i e s  of Ga(I) 

i s  p r o v i d e d .  A c o n s i d e r a b l e  r e d u c t io n  of NO  ̂ and  SO^ (to S and H,S) 

i s  a l s o  o b s e r v e d  on d i r e c t  so lu t ion  of G a ^ C l^  in the  0. 1 N a c i d s .

O t h e r ,  m o r e  d i r e c t  m e th o d s  for  the  p r o d u c t i o n  of the  b a s ic  g a l l iu m ( l )  

s o lu t io n s  have  a l s o  been  i n v e s t i g a t e d .  The e q u i l i b r a t io n  of a so lu t io n  Z M 

in NaOH and  0 . 0 5  M in Ga(lII) with  l iq u id  g a l l i u m  m e ta l  fo r  Z 4  h o u r s  d o e s  

not  g ive  a n y  d e t e c t a b l e  a m o u n t  of r e d u c in g  s t r e n g t h  in so lu t io n ,  p r e s u m a b l y  

due  to k ine t ic  l i m i t a t i o n s  a c c o rd in g  to (the  above  d a ta .  S i m i l a r l y ,  the 

c o m m o n  m e th o d  fo r  p ro d u c t io n  of m e t a l ,  the  r e d u c t io n  of b a s ic  g a l l a t e  

so lu t io n s  on a p la t in u m  c a th o d e ,  g iv e s  no r e d u c in g  i n t e r m e d i a t e  in
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e i t h e r  I o r  3 M OH . H o w ev e r ,  the  anod ic  o x id a t io n  of l iqu id  g a l l i u m  into 

well  - s t i r r e d  1 M NaOH (at 35* and 17 to a t  l e a s t  170 m a . / c m / )  doe» 

p r o d u c e  d e f in i te  z n o u n t s  of g a l l iu m ( I ) ,  a l th o u g h  the ( u n d e t e r m i n e a )  e f ­

f i c i e n c y  fo r  t h i s  d o e s  not a p p e a r  to be p a r t i c u l a r l y  l a r g e .  17 C o n c e n ­

t r a t i o n  of the  r e d u c in g  s t r e n g th  a f t e r  such  anodic  ox id a t io n  by p r e c i o i -
%

ta t ion  of the  m ix e d  oxide  t h e r e b y  a l lo w s  the p r e p a r a t i o n  of m o d e r a t e l y  

c o n c e n t r a t e d  s o lu t io n s  f a r  m o r e  e a s i l y  than  via a  g a l l ium (I)  s a l t .  The  

fo reg o in g  r e s u l t s ,  a l though  to s o m e  e x te n t  p r e l i m i n a r y  in n a t u r e ,  do 

ina. .:ate s o m e  of the  i n t e r e s t i n g  and  p o te n t i a l ly  u se fu l  p r o p e r t i e s  of b a s i c  

so lu t io n s  of g a i i i u m ( l ) .

E x p e r i m e n tal

The k i n e t i c s  of r e d u c t io n  of H^O by b a s ic  so lu t io n s  of G a ^ C l^  w e r e  

s tu d ied  in s s a m p l e  c o n ta in e r  c o n s t r u c t e d  f r o m  a 4 0 / 5 0  s t a n d a r d  t a p e r  

jo in t  s e a l e d  a t  both end* to m a k e  a c e l l  abou t  6 1 /2  in. h igh.  The i n t e r n a l  

s t i r r e r  c o n s i s t e d  of s g l a s s  rod  with a g l a s s - e n c l o s e d ,  A ln ico  ro d  m a g n e t  

s e a l e d  a c r o s s  the rod  n e a r  the top and g l a s s  s t i r r i n g  b la d e s  fu se d  on to  the  

s a m e  roil n e a r  the b o t to m .  The .-od w a s  b lun t ly  p o in ted  a t  both e n d s  so 

tha t  it fit  in to  a d im p le  in the  top of the c o n t a i n e r  and the n a r r o w  open ing  

oi a c a p i l l a r y  s to p c o ck  in the c e n t e r  of the  b o t to m  p i e c e .  The  len g th  of 

the s t i r r e r  w a s  a d ju s t e d  so that  it co u ld  be t u r n e d  r a p id ly  with a m i n i m u m  

of v ib r a t io n  w hen  the c o n ta c t s  w e r e  l u b r i c a t e d  with  a s m a l l  a m o u n t  of 

f l u o r o c a r b o n  g r e a s e .  A c o n v e n t io n a l ,  m a g n e t i c  s t i r r e r  i n v e r t e d  o v e r  

the top of the  c e l l  a c t u a t e d  the s t i r r i n g  rod .

The s a m p l e  of G a ^ C l^ ,  p r e p a r e d  a s  before ,*  w as  i n t r o d u c e d  in to  the 

c e l l  in the d r  /  box o r  qu ick ly  in the  a t m o s p h e r e ,  the  c e l l  e v a c u a t e d ,  and 

about  90 rnl .  of so lv e n t  a d m i t t e d  th r o u g h  the l o w e r  s to p c o ck .  The c e l l



10

w a i  © r e s s u r i a e d  t h r o u g h  a n  u p p e r ,  s i d e  s t o p c o c k  w i t h  N .  p r e v i o u s l y
t j f '

e q u i l i b r a t e d  w i t h  t h e  s o l v e n t , a n d  t h e n  o p e n e d  t o  t h e  g a s  b u r e t .  H y d r o g e n  

e v o l u t i o n  w a s  m e a s u r e d  a t  c o n s t a n t  p r e s s u r e  t o  * 0 . 0 1  m l .  f o r  o n e  to  

f o u r  h a l f - l i v e s ,  w i t h  t h e  r e s u l t s  c o r r e c t e d  f o r  t h e  v a p o r  p r e s s u r e  of  t he  

s o l u t i o n  a r u  f o r  a n y  c h a n g e s  in a m b i e n t  p r e s s u r e  o r  t e m p e r a t u r e .  T h e

c e l l  v a a  a l s o  immerse'* m a l a r g e  b e a k e r  of  w a t e r  a n d  t h e  s t i r r e r  a i r -
£

<-ooled to i e d u c e  s o l u t i o n  t e m p e r a t u r e  v a r i a t i o n  d u r i n g  a r u n  t o  l e s s  

t h a n  l * .  T h e  . e d u c i n g  s t r e n g t h  a t  t h e  c o m p l e t i o n  of  ?*» e x p e r i m e n t ,  

w a s  d e t e r m i n e d  by  a d d i t i o n  of s t a n d a r d  t r i i o d i d e  s o l u t i o n  to a n  a l i q u o t ,  

f o l l o w e d  by  a c i d i f i c a t i o n  a n d  b a c k  t i t r a t i o n .  A t m o s p h e r i c  o x y g e n  d o e s  

no t  a p p e k r  t o  s h o w  a s i g n i f i c a n t  r e a c t i o n  w i t h  t h e  s o l u t i o n s .  M o s t  o f  

t h e  r a t e  d a t a  w e r e  e v a l u a t e d  f r o m  t h e  u s u a l  r e l a t i o n s h i p  b e t w e e n  log  C 

a n d  t i m e ,  a l t h o u g h  t h e  d a t a  w e r e  e v a l u a t e d  i n d e p e n d e n t l y  of C ? in t h e  

f e w c a s e s  w h e r e  t h i s  v a l u e  w a s  u n c e r t a i n  f r o m  p l o t s  of t h e  g r a p h i c a l l y  

d e r i v e d  f u n c t i o n  d C / d t  v ^ .  C .  C o m m e r c i a l  N a C l O ^  w a s  f o u n d  tc* c o n t a i n  

i m p u r i t i e s ,  p r o b a b l y  N a C I O  t h a t  r e a c t  w i t h  i o d i n e  s o l u t i o n s ,  *o t h a t

t h e  d a t a  g i v e n  in T a b l e  I w e r e  o b t a i n e d  u s i n g  N a C 1 0 4 p r e p a r e d  by r e a c t i o n
€ :

of r e a g e n t  g r a d e  N a O H  a n d  H C I O ^ .  T h e  N a C l O ^  a n d  f r e e  a c i d  o r  b a s e  

c o n c e n t r a t i o n s  in  t h e  p r o d u c t  w e r e  d e t e r m i n e d  b y  t i t r a t i o n  b e f o r e  a n d  

a l t e r  e x c h a n g e  of  t h e  s o l u t i o n  w i t h  D o w e x - 5 0  in t h e  a c i d  c y c l e .
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(1 5 ) .  C a l c u l a t e d  f r o m  d a t a  g i v e n  in  " S t a b i l i t y  C o n s t a n t . " ,  c o m p i l e d  by

J ,  B j e r r u m ,  G .  S c h w a r a e n b a c h ,  a n d  L .  G .  S i tWit ,  P a r t  II ,  C h e m i c a l  

S o c i e t y ,  L o n d o n .  1 9 5 8 ,  p. 2 1 .  T h e  E £  o f  c a .  1 . 2 2  v .  g i v e n  by  

L a t i m e r  ( R e f .  8) a p p e a r ,  t o  be  lo w  e i n c e  t h e  a c i d  i o n i s a t i o n  c o n s t a n t  

< 0  e s t i m a t e d  f o r  t h e  h y d r o u s  o x i d e  ( G a ' O H ) ?(s )  ♦ H , 0  *

G a ( O H ) 4 + H ] i s  o n l y  0 . 2 5 %  of t h a t  g i v e n  f o r  t h e  b e t t e r  c h a r a c t e r i s e d  

i o n i s a t i o n  o f  h y d r o u s  a l u m i n u m  o x i d e ,  w h e r e a s  t h e  g a l l i u m  c o m ­

p o u n d  i s  w e l l  r e c o g n i s e d  to  be  m o r e  a c i d i c .  A l i k e  v a l u e  o f  E  * ,
JD

1 . 2 9  * 0 .  02 v.  , i s  a l s o  o b t a i n e d  if  p K gp i s  t a k e n  a s  - 35 .  0 to  - 36 .  5 

■ l a b i l i t y  C o n s t a n t s " )  a n d  p K * ^  i s  a s s u m e d  to  be 1 to  2 u n i t s  m o r e  

p o s i t i v e  t h a n  t h a t  g i v e n  b y  L a t i m e r  f o r  a l u m i n u m .

( 1 6 )  . A s  e x p e c t e d ,  a n o d i c  o x i d a t i o n  o f  a l u m i n u m  u n d e r  t h e s e  c o n d i t i o n s

g i v e s  n o  r e d u c i n g ,  s o l u t e  s p e c i e s .

( 1 7 )  . A c c o r d i n g l y ,  s t u d i e s  o f  t h e  d i s s o l u t i o n  of  g a l l i u m  in  a l k a l i n e  s o l u t i o n

(1 .  O ' M .  B o c k r i s  a n d  M .  E n y o ,  J .  E l c c t r o c h c m . S o c . , 1 0 9 , 48 

(1 9 6 2 ) )  s h o u l d  i n c l u d e  c o n s i d e r a t i o n  of  s u c h  a  r e a c t i o n .


