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SUMMARY 

The p rob lem under c o n s i d e r a t i o n in t h i s work was t w o f o l d ; f i r s t , 

t o e s t a b l i s h t h e n a t u r e o f t h e h a l o - h y d r o x o complexes o f p l a t i n u m ( I V ) 

e x i s t i n g in aqueous s o l u t i o n and s e c o n d , t o d e t e r m i n e t h e s p e c t r a l a b s o r p 

t i o n c u r v e s o f t h e s e c o m p l e x e s . 

The compounds a c t u a l l y s t u d i e d were c h l o r o h y d r o x o and bromohydroxo 

p l a t i n a t e s r e p r e s e n t e d by t h e g e n e r a l fo rmula P t X ^ n(0H)~, where X i s 

c h l o r i d e o r bromide and n v a r i e s from z e r o t o s i x . 

The c h i e f t o o l o f t h e i n v e s t i g a t i o n was t h e mole r a t i o method, 

which r e l a t e s c h a n g e s i n some m o l a r p r o p e r t y , in t h i s c a s e , s p e c t r a l a b 

s o r p t i o n , w i th t h e chang ing s t o i c h i o m e t r y o f t h e s o l u t i o n . I f a s e r i e s 

o f s o l u t i o n s i s made up, each c o n t a i n i n g t h e same mola r c o n c e n t r a t i o n o f 

c e n t r a l i o n but w i t h v a r y i n g r a t i o s o f l i g a n d i o n s t o c e n t r a l i o n , and 

i f t h e spec t rum o f e ach o f t h e s e s o l u t i o n s i s measured , then t h e p r e s e n c e 

o f a s t a b l e complex w i l l be shown by a change o f s l o p e i n an a b s o r b a n c y 

v e r s u s m o l e - r a t i o p l o t a t some w a v e l e n g t h . I f no such change o f s l o p e 

o c c u r s a t any w a v e l e n g t h , t h e complex o f t h a t mole r a t i o does n o t , i n 

a l l l i k e l i h o o d , e x i s t as a s t a b l e e n t i t y . 

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

t r a n s f e r t y p e which a r e c h a r a c t e r i z e d by v e r y l a r g e v a l u e s o f t h e mola r 

e x t i n c t i o n c o e f f i c i e n t . C o n s e q u e n t l y , t h e s o l u t i o n s t e s t e d were e x 

t r e m e l y d i l u t e , 10~ 3 t o 10~ 5 M i n a l l p l a t i n a t e s . The l i g a n d t o c e n t r a l 

i on mole r a t i o was v a r i e d from z e r o t o s i x i n h a l f - u n i t s t e p s . The 
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s o l u t i o n s were a c i d i f i e d w i th p e r c h l o r i c a c i d so t h a t t h e hydrogen ion 

c o n c e n t r a t i o n would remain e s s e n t i a l l y c o n s t a n t . Pu re N a 2 P t ( 0 H ) g was 

used as t h e p r i m a r y p l a t i n u m s a l t i n compounding t h e s o l u t i o n s , w h i l e 

pure NaCl and NaBr were used a s l i g a n d s o u r c e s . The s o l u t i o n s were 

e q u i l i b r a t e d a t 5 0 ° C . i n a c o n s t a n t t e m p e r a t u r e b a t h b e f o r e making 

s p e c t r a l m e a s u r e m e n t s . The l a t t e r were made wi th a Beckman DK r e c o r d i n g 

s p e c t r o p h o t o m e t e r i n t h e w a v e l e n g t h r e g i o n from 2 0 0 mji t o 3 5 0 mjj,, s i n c e 

t h i s i s t h e r e g i o n where t h e h a l o p l a t i n a t e s a b s o r b . 

The e q u i l i b r a t e d s o l u t i o n s o f t h e c h l o r o p l a t i n a t e s were 2 . 9 2 x 

1 0 " 4 M in p l a t i n a t e and 2 . 4 0 M i n p e r c h l o r i c a c i d . The s o l u t i o n s 

were d i l u t e d t e n f o l d f o r t h e purpose o f s p e c t r a l measu remen t . I t was 

e s t a b l i s h e d t h a t t h e e q u i l i b r i a a c t u a l l y measured were t h o s e which o b 

t a i n e d i n t h e s o l u t i o n s b e f o r e t h e d i l u t i o n . The mole r a t i o p l o t s o f 

t h e s e s o l u t i o n s d e m o n s t r a t e d t h a t P t C l = , P t C l ( 0 H ) = and P t C l ( 0 H ) = 
6 4 2 2 4 

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

The p r e s e n c e o f i s o s b e s t i c p o i n t s in t h e s p e c t r a o f s o l u t i o n s w i t h 

C l / P t r a t i o s above f o u r , d e m o n s t r a t e d t h e p r e s e n c e o f o n l y two s p e c i e s 

i n t h e s e s o l u t i o n s . One o f t h e s e s p e c i e s was known from t h e s p e c t r a t o 

be f"t01g . The c o n t r i b u t i o n o f t h i s s p e c i e s was s u b t r a c t e d , by a 

g r a p h i c a l method, from t h e o v e r a l l s p e c t r u m l e a v i n g t h e spec t rum o f t h e 

o t h e r s p e c i e s . The e v i d e n c e o f t h e mole r a t i o p l o t s coup l ed wi th t h e 

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

tween P ^ C l " and P t C l 4 ( O H ) ~ makes c e r t a i n t h e a s s i g n m e n t o f t h i s 

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



S o l i d PtCl was p r e p a r e d and t h e spec t rum o f i t s aqueous s o l u 

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

P t C l = and P t C l ^ ( O H ) ~ d e m o n s t r a t e d t h a t t h e d i s s o l u t i o n r e a c t i o n was 

n o t s imp ly t h e f o r m a t i o n o f P t C l (OH)~ . Al though t h i s r e a c t i o n cou ld 

n o t be f u l l y e l u c i d a t e d , i t was shown t h a t i t r e s u l t e d i n a s o l u t i o n in 

which h a l f t h e p l a t i n u m was i n t h e form o f P t C l = . 
6 

S o l u t i o n s o f b r o m o - p l a t i n a t e s were made, each 2 . 9 2 x 1 0 " 3 M in 

p l a t i n a t e and 2 .40M in p e r c h l o r i c a c i d . The B r / P t r a t i o was v a r i e d 

from z e r o t o s i x in h a l f u n i t s t e p s . T h e s e s o l u t i o n s were e q u i l i b r a t e d 

a t 5 0 ° C , and t h e n d i l u t e d one hundred f o l d f o r t h e pu rpose o f r e c o r d i n g 

t h e s p e c t r a . The s o l u t i o n s w i t h a B r / P t r a t i o g r e a t e r than f o u r gave 

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

s p e c i e s i n t h e s e s o l u t i o n s . Comparison o f t h e s e s p e c t r a w i t h t h e s p e c 

trum- o f pure P t B r " made i t p l a i n t h a t one o f t h e s p e c i e s was P t B r " . 
6 6 

S u b t r a c t i o n o f t h e c o n t r i b u t i o n o f P t B r " , by a g r a p h i c a l method, from 

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

s e c o n d s p e c i e s . The mole r a t i o p l o t s showed t h a t t h i s s e c o n d s p e c i e s 

must be e i t h e r P t B r ( O H ) = o r P t B r (OH)~~ . T r i a l e q u i l i b r i a o f each 
4 2 2 4 

o f t h e s e s p e c i e s w i t h P t B r ~ y i e l d e d c o n s t a n t e q u i l i b r i u m c o n s t a n t s 

o n l y w i t h PtBr^COH)J . C o n s e q u e n t l y t h e r e c o n s t r u c t e d spec t rum was 

a s s i g n e d t o P t B r 4 ( 0 H ) = . 

The h y d r o l y s i s o f a s o l u t i o n o f p " t B r g w a s f o l l o w e d by r e c o r d 

i n g t h e change o f t h e s p e c t r u m wi th t i m e . The s u c c e s s i v e s p e c t r a o f t h e 

h y d r o l y z i n g s o l u t i o n d i s p l a y e d i s o s b e s t i c p o i n t s and a l s o i n d i c a t e d t h e 



presence of PtBr" . Subtraction of the contribution of this species 

led to the obtention of the spectrum of PtBr (0H)~~ , Concentrations 
r- 4 ' 2 

of the two species were obtained from the spectra and comparison of 

these with the times of hydrolysis showed that the kinetics of the reac

tion were first order reversible with k + k ; equal to 0.107 min" 1. 
Solid PtBr was> dissolved in water and its spectrum recorded* 4 

The change in the spectrum with time indicated that the dissolution 

resulted in the formation of PtBr^ , containing exactly half of the total 

platinum, followed by the hydrolysis of this PtBr - to PtBr (0H)~ . 
6 4 <J 

The kinetics were shown to be apparent first order with k equal to 

0.0166 min""1. Comparison of k with k + k; shows that the hydrolysis 

was acid catalyzed. 

A study of the hydrolysis of PtBr21 confirmed that it was light 
6 

catalyzed and that the equilibria obtained were independent of the reac

tion mechanism. 

The bromoplatinate solutions with Br/Pt less than 3.5 contained 

precipitates of platinic acid. A study of the spectra and stoichiometry 

of these solutions demonstrated that PtBr(OH)^ is not a stable species. 

Analysis of the mother liquors made possible the estimation of the solu

bility product constant of platinic acid as 7.3 x 10" 4 . 

The following equilibrium constants were estimated by comparing 

various equilibria. 

(A) Pt(0H)= + 2H++2Br~ 2 PtBr 2(0H)^ + 2H 20 K A = 9.3 x 10 7 

(B) Pt(0H)= + 4H ++4Br" Z PtBr4(0H)= + 4H 20 Kg = 2.2 x 1 0 1 4 

(C) Pt(0H)= + 6H++6Br" £ PtBr^ + 6 H g0 KQ = 1.8 x 1 0 1 7 



ix 

The measurement of the concentration and pH of a solution of 

sodium platinate enabled the estimation of the hydrolytic constant of 

sodium platinate as 1.6 x 10~ 8 and the estimation of the second ioniza

tion constant of platinic acid as 6.25 x 10~ 7. 



CHAPTER I 

INTRODUCTION 

T h i s work was u n d e r t a k e n f o r t h e purpose o f a p p l y i n g a b s o r p t i o n 

s p e c t r o p h o t o m e t r y t o t h e s t u d y o f t h e h a l o - h y d r o x o complexes o f p l a t i n u m 

( I V ) e x i s t i n g in aqueous s o l u t i o n . The p rob lems i n v o l v e d were two: 

f i r s t , t o e s t a b l i s h t h e n a t u r e o f t h e s p e c i e s e x i s t i n g in s o l u t i o n and , 

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

complexes o f p l a t i n u m ( I V ) were o r i g i n a l l y s e l e c t e d as t h e s u b j e c t s o f 

t h e i n v e s t i g a t i o n b e c a u s e a l l t h e members o f t h e s e r i e s P t C l ( O H ) = , 
6-n n 

where n v a r i e s from z e r o t o s i x , had been p r e p a r e d and i s o l a t e d e i t h e r 

as t h e f r e e a c i d s o r t h e i r s a l t s ( l ) . I t was i n i t i a l l y hoped t h a t t h e 

s p e c t r u m o f each member c o u l d be e s t a b l i s h e d , and t h a t some u s e f u l c o r 

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

B e c a u s e o f d i f f i c u l t i e s e n c o u n t e r e d in s y n t h e s i z i n g t h e c h l o r o 

complexes by t h e p u b l i s h e d me thods , t h e bromo complexes were soon s u b 

s t i t u t e d f o r t h e c h l o r o complexes a s o b j e c t s o f s t u d y . T h i s s u b s t i t u 

t i o n a l s o had t h e a d v a n t a g e t h a t t h e a b s o r p t i o n o f t h e bromo complexes 

was n e a r e r t h e v i s i b l e r e g i o n o f t h e s p e c t r u m . Only a f t e r t h e bromo 

complexes had been s t u d i e d were t h e c h l o r o complexes r e - e x a m i n e d . 

The h i s t o r y o f work b e a r i n g on t h e f i r s t p rob lem men t ioned 

above i s l o n g . S i n c e t h e days o f W e r n e r , t h e s tudy o f t h e complexes 

o f p l a t i n u m has commanded t h e i n t e r e s t s o f many c h e m i s t s . Tha t t h i s 

i n t e r e s t has been c h i e f l y in s y n t h e s i s r a t h e r than a n a l y s i s i s a t t e s t e d 
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to not only by the almost awesome variety of such complexes but also by 

the extreme paucity of information concerning their physical attributes. 

Obviously, before Werner proposed his theory of secondary valences, 

there could be no systematic study of complexes in any event. Still, 

more than a half century later, surprisingly little work has been done 

concerning the solution chemistry of such well known compounds as the 

halo-platinates• 

It is to be expected that complexes with Pt(lV) as a central 

atom would be kinetically inert, because of the large loss of crystal 

field stabilization energy which would be entailed in forming the 

transition state (2). This expectation is borne out by various studies 

of exchange and substitution reactions of Pt(lV) complexes (3). It 

should be particularly noted that hydroxide ion is not a good substi

tution reagent for platinum (IV) octahedral complexes (4), because of 

a slow reaction rate. Despite this kinetic inertness, it has long been 

known that changes take place in the aqueous solutions of halo-plati-

nates, which culminate in the production of precipitates of platinic 

acid, H Pt(OH) (5,6). The change is due to the slow substitution 
2 6 

of halide ligands by hydroxy groups, to a degree dependent on the 

relative amounts of platinum complex and free halide in the solution. 

Furthermore, the substitution has always been presumed to be step-wise 

so that various members of the series PtX (0H)~ may be present in a 
6-n n 

given solution (3). This premise of step-wise substitution is based 

on the aforementioned fact that, when X is Cl, all members of the 

series have been prepared. In the classical work of Miolati (l) all 
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t h e members o f t h e s e r i e s e x c e p t P t C l ( 0 H ) ~ were p r e p a r e d . A b r i e f 

summary ( i n E n g l i s h ) o f h i s work i s g i v e n by Emeleus and Anderson ( 7 ) . 

Very r e c e n t l y , s a l t s c o n t a i n i n g t h e P t C l (OH)^ ion have been r e p o r t e d 

( 8 ) . 

A. M i o l a t i ( 9 ) c o n c l u d e d , from c o n d u c t i v i t y measurements and 

c h a r a c t e r i z a t i o n o f p r e c i p i t a t e d s a l t s , t h a t s o l u t i o n s o f P t C l c o n 

t a i n e d t h e an ion P t C l (OH)= . B r i t t o n and Dodd ( 1 0 ) r e p e a t e d t h i s s t udy 

and found t h a t t h e c o n s t i t u t i o n o f an aqueous s o l u t i o n o f P t C l cou ld 

be f o r m a l l y r e p r e s e n t e d as P t C l ( 0 H ) 3 . Heymann ( l l ) i n v e s t i g a t e d t h e 

e f f e c t o f ca rbon on t h e h y d r o l y s i s o f P t C l and found t h a t a l l t h e 
4 

p l a t i n u m and t h r e e - e i g h t h s o f t h e c h l o r i d e s were adso rbed by t h e c a r b o n . 

B o l l and J o b ( 5 , 6 ) s t u d i e d t h e p h o t o c h e m i c a l h y d r o l y s e s o f 

O.OOOl N s o l u t i o n s o f H P t C l , H PtCl (OH), H P t C l ( O H ) 9 , and 

H 2 P t C l 2 ( 0 H ) 4 , u s i n g c o n d u c t i v i t y measu remen t s , and c o n c l u d e d t h a t 

t h e same p r o d u c t was formed in a l l c a s e s , v i z . , H 2 P t ( 0 H ) g ' H 2 P t C l ( 0 H ) 5 

L a t e r B o l l ( 1 2 ) , u s i n g t h e same e l e c t r o m e t r i c method, examined t h e 

h y d r o l y s i s o f P t C l . He found an i n i t i a l r a p i d r e a c t i o n which he 

a t t r i b u t e d t o f o r m a t i o n o f H 2 P t C l 4 ( 0 H ) 2 . T h i s was f o l l o w e d by a 

second h y d r o l y s i s r e a c t i o n , which p r o c e e d e d v e r y s l o w l y in d a r k n e s s , 

but which c o u l d be i n c r e a s e d i n r a t e by a t l e a s t a f a c t o r o f 1 0 0 by 

use o f u l t r a v i o l e t r a d i a t i o n . 

A r c h i b a l d and G a l e ( 1 3 , 1 4 ) s t u d i e d t h e h y d r o l y s e s o f K 2 P t C l 6 

and K c P t B r _ and found t h a t bo th r e a c t i o n s were a c c e l e r a t e d by l i g h t . 

T h e i r work w i l l be d i s c u s s e d a t g r e a t e r l e n g t h in C h a p t e r s IV and V 

o f t h i s t h e s i s . 
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Some o b s e r v a t i o n s on t h e h y d r o l y s i s and l i g a n d exchange r e a c t i o n s 

o f PtCl a r e i n c l u d e d in a r e c e n t s t udy o f t h e complexes o f s e v e r a l o f 

t h e p l a t i n u m group m e t a l s ( 1 5 ) . 

Schmidt and Herr ( 1 6 ) , in t h e c o u r s e o f s t u d y i n g t h e r a t e o f t h e 

i s o t o p i c e x c h a n g e between B r " and t h e hexabromo complexes o f t h e p l a t i 

num m e t a l s , made some o b s e r v a t i o n s r e g a r d i n g t h e h y d r o l y s i s o f t h e 

P t B r ~ i o n . They found t h a t t h e hexabromo complex o f p l a t i n u m i s much 
6 

more s u s c e p t i b l e t o l i g h t c a t a l y z e d h y d r o l y s i s than a r e t h e ana logous 

rhen ium, osmium and i r i d i u m c o m p l e x e s . They su rmised t h a t t h e h y d r o l y 

s i s might p r o c e e d t h rough t h e f o r m a t i o n o f a *P tBr f r e e r a d i c a l . 

In a l l o f t h e s e s t u d i e s , even when p h o t o c h e m i c a l e f f e c t s were 

i m p o r t a n t , on ly s u b s t i t u t i o n r e a c t i o n s were o b s e r v e d . 

Many w o r k e r s have measured t h e s p e c t r a o f e i t h e r PtCl*~ , P t B r = , 
6 6 

o r b o t h . Among t h e s e a r e Samuel and Despande ( l 7 ) , K i r k l a n d and Yoe 

( 1 8 ) and J o r g e n s e n ( 1 9 ) . Good ag reemen t as t o maxima p o s i t i o n s and e x 

t i n c t i o n c o e f f i c i e n t s e x i s t s between t h e i r r e s u l t s and t h o s e o b t a i n e d 

in t h e p r e s e n t i n v e s t i g a t i o n . 

The s p e c t r a o f t h e s e c o m p l e x e s , and presumably o f t h e h a l o -

hydroxo c o m p l e x e s , c o n s i s t o f two t y p e s o f bands : low i n t e n s i t y bands 

in t h e v i s i b l e r e g i o n , and h i g h i n t e n s i t y bands in t h e u l t r a v i o l e t 

r e g i o n . T h e s e l a t t e r bands o f v e r y s t r o n g a b s o r p t i o n a r e g e n e r a l l y 

c a l l e d " e l e c t r o n t r a n s f e r " o r " c h a r g e t r a n s f e r " b a n d s . The e x t i n c t i o n 

c o e f f i c i e n t s a r e , t y p i c a l l y , o f t h e o r d e r o f 1 , 0 0 0 t o 1 0 , 0 0 0 which i s 

c o n s i d e r a b l y g r e a t e r than t h e v a l u e s o f 0 . 1 t o 100 which a r e a s s o c i a t e d 

w i th t h e d-d t r a n s i t i o n s o f t h e v i s i b l e s p e c t r a . T h i s h i g h i n t e n s i t y 
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is due not only to the lack of hindering selection rules but also to 

the large change in polarity between the ground state and the excited 

state. Since the spectra measured in this research are chiefly of 

mixtures in which a low intensity band of one complex is obscured by 

the high intensity band of another,'attention will be restricted to the 

"electron-transfer" spectra. 

Although a knowledge of the theory of electron-transfer spectra 

is not necessary to the resolution of the problems investigated in 

this work, it will not be amiss to briefly mention a few of the chief 

expositions of this subject. There is a good, but somewhat dated, 

review by Rabinowitch (20). Mulliken and Rieke (2l) have treated the 

phenomenon quantum mechanically. Platzman and Frank (22) have proposed 

an electron well mechanism for the charge transfer. A review of Orgel 

(23) covers the following subjects: charge-transfer spectra in the 

crystalline and the gaseous states, the spectra of simple and complex 

ions in solution, and the photochemical reactions involving charge-

transfer. Ballhausen (24) has discussed the problem of the intensities 

of the bands. Jorgensen (19, 25) has interpreted the spectra of the 

hexa-halide complexes of Group VIII metals (including PtCl"", PtBr~, 

and Ptlg) in terms of group theory and made band assignments accord

ingly. 

As the term indicates, the characteristic feature of an electron-

transfer spectrum Is that the absorption of light leads to the transfer 

of an electron from one part of the system to another. In the particular 

case of concern, an electron is transferred from the halide ligand to 
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t h e p l a t i n u m . In J o r g e n s e n T s a n a l y s i s ( 2 5 ) t h e e l e c t r o n t r a n s f e r 

band o f l o w e s t e n e r g y i s assumed t o be due t o t h e t r a n s f e r o f a 

tt-electron from t h e l i g a n d t o a h o l e in t h e 5d s h e l l o f p l a t i n u m . 

In g e n e r a l t h e d i r e c t i o n and e a s e o f e l e c t r o n t r a n s f e r can be r e 

l a t e d t o t h e r e l a t i v e o x i d i z a b i l i t y o f m e t a l ion and l i g a n d . P l a t i 

num ( I V ) i s o x i d i z i n g in c h a r a c t e r and t h e h a l i d e ion i s r e d u c i n g . 

I t would be e x p e c t e d t h a t t h e w a v e l e n g t h o f t h e a b s o r p t i o n shou ld 

v a r y w i th t h e e a s e w i th which t h e l i g a n d i s o x i d i z e d , i . e . , t h e a b 

s o r p t i o n bands s h o u l d move t o l o n g e r w a v e l e n g t h s as t h e l i g a n d becomes 

more e a s i l y o x i d i z e d . T h i s i s found t o be t h e c a s e ; e . g . , t h e f i r s t 

s t r o n g a b s o r p t i o n peaks o f P t X ~ a r e 2 6 2 mji, 3 1 5 mji, and 4 9 4 mji, 

when X i s c h l o r i d e , b romide and i o d i d e , r e s p e c t i v e l y ( 2 5 ) , 

Such a t r a n s f e r i s o b v i o u s l y t h e r o o t o f a p h o t o c h e m i c a l o x i 

d a t i o n - r e d u c t i o n r e a c t i o n and, i n d e e d , some c h a r g e - t r a n s f e r a b s o r p t i o n s 

a r e a c t u a l l y f o l l o w e d by t h e p r o d u c t i o n o f f r e e r a d i c a l s which can be 

d e t e c t e d by t h e i r s u b s e q u e n t r e a c t i o n s . The s u r p r i s i n g f a c t i s t h a t 

many s u b s t a n c e s which e x h i b i t s t r o n g a b s o r p t i o n bands o f t h e e l e c t r o n -

t r a n s f e r t y p e in t h e u l t r a v i o l e t r e g i o n , show no net, o x i d a t i o n - r e d u c t i o n 

r e a c t i o n . Adamson and S p o r e r ( 2 6 ) have shown t h a t , in many c a s e s , t h e 

r e g i o n o f l i g h t a b s o r p t i o n makes l i t t l e d i f f e r e n c e in t h e t y p e o f r e a c 

t i o n which o c c u r s i n t h e s y s t e m but t h a t t h e t y p e , r e d o x o r s u b s t i t u t i o n , 

depends p r i m a r i l y on t h e o x i d i z a b i l i t y o f t h e l i g a n d s . They p roposed a 

mechanism t o e x p l a i n t h e s e f a c t s which h a s , a s a f i r s t s t e p , a h o m o l y t i c 

s e p a r a t i o n o f l i g a n d from complex in a c c o r d w i t h t h e e l e c t r o n t r a n s f e r 

n a t u r e o f t h e a b s o r p t i o n . 
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M ( I I I ) A 5X + hv - M ( I I ) A -X + A 

I f A, r e p r e s e n t i n g t h e e x c e s s e n e r g y o f t h e s y s t e m , i s s m a l l , then 

t h e r e v e r s e r e a c t i o n w i l l o c c u r . In t h i s c a s e t h e t r a n s f e r r e d e l e c t r o n 

r e t u r n s t o i t s o r i g i n a l p o s i t i o n in t h e s y s t e m so t h a t no n e t c h e m i c a l 

r e a c t i o n o c c u r s . I f A i s l a r g e , however , t h e r e w i l l be s u f f i c i e n t 

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

o r o t h e r r e a c t i v e g r o u p , 

M ( I I ) A -X + H 0 -» M ( l l ) A -H O-X 
5 2 5 2 

The n a t u r e o f t h e n e t r e a c t i o n i s d e t e r m i n e d by t h e f a t e o f M(ll ) A 5 H 2 0 -X. 

I f t h e r e t u r n o f t h e e l e c t r o n t o t h e l i g a n d i s e n e r g e t i c a l l y f a v o r a b l e 

f o r t h i s c o n f i g u r a t i o n and can o c c u r w i t h h i g h f r e q u e n c y , then 

M ( l I l ) A g H 2 0 and X w i l l be t h e p r o d u c t s ; i . e . , a q u a t i o n w i l l be t h e 

n e t p r o c e s s . S i m i l a r l y a n a t i o n w i l l be t h e n e t p r o c e s s i f an an ion p l a y s 

t h e r o l e o f w a t e r i n t h e mechan ism. On t h e o t h e r hand, c o n t i n u e d s e p a r a 

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

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

F o r t u n a t e l y one o f t h e s y s t e m s s t u d i e d by Adamson and S p o r e r was 

t h e p h o t o c h e m i c a l e x c h a n g e o f Br and P t B r " . They found t h e quantum 

y i e l d t o be abou t 5 0 0 f o r t h e e x c h a n g e , w h i l e t h e y i e l d was l e s s than 

0 , 1 f o r o x i d a t i o n ^ r e d u c t i o n . 

A l t h o u g h , in t h e c a s e s o f t h e h y d r o l y s e s o f P t C l " and P t B r , 
6 6 

no n e t r e d o x r e a c t i o n s t a k e p l a c e , R i c h and Taube ( 2 7 ) have found e v i 

dence t h a t P t C l ~ i s g e n e r a t e d , by t h e a c t i o n o f l i g h t on PtCl"" , in 



8 

s u f f i c i e n t amounts t o c a t a l y z e t h e e x c h a n g e between PtCljj" and C l " . 

T h i s s e n s i t i v i t y t o l i g h t i s p e c u l i a r t o t h e exchange r e a c t i o n ; l i g h t 

d o e s , i n d e e d i n c r e a s e t h e r a t e o f h y d r o l y s i s o f P t C l ~ but t h e quantum 

y i e l d i s v e r y s m a l l . The f a c t t h a t t h e r e a c t i o n r a t e i s i n f l u e n c e d by 

l i g h t r a i s e s t h e q u e s t i o n a s t o whe the r t h e f i n a l e q u i l i b r i u m p o i n t i s 

l i k e w i s e a f f e c t e d . The i n v e s t i g a t i o n s o f A r c h i b a l d and G a l e demon

s t r a t e d t h a t t h e e q u i l i b r i u m p o i n t i s t h e same whe the r t h e h y d r o l y s e s 

p r o c e e d v i a t h e p h o t o c h e m i c a l pa th o r by a t h e r m a l mechanism in t h e 

d a r k . The nondependence o f e q u i l i b r i u m on pa th has a l s o been shown by 

S c h l e s i n g e r and P a l m a t e e r ( 2 8 ) f o r t h e s u b s t i t u t i o n by c h l o r i d e o f 

bromide in P t B r = . T h e s e worke r s s t u d i e d t h e r e l a t i v e s t a b i l i t i e s o f 6 
P t C l ~ , P t B r " , and P t l ~ toward s u b s t i t u t i o n by o t h e r h a l i d e i o n s and 

6 6 6 
found t h e o r d e r o f i n c r e a s i n g s t a b i l i t y t o be P t C l ~ , P t B r " , and P t l ~ 

The p r i n c i p a l t o o l used i n t h e p r e s e n t work t o e x t r a c t i n f o r m a 

t i o n from t h e s e s p e c t r a as t o t h e n a t u r e o f t h e p l a t i n u m complexes was 

t h e mole r a t i o me thod . T h i s method was d e v i s e d by Yoe and J o n e s ( 2 9 ) 

and, e x p e r i m e n t a l l y , c o n s i s t s o f measu r ing t h e a b s o r b a n c e s o f s o l u t i o n s 

in which t h e c o n c e n t r a t i o n o f one e l emen t o f a complex i s h e l d c o n 

s t a n t w h i l e t h e c o n c e n t r a t i o n o f t h e o t h e r e l emen t i s v a r i e d . F o r 

i n s t a n c e , in t h e c a s e o f t h e s y s t e m P t X (OH) = . t h e c o n c e n t r a t i o n 
6-n n 

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

would be v a r i e d , so t h a t t h e r a t i o o f h a l i d e t o p l a t i n u m would i t s e l f 

be v a r i e d i n a r e g u l a r f a s h i o n . T h i s v a r y i n g r a t i o i s t h e n p l o t t e d 

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

f o r v e r y s t r o n g c o m p l e x e s , would y i e l d a c u r v e made up o f s t r a i g h t 
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line segments and showing a change of slope at the points where the 

mole ratio corresponds to a complex actually present in solution. 

Conversely, the absence of a certain change of slope, in the mole ratio 

plot, over the entire spectrum is strong evidence that the complex of 

the corresponding mole ratio does not exist under the experimental con

ditions. The similarity and difference between this approach and the 

method of continuous variations are obvious. Several advantages are 

offered by the mole ratio method. Since the amount of one reactant is 

held constant, the preparation of solutions is simplified. Fewer solu

tions are needed to establish the existence or nonexistence of a sus

pected complex with the mole ratio method than with the method of con

tinuous variations. For complexes of high mole ratios, such as 4:1, 

5.1, or 6:1, an error of two per cent in the preparation of solutions 

or in the estimate of the position of the maximum of a continuous 

variations plot is sufficient to produce a unit change in the observed 

mole ratio whereas to produce a unit change utilizing the mole ratio 

method would require an error of from six to ten per cent. Since the 

present work leans heavily on the validity of the mole ratio method, 

it is necessary to establish this validity as quantitatively as pos

sible. Such a foundation has been presented by Meyer and Ayres (30) 

and a digest of their work is appended to this thesis. Since Meyer 

and Ayres have been rather stringent in their assignment of tolerances, 

however, the mole ratio method can be used to determine the stoichiometry 

of complexes in many cases which do not conform closely to the criteria 

set forth in their paper. 
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S i n c e d e v i a t i o n s from B e e r ' s law may g i v e r i s e t o f a l s e i n d i 

c a t i o n s o f complexes when measurements a r e made in s p e c t r a l r e g i o n s 

where t h e a b s o r p t i v i t i e s a r e c h a n g i n g r a p i d l y w i th w a v e l e n g t h , i t b e 

hooves t h e i n v e s t i g a t o r t o p r o c e e d c a u t i o u s l y in deduc ing t h e p r e s e n c e 

o f complexes from mole r a t i o p l o t s . In e v a l u a t i n g t h e s e i t i s h e l p f u l 

t o know t h e shape o f t h e v a r i o u s s p e c t r a l c u r v e s t h r o u g h o u t t h e s p e c t r a l 

r e g i o n m e a s u r e d . T h i s knowledge a l s o f a c i l i t a t e s t h e s e l e c t i o n o f 

w a v e l e n g t h s which a r e l i k e l y t o be p r o d u c t i v e o f i n f o r m a t i o n mole r a t i o 

p l o t s . Good examples o f t h e a p p l i c a t i o n o f mole r a t i o methods can be 

found i n t h e work o f Meyer and Ayres ( 3 l ) on t h e p l a t i n u m ( i i ) - t i n ( i i ) 

c h l o r i d e s y s t e m and t h a t o f Sundaram and S a n d e l l ( 3 2 ) on t h e c h l o r o 

complexes o f p a l l a d i u m ( i i ) . 

Al though t h e mole r a t i o method e s t a b l i s h e s t h e n a t u r e o f t h e com

p l e x e s in s o l u t i o n , which i s t h e f i r s t o b j e c t i v e o f t h e p r e s e n t work, i t 

does l i t t l e toward t h e a t t a i n m e n t o f t h e second o b j e c t i v e , v i z . t h e 

a s s i g n m e n t o f s p e c t r a t o i n d i v i d u a l s p e c i e s . T h i s l a t t e r o b j e c t i v e has 

been a c h i e v e d i n p a r t , by o b t a i n i n g t h e s p e c t r u m o f one s p e c i e s and 

u s i n g t h e compar i son o f t h i s s p e c t r u m wi th t h e c o m p o s i t e s p e c t r a o f 

complex m i x t u r e s t o e n a b l e t h e d e c o m p o s i t i o n o f t h e s e c o m p o s i t e s p e c t r a 

i n t o t h e i r component p a r t s . Examples o f t h i s method a r e found in 

Neumann's ( 3 3 ) s t udy o f an t imony (V) s p e c i e s in h y d r o c h l o r i c a c i d s o l u 

t i o n s , and i n Neumann and C o o k ' s ( 3 4 ) s t u d y o f molybdenum ( V i ) in 

h y d r o c h l o r i c a c i d . 

O b t a i n i n g t h e spec t rum o f a s i n g l e i o n i c s p e c i e s i s u s u a l l y 

d i f f i c u l t , e s p e c i a l l y , as w i t h t h e s p e c i e s d i s c u s s e d in t h e p r e s e n t 
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work, when t h e s p e c i e s r e a c t s r a p i d l y w i th o t h e r e n t i t i e s t o g i v e a 

m i x t u r e o f p r o d u c t s . The d e s i r e d end can somet imes be g a i n e d by meas 

u r i n g t h e s p e c t r u m in a s o l v e n t where such r e a c t i o n s canno t t a k e p l a c e , 

e . g . , in d i o x a n e t o a v o i d h y d r o l y s i s . T h i s method p r e s u p p o s e s some way 

o f s y n t h e s i z i n g a pure s o l i d compound o f t h e d e s i r e d s p e c i e s . Where 

t h i s i s n o t f e a s i b l e , o t h e r s t r a t a g e m s must be d e v i s e d . S i n c e t h e na tu re 

o f t h e l a t t e r depend on t h e s p e c i f i c p rob lem b e i n g s t u d i e d , t h e y w i l l 

n o t be d i s c u s s e d i n a g e n e r a l f a s h i o n in t h i s i n t r o d u c t i o n but w i l l be 

t a k e n up in t h e c h a p t e r s e x p l a i n i n g t h e e x p e r i m e n t a l work . 



CHAPTER I I 

APPARATUS AND REAGENTS 

Appara tus 

The s p e c t r o p h o t o m e t e r used i n t h i s work was a Beckman d o u b l e -

beam r a t i o - r e c o r d i n g i n s t r u m e n t d e s i g n a t e d by t h e m a n u f a c t u r e r a s Model 

D K - 1 . Al though t h e i n s t r u m e n t i s equ ipped w i t h v a r i o u s l i g h t s o u r c e s 

and d e t e c t o r s t o e n a b l e i t t o c o v e r t h e s p e c t r a l r a n g e from 185 m|j, t o 

3 5 0 0 mji, o n l y t h o s e components s u i t a b l e f o r t h e 185 mji t o 3 6 0 mp, r e g i o n 

w i l l be d e s c r i b e d h e r e s i n c e t h e e x p e r i m e n t a l s p e c t r a were c o n f i n e d t o 

t h i s r e g i o n . The l i g h t s o u r c e i s a hydrogen d i s c h a r g e lamp. L i g h t 

from t h i s s o u r c e i s chopped a t 4 8 0 c y c l e s pe r s econd and r e f l e c t e d i n t o 

t h e monochromator where i t i s t w i c e d i s p e r s e d by a t h i r t y d e g r e e q u a r t z 

p r i s m , Monochromat ic l i g h t from t h e p r i s m i s f o c u s e d by a s i m p l e l e n s 

o n t o a m i r r o r , r o t a t i n g a t 15 c y c l e s p e r s e c o n d , which a l t e r n a t e l y 

d i r e c t s t h e l i g h t t h rough t h e sample c e l l and r e f e r e n c e c e l l . T h e s e 

c e l l s a r e made o f fu sed s i l i c a and have a one c e n t i m e t e r l i g h t p a t h . 

L i g h t t r a n s m i t t e d by e i t h e r t h e sample o r t h e r e f e r e n c e impinges on a 

s i n g l e d e t e c t o r which i s , in t h i s c a s e , a p h o t o m u l t i p l i e r t u b e , which 

c o n v e r t s i t t o an a - c v o l t a g e . T h i s s i g n a l i s a m p l i f i e d and t r a n s f e r r e d 

t o t h e d e m o d u l a t o r s . A commuta tor , s y n c h r o n i z e d wi th t h e r o t a t i n g m i r 

r o r s , a l t e r n a t e l y s e l e c t s t h e s i g n a l from t h e sample and r e f e r e n c e and 

sends i t t o t h e r e s p e c t i v e d e m o d u l a t o r s . The sample demodula to r r e c t i 

f i e s t h e sample s i g n a l t o a d - c v o l t a g e which d r i v e s t h e r e c o r d e r pen . 
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The reference demodulator rectifies the reference signal to a d-c volt

age which establishes a constant 100 per cent reference voltage for the 

recorder. This constant 100 per cent reference voltage is maintained 

by a slit servo mechanism. The recorder is a continuous, linear strip-

chart unit capable of covering the absorbancy range from zero to two. 

The wavelength scale is capable of variation and, in this work, was 

usually adjusted so that six inches of strip-chart corresponded to 100 

The water bath used for this work was the E. H. Sargent constant 

temperature bath which can maintain a temperature constant within 0.01°C; 

The temperature is regulated by a mercury switch sensitive to 0.005°C. 

Three heaters are provided, one intermittent and two continuous. 

Reagents 

The platinum used was reclaimed from the platinum iridium alloy 

which is usually used for laboratory ware. The platinum was separated 

from the iridium by controlled hydrolytic precipitation of the latter 

metal as the dioxide. This separation, which also serves to remove pal

ladium and rhodium, if present, was carried out as follows: 

About one gram of the alloy was dissolved in aqua regia and the 

resulting solution was evaporated several times with concentrated hydro

chloric acid to decompose nitroso compounds. The solution was then 

diluted to approximately 250 mis and heated to boiling. To the hot 

solution was added 20 mis of a ten per cent solution of sodium bromate. 

The solution was then neutralized with a ten per cent solution of 
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sodium b i c a r b o n a t e u s i n g b r o m c r e s o l p u r p l e a s an i n d i c a t o r . Ten more 

mis o f t h e b romate s o l u t i o n was added and t h e s o l u t i o n was b o i l e d f o r 

f i v e m i n u t e s . Sodium b i c a r b o n a t e was a g a i n added t o t h e endpo in t o f 

x y l e n o l b l u e . Ten more mis o f t h e b romate r e a g e n t was added and t h e 

s o l u t i o n was a g a i n b o i l e d f o r 15 m i n u t e s . The m i x t u r e was t h e n c o o l e d 

and f i l t e r e d t h rough a s i n t e r e d g l a s s f unne l u s i n g s u c t i o n . The f i l 

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

d r y n e s s w i t h 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 i d t o d e s t r o y b r o m a t e . The 

p l a t i n u m was t h e n p r e c i p i t a t e d w i th hydrogen s u l f i d e . The m e t a l was 

f i l t e r e d o f f and d i s s o l v e d i n aqua r e g i a . The p l a t i n u m was t h e n r e p r e -

c i p i t a t e d from t h i s s o l u t i o n wi th f o r m i c a c i d a s d e s c r i b e d i n t h e s e c 

t i o n d e a l i n g w i t h a n a l y s e s . The p r e c i p i t a t e d sponge was f i l t e r e d on 

p a p e r , washed w i t h 1 : 5 0 h y d r o c h l o r i c a c i d and i g n i t e d i n a p o r c e l a i n 

c r u c i b l e t o g r a y p l a t i n u m sponge ( 3 5 ) . 

Sodium c h l o r i d e , t e c h n i c a l g r a d e , was p u r i f i e d by d i s s o l u t i o n in 

w a t e r f o l l o w e d by p r e c i p i t a t i o n b rough t about by s a t u r a t i n g t h e s o l u t i o n 

wi th g a s e o u s hydrogen c h l o r i d e . T h i s o p e r a t i o n was r e p e a t e d and t h e 

sodium c h l o r i d e t h u s p roduced was d r i e d o v e r a Bunsen f l a m e and s t o r e d 

i n a g l a s s s t o p p e r e d b o t t l e . 

R e a g e n t g r ade h y d r o b r o m i c a c i d was d i s t i l l e d from r e d phosphorus 

b e f o r e u s e t o f r e e i t from t r a c e s o f f r e e b r o m i n e . A l l o t h e r c h e m i c a l s 

were c o m m e r c i a l m a t e r i a l s o f r e a g e n t g r a d e , and were used 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 . 



CHAPTER I I I 

METHODS OF SYNTHESIS AND ANALYSIS 

S y n t h e s e s 

The f o l l o w i n g s y n t h e s e s were per formed d u r i n g t h e c o u r s e o f t h i s 

work . 

Sodium p l a t i n a t e , Na„Pt (OH)_ , was made as f o l l o w s . A s o l u t i o n 

d 6 

o f HgPtClg was made by d i s s o l v i n g about 0 . 5 g o f m e t a l l i c p l a t i n u m in 

aqua r e g i a . N i t r o g e n compounds were e l i m i n a t e d by s e v e r a l e v a p o r a t i o n s 

w i t h 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 i d . A l a r g e e x c e s s o f sodium h y d r o x i d e 

was added t o t h i s s o l u t i o n which was t hen b o i l e d f o r two h o u r s . At 

f i r s t a r e d c o l o r d e v e l o p e d i n t h e s o l u t i o n . Then a b l a c k p r e c i p i t a t e 

was formed t o be f o l l o w e d by a g r een p r e c i p i t a t e . The mother l i q u o r 

a t t h i s p o i n t was l i g h t y e l l o w . The s o l u t i o n was f i l t e r e d and t h e r e s i 

due was washed w i t h w a t e r . The g r e e n p r e c i p i t a t e d i s s o l v e d in t h e wash 

w a t e r . The b l a c k p r e c i p i t a t e i s p r o b a b l y P tOg , The f i l t r a t e was 

b o i l e d t o h a l f i t s o r i g i n a l volume a t which p o i n t a y e l l o w p r e c i p i t a t e 

was o b t a i n e d . T h e s e c r y s t a l s were f i l t e r e d and washed i n t u r n wi th 

a b s o l u t e e t h a n o l and e t h e r u n t i l t h e wash ings were b a r e l y b a s i c t o 

A l k a c i d t e s t p a p e r . The b r i g h t y e l l o w c r y s t a l s were a i r d r i e d and 

s t o r e d in a d e s i c c a t o r . The formula was e s t a b l i s h e d b o t h by dehydra 

t i o n and by p l a t i n u m a s s a y ( 3 6 ) . The e r r o r i n v o l v e d i n d e h y d r a t i o n i s 

r a t h e r l a r g e but c o n s t a n t i n d i c a t i n g t h a t d e h y d r a t i o n i s no t comple t ed 

as e a s i l y a s i s g e n e r a l l y b e l i e v e d . 
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Sample 
Weight 

C o n t a i n e d 
P l a t i n u m 

C a l c u l a t e d 
f o r Na„Pt (0H) 

Weight Loss 
on 

D e h y d r a t i o n 

C a l c u l a t e d 
Loss f o r 

N a 2 P t ( 0 H ) 6 

0 . 0 5 4 0 g 0 . 0 3 3 0 g 0 . 0 3 0 7 g 
0 . 0 5 6 8 0 . 0 3 2 7 0 . 0 3 2 3 
0 . 0 3 9 1 g 0.00^0 g 0 . 0 0 6 1 g 
0 . 0 3 6 7 0 . 0 0 4 6 0 . 0 0 5 8 

P l a t i n u m t e t r a c h l o r i d e , P t C l 4 , was p r e p a r e d as f o l l o w s . About 

0 . 5 g o f p l a t i n u m m e t a l was d i s s o l v e d in aqua r e g i a . N i t r o g e n com

pounds were e x p e l l e d by r e p e a t e d e v a p o r a t i o n wi th 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 i d . The s o l u t i o n was t hen e v a p o r a t e d a l m o s t t o d r y n e s s t o o b 

t a i n dark r e d c r y s t a l s . T h e s e c r y s t a l s were n o t a n a l y z e d but t h e y p r o b 

a b l y c o n s i s t o f H . P t C r w i t h s i x m o l e c u l e s o f w a t e r o f c r y s t a l l i z a t i o n 

( 3 7 ) . T h e s e c r y s t a l s were h e a t e d in a s t r e a m o f dry c h l o r i n e f o r t h r e e 

hours a t 2 7 5 ° C t o c o n v e r t them t o p l a t i n u m t e t r a c h l o r i d e ( 3 8 ) . The com

p o s i t i o n o f t h e P t C l was e s t a b l i s h e d by p l a t i n u m and c h l o r i d e a s s a y s . 

Sample P t CI P t CI 
Weight Found Found C a l c u l a t e d C a l c u l a t e d 

0 . 1 3 6 2 g 0 . 0 7 7 9 g 0 . 0 5 8 5 g 0 . 0 7 8 8 g 0 . 0 5 7 4 g 

P l a t i n u m t e t r a b r o m i d e , P t B r 4 , was p r e p a r e d i n a manner a n a l o g o u s 

t o t h a t u sed t o p r e p a r e P t C l • About 0 . 5 g o f N a 2 P t ( 0 H ) g was d i s 

s o l v e d i n c o n c e n t r a t e d hyd rob romic a c i d and t h e r e s u l t i n g s o l u t i o n was 

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

a c i d . T h e s e c r y s t a l s were n o t a n a l y z e d bu t were p r o b a b l y H 2 P t B r g » 9 H 2 0 



17 

( 3 9 ) o T h e s e c r y s t a l s were h e a t e d a t 1 0 0 ° C f o r two hours in an a t m o s -

s p h e r e o f b r o m i n e . The r e s u l t i n g da rk brown mass p r o b a b l y c o n s i s t e d 

o f P t B r ^ w i th a d s o r b e d b r o m i n e . T h i s p r o d u c t was h e a t e d i n vacuo a t 

5 0 ° C f o r t h r e e h o u r s t o e l i m i n a t e t h e e x c e s s b r o m i n e . The f i n a l p roduc t 

was dark r e d , amorphous and v e r y h y g r o s c o p i c . I t s c o m p o s i t i o n was e s -

t a b l i s h e d a s P t B r ^ by p l a t i n u m and bromide a s s a y s . 

Sample 
Weight 

P t B r 
Found Found 

P t 
C a l c u l a t e d 

Cl 
C a l c u l a t e d 

0 , 1 4 1 2 g 0 . 0 5 2 7 g 0 . 0 8 8 8 g 0 . 0 5 3 4 g 0 . 0 8 7 8 g 

A t t e m p t s were made t o p r e p a r e t h e compounds H Pt(OH) , H P t C l OH, 
O ^ 

and H 2 P t C l 4 ( 0 H ) 2 by t h e methods d e s c r i b e d by M i o l a t i ( 9 ) . U n f o r t u n a t e l y , 

e x c e p t in t h e c a s e o f p l a t i n i c a c i d , i n s u f f i c i e n t q u a n t i t i e s were o b t a i n e d 

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

t h e f o r m u l a t i o n s o f t h e p a r t i a l l y c h l o r i n a t e d compounds must be h e l d in 

d o u b t . The p l a t i n i c a c i d , H 2 P t ( 0 H ) 6 , was p r e p a r e d by n e u t r a l i z i n g a 

s o l u t i o n o f N a o P t ( 0 H ) w i t h a c e t i c a c i d u s i n g methy l o r a n g e as an i n -
<, 6 

d i c a t o r . A f i n e w h i t e p r e c i p i t a t e d e v e l o p e d which formed a b u f f c o l o r e d 

powder a f t e r d r y i n g o v e r c o n c e n t r a t e d s u l f u r i c a c i d . The c o m p o s i t i o n was 

checked by p l a t i n u m a s s a y . 

Sample P t P t C a l c u l a t e d 
Weight Found f o r H 2 P t ( 0 H ) 6 

0 . 0 4 6 4 g 0 . 0 2 9 7 g 0 . 0 3 0 3 g 
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An a t t e m p t was made t o p r e p a r e H P t C l (OH) by b o i l i n g a s u s -

fii 4r <> 

p e n s i o n o f A g 2 P t C l g i n w a t e r . A c c o r d i n g t o M i o l a t i ( 9 ) t h e f o l l o w i n g 

r e a c t i o n s h o u l d t a k e p l a c e : 

A g 2 P t C l 6 + 2 H 2 0 2AgCl + H 2 P t C l 4 ( 0 H ) 2 . 

The A g 2 P t C l g was o b t a i n e d from t h e r e a c t i o n o f AgN0 3 w i th HgPtCl^ . 

The mother l i q u o r from t h e b o i l e d A g 2 P t C l g was s e p a r a t e d from t h e p r e 

c i p i t a t e and i t s s p e c t r u m r e c o r d e d but no peaks were shown above 2 0 0 mji. 

I t seems u n l i k e l y t h a t any such h i g h l y c h l o r i n a t e d s p e c i e s as P t C l (0H)= 
4 2 

c o u l d s u r v i v e such s t r o n g l y h y d r o l y z i n g c o n d i t i o n s . 

However, d e h y d r a t i o n and d e h y d r o h a l o g e n a t i o n o f H 2 P t C l g . 6 H 2 0 

in vacuo o v e r m o l t e n p o t a s s i u m h y d r o x i d e y i e l d e d an amorphous brown 

m a t e r i a l wh ich , when d i s s o l v e d i n e t h e r , no l o n g e r d i s p l a y e d t h e c h a r 

a c t e r i s t i c s p e c t r u m o f P t C l ~ , b u t , i n s t e a d , had i t s main a b s o r p t i o n 

peak a t 2 2 5 mp,. U n f o r t u n a t e l y , i n s u f f i c i e n t m a t e r i a l was a v a i l a b l e f o r 

a n a l y s i s so t h a t t h e t r u e c o m p o s i t i o n was no t known. T h i s was t h e method 

used by M i o l a t i ( 9 ) t o p r e p a r e H P tCl .OH . 

T h e s e methods f o r t h e s y n t h e s i s o f H 2 P t C l 5 0 H and H 2 P t C l 4 ( 0 H ) 2 

were a l s o a p p l i e d in an e f f o r t to p roduce t h e a n a l a g o u s bromo compounds 

u s i n g H 2 P t B r g • 9 H 2 0 as a s t a r t i n g m a t e r i a l . Here a g a i n t h e s o l u t i o n 

o b t a i n e d by b o i l i n g A g 2 P t B r g and r e p u t e d t o c o n t a i n P t B r ^ O H ) ^ showed 

no a b s o r p t i o n peaks above 2 0 0 mp,. The a t t e m p t e d d e h y d r a t i o n and dehydro 

h a l o g e n a t i o n o f H 2 P t B r 6 • 9 H 2 0 in vacuo o v e r mol ten p o t a s s i u m h y d r o x i d e 

f a i l e d . A s p e c t r u m o f t h e r e s u l t i n g m a t e r i a l d i s s o l v e d in a l c o h o l showed 

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

Dur ing t h e c o u r s e o f t h e work, i t was n e c e s s a r y t o a n a l y z e bo th 

s o l i d s and s o l u t i o n s f o r t h e purpose o f d e t e r m i n i n g c o m p o s i t i o n s and c o n 

c e n t r a t i o n s . Some o f t h e s o l u t i o n s were so d i l u t e as t o r e q u i r e s p e c t r a l 

methods o f a n a l y s i s w h i l e , in t h e c a s e o f s o l i d s and more c o n c e n t r a t e d 

s o l u t i o n s , c o n v e n t i o n a l g r a v i m e t r i c and v o l u m e t r i c methods s u f f i c e d . In 

t h i s l a t t e r c a s e p l a t i n u m was d e t e r m i n e d g r a v i m e t r i c a l l y as t h e m e t a l 

but t h e mode o f r e d u c t i o n depended upon whe ther o r n o t i t was n e c e s s a r y 

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

were n o t n e c e s s a r y t h e r e d u c t i o n was per formed c o n v e n t i o n a l l y w i th f o r m i c 

a c i d in a h y d r o c h l o r i c a c i d s o l u t i o n b u f f e r e d a t a pH o f fou r wi th 

sodium a c e t a t e ( 4 0 ) . I f t h e h a l i d e had t o be d e t e r m i n e d in t h e same 

sample t h e f o l l o w i n g p r o c e d u r e was u s e d . The s a m p l e , e i t h e r s o l i d o r 

s o l u t i o n , was t r e a t e d wi th a l a r g e e x c e s s o f s o l i d sodium c a r b o n a t e in 

a n i c k e l c r u c i b l e . The mass was d r i e d , i f n e c e s s a r y , and then fused 

o v e r a F i s h e r b u r n e r . T h i s p r o c e s s c o n v e r t e d t h e p l a t i n u m h a l i d e t o a 

m i x t u r e o f p l a t i n u m m e t a l and sodium h a l i d e ( 4 l ) . The p l a t i n u m was 

s e p a r a t e d by f i l t r a t i o n t h rough a s i n t e r e d g l a s s c r u c i b l e , washed wi th 

ho t w a t e r , d r i e d and w e i g h e d . The f i l t r a t e was a c i d i f i e d wi th n i t r i c 

a c i d and a s s a y e d f o r h a l i d e . I f t h e h a l i d e was b r o m i d e , Y o l h a r d t ' s 

method o f add ing e x c e s s s i l v e r n i t r a t e and t i t r a t i n g t h e e x c e s s wi th 

s t a n d a r d p o t a s s i u m t h i o c y a n a t e w i t h f e r r i c alum I n d i c a t o r was used ( 4 2 ) . 

A v a r i a t i o n o f M o h r ' s method, t i t r a t i o n wi th s t a n d a r d s i l v e r n i t r a t e 

u s i n g e o s i n as an a b s o r p t i o n i n d i c a t o r , was used t o d e t e r m i n e c h l o r i d e 

i o n s . ( 4 3 ) , s i n c e t h e u s e o f V o l h a r d t ' s method would have e n t a i l e d an 

a d d i t i o n a l f i l t r a t i o n ( 4 4 ) . 
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where C i s t h e mola r c o n c e n t r a t i o n o f p l a t i n u m , 

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

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

L i s t h e l e n g t h o f l i g h t p a t h . 

Very d i l u t e s o l u t i o n s o f p l a t i n u m c o m p l e x e s , 1 0 " 3 t o 1 0 " 5 m o l a r , 

were a n a l y z e d by c o n v e r t i n g a l l t h e p l a t i n u m t o t h e h e x a - h a l o g e n a t e d 

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

w a v e l e n g t h . The c o n v e r s i o n was b rough t about by adding a l a r g e e x c e s s 

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

n e c e s s a r y , wi th p e r c h l o r i c a c i d . In t h e c a s e o f P t C l ~ , t h e a b s o r b a n c y 

was measured a t 2 6 2 mjj, a t which w a v e l e n g t h t h e mola r a b s o r b a n c y c o e f f i 

c i e n t i s 2 4 9 5 0 , In t h e c a s e o f P t B r " , t h e a b s o r b a n c y was measured a t 
6 

3 1 5 mjx and t h e mo la r a b s o r b a n c y c o e f f i c i e n t i s 1 8 1 5 0 , T h e s e v a l u e s f o r 

t h e mo la r a b s o r b a n c y c o e f f i c i e n t s were o b t a i n e d by measu r ing t h e a b s o r b -

a n c i e s o f P t C l r 1 and P t B r 7 s o l u t i o n s a t known c o n c e n t r a t i o n s a t t h e 
D O 

g i v e n w a v e l e n g t h s . The c o n c e n t r a t i o n o f p l a t i n u m cou ld then be c a l c u l a t e d 

from t h e f o r m u l a : 



CHAPTER IV 

OBSERVATIONS ON THE CHLORO-HYDROXO COMPLEXES 

OF PLATINUM (IV) 

Mole Ratio Treatment of Chloro-Hydroxo Complexes 

As mentioned in Chapter I, the chloro-hydroxo complexes of 

platinum (IV) were originally chosen for the study of the relations 

between spectra and composition but were soon abandoned in favor of 

the bromo-hydroxo complexes. After the bromo system had been studied, 

some work was done on the chloro system. This work will be described 

in this chapter, rather than in chronological sequence, since fewer com

plexities were encountered with the chloro system and, hence, the opera

tions involved can be more easily explained. 

The major purpose was to apply the mole ratio method to the 

chloride-platinate-water system to determine what members of the series, 

PtCl (OH) , where n varies from zero to six, enjoyed a stable exist-6-n rr 
ence. Briefly this method consists in measuring the spectral absorban-

cies of a series of solutions in which the concentration of the central 

ion of the complex is held constant while the ratio of ligand concen

tration to central ion concentration is varied in a regular manner. The 

absorbancies measured at each wavelength are then plotted against the 

ligand/central ion ratios. If the solutions are at equilibrium, the plot 

will be a curve made up of straight line segments. The value of the 

ligand/central ion ratio at which two segments meet, represents the 

stoichiometry of a stable complex (29). 
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The n e c e s s a r y s o l u t i o n s were made up i n t h e f o l l o w i n g manner . 

A weighed amount o f sodium p l a t i n a t e , p r e p a r e d as d e s c r i b e d in Chap t e r 

I I I , was d i s s o l v e d i n t w e n t y mis o f c o n c e n t r a t e d p e r c h l o r i c a c i d , which 

had been a n a l y z e d and found t o be p r e c i s e l y 1 2 . 0 0 M. T h i s s o l u t i o n was 

d i l u t e d t o about 4 0 mis w i t h d i s t i l l e d w a t e r and a l l o w e d t o c o o l . The 

c a l c u l a t e d amount o f a s t a n d a r d s o l u t i o n o f sodium c h l o r i d e was then 

added t o a d j u s t t h e c h l o r i d e / p l a t i n u m r a t i o t o t h e d e s i r e d v a l u e . F i 

n a l l y t h e s o l u t i o n was made up t o 1 0 0 mis w i th d i s t i l l e d w a t e r . Each 

s o l u t i o n c o n t a i n e d 2 . 9 2 x 1 0 ~ 4 g -a toms o f p l a t i n u m . The c h l o r i d e / 

p l a t i n u m r a t i o was v a r i e d from z e r o t o s i x in h a l f - u n i t s t e p s . Each 

s o l u t i o n was 2 . 4 0 M in HCIO^ . T h i s h i g h a c i d l e v e l s e r v e d two p u r 

p o s e s ; f i r s t , t o c o n f i n e t h e e x t e n t o f h y d r o l y s i s w i t h i n a c o n v e n i e n t 

r a n g e and, s e c o n d , t o s i m p l i f y e q u i l i b r i u m c a l c u l a t i o n s by k e e p i n g 

hydrogen ion c o n c e n t r a t i o n e s s e n t i a l l y c o n s t a n t . The p r e p a r e d s o l u 

t i o n s were p l a c e d in a w a t e r b a t h h e l d a t a t e m p e r a t u r e o f 5 0 ± 0 . 1 ° C . 

T h i s h i g h e r t e m p e r a t u r e was found a d v a n t a g e o u s b e c a u s e o f s p e e d i e r 

a t t a i n m e n t o f e q u i l i b r i u m . The e q u i l i b r a t e d s o l u t i o n s were t o o con 

c e n t r a t e d t o p e r m i t d i r e c t measurement o f s p e c t r a u s i n g one cm c e l l s . 

C o n s e q u e n t l y , a l i q u o t s were t a k e n and d i l u t e d t e n f o l d w i th w a t e r f o r 

s p e c t r a l measu remen t . The d i l u t i o n was made i m m e d i a t e l y b e f o r e meas 

urement which was c a r r i e d out u s i n g t h e Beckman DK s p e c t r o p h o t o m e t e r . 

Eve ry e i g h t t o t w e l v e hou r s a f r e s h l y d i l u t e d sample was p r e p a r e d and 

m e a s u r e d . When c o n s e c u t i v e s p e c t r a showed i d e n t i c a l a b s o r b a n c i e s 

t h r o u g h o u t t h e r a n g e from 2 0 5 mji t o 4 0 0 mp,, i t was assumed t h a t e q u i 

l i b r i u m had been e s t a b l i s h e d . E q u i l i b r i u m was u s u a l l y e s t a b l i s h e d 

w i t h i n 48 hour s o f p l a c i n g t h e samples in t h e b a t h . 
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The fact that dilution was necessary before spectral measurement 

poses a question as to just what equilibrium the measurement represents. 

If the solution upon dilution underwent further hydrolysis at an appre

ciable rate, then the measured spectrum would reflect conditions in a 

solution at room temperature, and having a lower acidity and a smaller 

concentration of platinum. On the other hand,if the rate of further 

hydrolysis were slow, then the change taking place between the time of 

dilution and the time of measurement would be negligible and the spectrum 

would represent the conditions in a solution at 50°C, having a higher 

acidity and a higher concentration of platinum. The time necessary to 

dilute a sample to the proper concentration and record its spectrum on 

the DK spectrophotometer was between six and seven minutes. As a test, 

an aliquot of an equilibrated solution was diluted, after which succes

sive samples from this diluted solution were measured one minute after 

dilution, ten minutes after dilution and twenty minutes after dilution. 

This test was repeated on several solutions with differing Cl/Pt ratios. 

In each case the three spectra were identical within the limits of ex

perimental error. The results demonstrate that further hydrolysis in 

the time between dilution and measurement is indeed negligible and, 

thus, the spectra obtained represent the conditions in solutions at 

higher temperature, higher acidity and higher platinum concentration. 

This conclusion can be reached only if the possibility of a very fast 

hydrolysis reaction is denied. Admission of such a possibility would, 

however, not only confute the known kinetic inertness of platinum (IV) 

complexes (45) but would demand that a small concentration change 
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(tenfold) should produce a velocity change which would be large (lOOO 

fold) and in a direction opposite to what would be expected from the 

law of mass action. 

In view of the fact that the hydrolysis of platinum salts is 

affected by light (13), it was also necessary to determine whether vary

ing light conditions would change the position of equilibrium in the 

halo-platinate solution being considered. To check this point, two se

ries of solutions with varying chloride/platinum ratios were made up. 

One series was prepared, equilibrated and diluted in ordinary light. 

The other series was prepared, equilibrated and diluted in red light. 

Corresponding solutions from each series showed no significant differ

ence in absorption after equilibrium had been reached, although the 

solutions which were kept in red light came to equilibrium more slowly. 

The spectra shown in Figures 1, 2, and 3 are the spectra which 

were obtained from the tenfold diluted samples of the solutions with 

varying Cl/Pt ratios, equilibrated at 50°C. The peak at 262 mjj, is 

prominent for those solutions having a Cl/Pt ratio greater than five. 

As the relative chloride concentration drops this peak becomes less and 

less conspicuous, while at the same time, absorption in the region 

about 217 m\i becomes more and more important. These two wavelengths, 

together with 233 m\i and 250 mji were selected for mole ratio plots. 

These plots are shown in Figure 4. It seems fairly definite from these 

curves that the species with a Cl/Pt ratio of four exists. There is a 

good indication that complexes having Cl/Pt ratios of one and two also 

exist. 
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Figure 1. Spectra of Solutions with Varying Cl/Pt Ratios. 
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Figure 2. Spectra of Solutions with Varying Cl/Pt Ratios. 
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Figure 3. Spectra of Solutions with Varying Cl/Pt Ratios. 
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L E G E N D [ T o t a l Pt] = 2.92 X 1 0 ' 5 M 

[ H C 1 0 4 ] = 0 . 2 4 M 

I 217 E Q U I L I B R A T E D AT 50°C 

I I I I I L 
1 2 3 4 5 6 

C l / P t RATIO 

Figure h. Mole Ratio Plot for Chloroplatinate Complexes. 
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It will be noted that the spectra of those solutions where 

Cl/Pt > 4.5 show isosbestic points at 214 mp, and 245 mji, The pres

ence of these points shows a strong probability that there are only 

two ionic species in these particular solutions which contribute to 

the absorption at these wavelengths. It is possible, but less probable, 

that there are more than two absorbing species. The strong absorbance 

at 262 mp, indicates that one of these absorbing species is PtCl~ (18). 

The spectral absorption of any of these solutions is described 

at any wavelength, X, by the formula: 

where A^ = absorbance at wavelength X, 

C, = molar concentration of PtCl~ , 

C g = molar concentration of other species, 

e ^ = extinction coefficient of PtCl~ at wavelength X, 

e^^ = extinction coefficient of other species. 

Of these quantities, A^ is known from the spectrum of the solution and 

can be obtained by measuring the spectrum of pure Na 2PtCl g in 

solutions containing high concentrations of chloride ions. Since the 

sum, + C^, is equal to the known total concentration of platinum 

species, then, to obtain a knowledge of the spectrum of the second spe

cies, i.e., to determine £ 2^, it is only necessary to determine a 

value for either C or C . One way to estimate C is to assume 

that, at some wavelength, all of the absorbance can be attributed to 
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PtCl~. Knowing Cj, and & l f it is a simple but tedious matter to 

calculate the absorbance which is due to P"tCl~ at every wavelength 

in each spectrum by use of the relationship: 

where the meaning of the symbols is as given in Chapter I I I . Having 

determined in this manner the contribution of PtCl" to each spectrum, 

subtraction of it leaves the spectrum of the other absorbing species. 

A large part of the tedium in this process can be avoided by using a 

graphical method to obtain the absorbancy values of the second species. 

The following explanation of this procedure will be considerably more 

lucid if Figure 1 and Figure 5 are consulted during the reading. Essen

tially, the total absorbance is plotted versus the fraction of Pt in 

the form of P^Ci^ for each solution at any desired wavelength. The 

result, if Beer's law is obeyed by both compounds, is a straight line 

which can be extrapolated to determine the absorbancy at which the frac

tion of Pt in the form of PtCl— is zero, i.e., the absorbancy the 
D 

solution would have if all the Pt were in the form of the other ab

sorbing species. The first step in plotting is to determine the frac

tion of Pt in the form of PtCl*" for each solution. This can be 
6 

done approximately by selecting a wavelength at which it can reasonably 

be assumed that only PtCl^ absorbs. In this example, 262 mp, was se

lected as this wavelength. The value of the extinction coefficient of 

PtCl = at this wavelength is known (18) and, hence, it is a simple matter 
6 

to calculate the absorbancy at 262 mp, of a solution of PtCl" with the 



31 

FRACTION OF Pt IN FORM OF P t C L 
o 

Figure 5» Graphical Method for Reconstructing Spectra. 
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same total platinum concentration as the solutions being considered, 

which is 2.92 x 10~ 5 M, (This is the concentration of the tenfold 

diluted sample, not of the equilibrated solution.) This absorbancy 

value is found to be 0.73 which is plotted against the value of 1.0, 

since all the Pt is in the form of PtCl", This point and the origin, 

which represents the fact that only PtCl~ absorbs at 262 mp,, determine 

a straight line, The total absorbancy values at 262 mp, of the solutions 

being tested are then placed on this line, Perpendiculars through these 

points extended to the x-axis will then give the fraction of Pt in the 

form of PtCig present in each solution. These perpendiculars are shewn 

in Figure 5, labelled with the Cl/Pt ratios of the solutions which they 

represent, The total absorbancy values at any other wavelength are taken 

from Figure 1 and placed on the proper perpendicular, A line is then 

drawn through these points and extended to the y-axis. This absorbancy 

value, where the fraction of Pt in the form of PtCl~ is zero, would 

be the absorbancy, at this wavelength, of a solution of the other ab

sorbing species if all the Pt were in this form, i.e., at a concentra

tion of 2.92 x 10~ 5 M. Figure 5 shows such a plot for determining the 

value of the absorbancy at 235 mp,, which is thus determined to be 0.58. 

This line and other lines for determining absorbancies were chosen 

visually. In regions where the absorbance is not changing rapidly with 

wavelength, the uncertainty involved in this visual judgment is probably 

less than the experimental error inherent in recording and reading the 

absorbance. In areas where the absorbance is changing rapidly, the error 
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is greater, but not so great as to make the general features of the 

reconstructed spectrum unreliable. 

In the present case, the wavelength which was first selected 

as one where only PtCl = would absorb, was 290 mu, since it was thought 
6 

reasonable that the other species would have its absorbance maximum 

shifted to lower wavelengths, and 290 mjj, was the highest wavelength at 

which absorbancy differences between the various spectra were suffi

ciently large to make plotting reasonably definite. The spectrum of 

the second species reconstructed on this basis showed negative values 

in the neighborhood of 262 mp, with a minimum at that wavelength. This 

suggested that the assumption about the relative absorptions at 290 mjj, 

was a poor one and that 262 mjj, was a better choice as a wavelength at 

which the absorbancy could be attributed entirely to PtCl" . 

However, if all the absorbance at 262 mp, be attributed to PtCl", 

then the calculated concentration of this ion will be too large to fit 

the known stoichiometry of the solution with a Cl/Pt ratio of 4.5. 

The calculated fraction of Pt in the form of PtCl = would be 0.35 
6 

but the stoichiometry of this solution sets the maximum possible value 

for this fraction as 0.25. Therefore, some of the absorption at 262 mp, 

must be ascribed to the second species. In order to take this into 

account, the reference line in Figure 5 must be modified. This was done 

by assuming that the maximum possible value for [PtCl~], in the solu

tion with Cl/Pt of 4.5, was, indeed, the true value. This is equiva

lent to assigning a value of 325 to £ 2 at 262 mjj,. Using this new 

reference line (the dotted line in Figure 5), the graphical process 
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described above was used to obtain the spectrum of the second species 

depicted in Figure 6. The reconstructed spectrum shows a large peak 

at 220 mp, and the suggestion of a shoulder in the neighborhood of 235 mp,. 

For comparison's sake, the spectrum of a solution of H 2PtCl 50H, of un

known concentration in ether is also given. The H 2PtCl 50H was prepared 

by the method of Miolati (46) but, since the prepared salt was not 

analyzed, this formula cannot be definitely ascribed. Although the two 

spectra are similar in the limited range available for comparison, it 

would seem better to assign the reconstructed spectrum to PtCl 4(0H)~ 

rather than to PtCl 50H = because the existence of the former, but not 

of the latter, is evidenced in the mole ratio plots. It would be en

lightening if the spectrum of PtCl 4(0H) 2 in a nonhydrolytic medium 

could be compared with the reconstructed spectrum. Unfortunately at

tempts to prepare such a solution by the method of Miolati failed. 

The spectra of Figure 1 and the mole ratio plot of Figure 4 sug

gest that the solutions with Cl/Pt > 4.5 contain only PtCl = and 
6 

PtCl (0H)= in equilibrium with each other as expressed in the equation: 

PtClJ + 2H 0 t PtCl (0H) = + 2H + + 2 Cl" 6 2 4 2 

and the following equilibrium expression ought to be obeyed: 

[ptci4(0H)=] [H+] 2[cr] 2 

K * = [PtCif] 

Water is omitted since its concentration is essentially constant. The 

H + concentration is also large, hence virtually constant, but is 
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retained so that later comparisons may be made with the results of 

other workers. In the table below are the values for the concentra

tions necessary to calculate K . These values were obtained from 
4 

known total Pt, Cl and acid concentrations and from the spectra of 

the solutions assuming that the extinction coefficients of PtClJ and 
PtCl4(0H)= at 262 m|i are, respectively, 24,900 and 325. 

Cl/Pt [PtCl=] [PtCl4(0H)=] [ c i - ] [H+] K4 
x 10 4 x 10 4 x 10 4 x 10 8 

6 1.73 1.19 2.38 2.4 22.4 
5.5 1.46 1.46 1.46 2.4 12.3 

5 1.14 1.78 1.04 2.4 9.74 
4.5 0.73 2.19 0 2.4 -

The drift in values of is not unexpected. The values are 

ultimately dependent on the estimation of e for PtCl (0H)~ . Greater 
4 2 

consistency in K 4 could have been obtained by choice of a larger value 

of £, but would suggest a greater accuracy in the method than Is justi

fied. The mole ratio plot is the evidence that PtCl 4(0H)~ is the prin

cipal hydrolysis product, not the constancy of K . 
4 

The only other quantitative data in the literature that can be 

compared with this work are those of E. H. Archibald (l3) and those of 

Blasius, Preetz, and Schmitt (15). Archibald made a kinetic study of 

the hydrolysis of K PtCl in water, following the reaction by titri-
2 6 

metric determination of the acid generated. The ultimate equilibrium 
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concentrations of acid in various runs were determined but he made no 

use of these data in speculation about the composition qf the equi

librium mixtures. Blasius, Preetz, and Schmitt (15) made a kinetic 

study of the exchange of radioactive chlorine between PtClg and Cl~ 

in HC1 solutions. A net hydrolysis reaction occurred coincident with 

the exchange, and the distribution of radioactive chlorine at equilibrium 

was used to calculate the extent of hydrolysis. They did not use their 

data quantitatively beyond the point of calculating the per cent of 

hydrolysis in each experiment. 

Although it is possible that at equilibrium these solutions are 

more complicated in composition, it is informative to assume that there 

is only one other platinum-containing species besides PtCl^, and to 

calculate an equilibrium constant based on this assumption. In the fol

lowing tabulation these constants are given, along with the pertinent 

experimental conditions. The constants K 5, K^, and K g correspond 

respectively to the assumption that PtCl 50H =, PtCl (OH)~ or 

PtCl (OH)1! is the second species. A dash in the table implies that 

mo re HC1 is formed (in the case of Archibald's experiments) or more 

CI released from PtCl - (in the case of the exchange experiments) 
6 

than can result from the complete hydrolysis of PtCl" to the assumed 

product. 

These results also point to PtCl 4(OH)~ as the principal 

hydrolysis product. The value of is also similar to that obtained 

in the spectral experiments. In none of these experiments is the value 
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Archibald 

Initial 
Cone, 

K 2 P t C l 6 

Equilibrium 
Cone. 
HCI K R x 10 4 K x 10 8 

4 K 3 x ] 0 1 2 

0.00125 M 0.00374 M _ _ _ 

0.00250 M 0.00459 M - 0.484 0.0147 
0.00500 M 0.00690 M - 0.505 0.0919 
0.01000 M 0.00929 M 11.3 0.645 0.293 

Blasius, Preetz, and Schmitt 

Initial 
Cone. 

H PtCl 
2 6 

Initial 
Cone. 
HCI K x 10 4 

o K x 10 8 

4 K 3 x 1 0 1 2 

0.0024 0.011 - 15.2 11.4 
0.0024 0.047 0.830 8.78 129 
0.0037 0.052 0.753 10.2 178 
0.0024 0.083 1.69 44.3 2560 

of established with any great accuracy, but It appears that 

does not have a marked temperature dependence. 

Since the spectra of the solutions with Cl/Pt < 4 do not dis

play isosbestic points, at least three species must contribute to the 

absorbance of these solutions. If the assumptions be made that the ex

tinction coefficients of PtCl = and PtCl (0H)~, at 262 ma, are 

24,900 and 325, respectively, and that these two species are the only 

ones which absorb at 245 mjji, it is possible to reconstruct a series of 
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spectra by subtracting the contributions of each of these species from 

the spectra of the solutions with Cl/Pt from three to four inclusive. 

Figure 3 displays a continuing increase in absorbance between 240 mji 

and 300 mp, for the solutions with Cl/Pt < 2.5, a fact which demon

strates that the assumptions made above are certainly not true for these 

solutions and are, probably, only approximately true for the solutions 

with Cl/Pt ratios from three to four. The spectra resulting from this 

double decomposition do not show any well defined peaks or shoulders which 

suggests that whatever other species are present have their absorption 

maxima at wavelengths below 205 mji. 

The Solution Behavior of PtCl,, 
4 

As was noted in the introduction, many investigators have studied 

the nature of PtCl solutions. Miolati (9) concluded that PtCl 
4 4 

hydrolyzes to give tetrachloro-dihydroxy platinic acid, basing his con

clusion on conductometric titration with alkali and analysis of precip

itates obtained from PtCl solutions by addition of silver ion. Brit-
4 

ton and Dodd (10) questioned this and proposed that upon first dissolving, 

PtCl^ hydrolyzes as follows: 
PtCl + 2H 20 -> Pt(0H) 2Cl 2 + 2HC1 

and that, during 24 hours, the hydrolysis proceeds further to give 

Pt(OH) CI. 

Heymann's (ll) study of the effect of carbon on the hydrolysis 

would also indicate that the hydrolysis proceeded to Pt(OH) CI and 
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Pt(0H) 2Cl 2. The work described below was undertaken with an eye toward 

resolving the issue, with the added hope that, if Miolati were correct, 

the spectrum of PtCl (0H)~ would be obtained, thus checking the results 

of the preceding section. 

Solid PtCl was prepared using the method described in Chapter 

III. The dried compound was analyzed for platinum and chloride contents 

by the methods given in Chapter III, and the formulation PtCl was 

thereby demonstrated. A portion of the compound was dissolved in water 

and the spectrum of the resulting solution was immediately recorded on 

the Beckman DK spectrograph. Additional spectra of the same solution 

recorded ten and twenty minutes after the dissolution of PtCl^ were 

identical with the original spectrum within the limits of experimental 

error, a fact which indicates that the species in solution are rather 

resistant to further hydrolysis. This spectrum of the solution of 

PtCl is shown in Figure 7 which also shows the spectrum of a 2.92 x 

10~ 5 molar solution with a Cl/Pt ratio of four and the reconstructed 

spectrum of PtCl 4(0H) 2 for the sake of comparison. The concentration 

of the PtCl solution was found to be 3.02 x 10" 5 M by spectro-

analysis. It appears clear that the reaction cannot be simply the 

formation of PtCl (0H) =. The very definite shoulder at 262 mu, in-
4 2 

dicates strongly the presence of PtCl~ in the solution. If this be 

so then the PtCl~ must be formed in the process of dissolution of the 6 
solid PtCl . A possible reaction consistent with this is: 4 

2PtCl 4 + 4H 20 -> PtCl= + PtCl2(0H)= + 4H+ . 



ill 
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If all the absorbance of the dissolved PtCl at 262 mjj, is attributed 

to PtCl =, then the concentration of the latter is 1.53 x 10" 5 M, 
6 

almost exactly half of the total platinum concentration which is 3.02 x 

10" 5 M. 

It is interesting to note that any postulated reaction that leads'" 

to retention of all the chlorines in Pt species, regardless of how the 

chlorines are distributed, leads to two H + and one doubly negative Pt 

species per PtCl dissolved. Hence, any experiments that measure the 

acidity or that measure the conductivity will not be definitive. 

In accord with the postulation of two platinum species in these 

solutions is the interesting observation of Reed (47) that when a drop 

of any aqueous solution of PtCl is placed on filter paper a double ring 

is formed. He attributed this to the presence of two different hydrates 

with different rates of diffusion. 

Falqui (48) has determined that the structure of solid PtCl is 

that of a cube containing in each corner a PtCl tetrahedron with three 

of the chlorine atoms resting on three edges of the cube and the fourth 

chlorine atom directed toward the cube's center. It is not readily 

apparent how such a structure would break up on dissolution to yield 
PtCl = . Whatever the dissolution reaction is, it appears to end with 

6 

essentially half of the platinum in the form of PtCl*~ . 



CHAPTER V 

OBSERVATIONS ON THE BROMO-HYDROXO COMPLEXES OF PLATINUM 

Mole Ratio Treatment of Bromo-Hydroxo Complexes 

As has been mentioned, this investigation of the bromo-hydroxo 

complexes, in particular, was undertaken because of difficulties en

countered in attempts to synthesize various chloro-hydroxo compounds 

and because the expected longer wavelength absorption of the bromo com

plexes would facilitate spectral study. Unfortunately, all the members 

of the series PtBr (OH) = have not been isolated. Only those where 
n 6-n 

n = 0, 4 and 6 are known in the solid state (49)• Therefore, the ob

vious approach of dissolving pure solid compounds in nonhydrolyzing 

solvents and measuring their characteristic spectra could not be fol

lowed. However, the mole ratio method could be and was applied to the 

system. Therefore, a series of solutions of varying bromine to plati

num ratios was prepared. The platinum concentrations and acidity were 

held constant throughout the series. The solutions were made up in the 

following manner. A weighed amount of sodium platinate, prepared as 

described in Chapter III, was dissolved in twenty mis of 12.00 M per

chloric acid. This was diluted to about 40 mis with distilled water 

and, after cooling, the calculated amount of a standard solution of 

sodium bromide was added to adjust the bromide/platinum ratio to the 

desired value. The solution was made up to a volume of 100 mis and 

allowed to equilibrate in a water bath held at a temperature of 50°C. 
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The temperature was constant within 0.1°C. The total concentration of 

all platinum species in each solution was 2,92 x 10" 3 M, while the 

Br/Pt ratio varied from zero to six in intervals of 0,5. All of the 

solutions were 2,40 M in HC10 • These solutions were too concentrated 
4 

to permit direct measurement of their spectra. Consequently, aliquots 

were taken and diluted one hundredfold with distilled water for this 

purpose. The dilution was made immediately before measuring to mini

mize hydrolysis and the measurement itself was carried out using the 

Beckman DK spectrophotometer so as to record the spectrum as swiftly 

as possible after dilution. The spectrum of each solution was meas

ured every eight to twelve hours using a freshly diluted sample until 

two consecutive spectra showed identical absorbancies throughout the 

range from 205 mp, to 400 mp,. At this stage it was assumed that equi

librium had been established. Equilibrium was usually established within 

48 hours after placing the solutions in the bath. 

The same question arises here as in the case of the chloro-hydroxo 

complexes, that is, whether the spectra represent the equilibria which 

obtain in the solutions before or after the dilution. In the case of the 

bromo complexes, the rate of hydrolysis is greater than for the chloro 

complexes. Even with this greater speed, however, the time of measure

ment is sufficiently short that the spectra reflect the conditions ob

taining in the solutions before dilution. 

After 48 hours, a yellow orange precipitate appeared in the 

solutions of low bromide-platinum ratios, specifically in those in which 

the Br/Pt ratio was less than three. Some of the precipitate was 
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taken for analysis. The material was first dried over CaClg, a proc

ess which caused a color change from orange to light brown. The dried 

material was then analyzed by sintering a weighed amount with sodium 

carbonate, thereby decomposing it to metallic platinum. The sintered 

mass was leached with water and filtered. The filtrate gave no precip

itate with silver nitrate demonstrating the absence of bromide. The 

residue of platinum was dried and weighed and found to be very close to 

the theoretical platinum content of H Pt(OH) . The only other probable 
2 6 

compound which might have precipitated is sodium platinate but this com

pound is comparatively quite soluble and its platinum content does not 

correspond to the assay of the material. 

Sample Pt Pt Calculated Pt Calculated 
Weight Found for H Pt(OH) 

2 6 
for Na Pt(OH) 

2 6 

0.0458 g 0.0293 g 0.0299 g 0.0255 g 

Obviously these solutions, with precipitates, could not be in

cluded with the solutions with higher Br/Pt ratios in the mole ratio 

plots because of their varying contents of dissolved platinum. These 

were treated separately as will be explained further in this chapter. 

The spectra of the solutions with Br/Pt of three or above are shown 

in Figure 8 and Figure 9. The spectrum of PtBr", at a concentration 

of 2.92 x 10" 5 M, is included in Figure 8 for the sake of comparison. 

It is obvious that p^Br~ is an important species in the solutions with 

high Br/Pt ratios. The spectrum of PtBr" was obtained as follows. 
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Figure 8. Spectra of Solutions with Varying Br/Pt Ratios. 
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Figure 9« Spectra of Solutions with Varying Br/Pt Ratios. 
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Two different samples of Na_Pt(OH) , one weighing 0.0922 grams and the 
2 6 

other 0.0999 grams, were taken. One sample was dissolved in 80 mis of 

5M NaBr and 20 mis of concentrated HCIO^. The other sample was dis

solved in 20 mis of 5M NaBr, 60 mis of H 20 and 20 mis of concentrated 

HCIO^. Both samples were equilibrated at 50°C. Aliquots of 10 mis 

were taken from each solution, diluted to 100 mis, and the spectra of 

the diluted solutions were measured on the DK spectrophotometer. The 

two spectra were identical within the limits of experimental error in

dicating that these solutions contain only one absorbing species, 

namely PtBr =, The spectrum shows a large peak at 315 mp, with a def-
6 

inite shoulder at 360mjj,, an absorbance minimum at 267 mji and a very 

large peak at 225 mjj,. 

Figure 10 shows a mole ratio plot of absorbancies at several 

selected wavelengths versus Br/Pt ratio. The plot indicates that 
the species PtBr (0H) = enjoys a considerable degree of stability 4 2 
in solution while PtBr (0H)~ does not. Since Isosbestic points are 

5 

not present in all the curves, it would seem that at least one other 

species than P^Br" and PtBr 4(OH)~ must be present in those solu

tions where Br/Pt < 4.5. 

Those solutions where Br/Pt > 5 do show isosbestic points 

at 285 mp, and 240 mjj, and it is reasonable to suppose that their spectra 

are composites of the spectrum of P^Br" and the spectrum of PtBr (0H)~ 

since the latter species is stable according to the mole ratio plots. 

By subtracting the known spectrum of PtBr" from these compos-
6 

ite spectra, it should, then, be possible to obtain the spectrum of the 
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Figure 10. Mole Ratio Plots of Bromoplatinate Solutions. 
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putative PtBr 4(0H)~ . The method is completely analogous to that used 

in the case of the chloro-hydroxo complexes, which was described in 

Chapter IV. First the concentration of PtBr = in each solution was 
6 

calculated on the assumption that this ion was the only absorber at a 

wavelength of 315 mp,. These concentrations were used in the graphical 

method to reconstruct the spectrum of PtBr (OH)^ . This spectrum showed 

negative absorption values in the vicinity of 225 mp,. Consequently, 

reconstruction was repeated using this wavelength as one at which only 

PtBrf absorbs. However, the concentration of PtBr" which was cal-
6 6 

culated for the solution where Br/Pt is 4.5, is forbidden by the known 

stoichiometry of this solution. The calculated concentrations of 

0.97 x TO" 3 M for PtBrJ and 1.95 x TO" 3 M for PtBr4(0H)= would 

require a 13.52 x 10~ 3 M concentration of bromide to satisfy the lig

and requirements, while the actual bromide concentration of this solu

tion is only 13.14 x TO""3 M. Therefore, it became necessary to select 

some other means for estimating the concentrations of PtBr" in the 
6 

solutions. This was done by assuming that the concentration of PtBr" 
6 

in the solution where Br/Pt equals 4.5, is equal to the maximum con

centration permitted by the stoichiometry, i.e., one fourth of the total 

platinum concentration. This assumption established a new line for the 

graphical method, as shown in Figure 11 for the wavelength of 225 mp,. 

Use of the graphical method with this new base line enables the recon

struction of the spectrum of PtBr^(0H)~ shown in Figure 12. The 

spectrum, which can be tentatively attributed to PtBr (0H)~ shows a 

maximum at 245 mp,. 



Figure 11. Absorbance Composition Plot for PtBr^-PtBr^ (OH) 
Solutions. Base Line at 225 ron • 
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It should, then, be possible to use the data to calculate an 

equilibrium constant for the equilibrium: 

PtBr= + 2H 20 ^ PtBr4(OH)= + 2H+ + 2Br" 

which is described by the expression: 

[PtBr4(OH)j] [Br"]2[H+]2 

6 [PtBr=] 
o 

Since, in the case of the solutions used to establish the mole ratio 

plots, the concentration of water is essentially constant, it has been 

incorporated with K . The data necessary for calculating are 

tabulated below. The values of [Pt Br =] were obtained by comparing 
6 

the absorbancies at 225 mp, with Figure 11, which relates absorbance with 

composition. Values of [PtBr (0H) =] were obtained by difference and 

values of [Br~] by calculation from the values of the concentrations 

of the platinum species and the known amounts of total bromide in vari

ous solutions. 

Br/Pt [ P t B r ? ] [PtBr4(OH)f] [Br"] [ h + ] KQ 

x TO 3 x TO 3 x TO 3 x TO 7 

6 2.51 0,41 0.82 2.40 6.3 

5.5 1.84 1.08 0.70 2.40 16,6 

5 1.25 1.67 0.42 2.40 13.6 
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These constants are, of course, those which define the extent of hydrol

ysis at 50°Co The agreement among the values is reasonably good and in

dicates that the postulated equilibrium and the assignment of the spectrum 

in Figure 12 to PtBr 4(0H)~ are correct. 

Hydrolysis of the Hexabromoplatinate Ion 

As has been pointed out, solutions of bromoplatinate, when diluted 

for the purpose of recording spectra, were quite prone to hydrolyze. Er

rors arising from this hydrolysis could be held small by recording the 

spectra as swiftly as possible. This hydrolysis, in itself, however, was 

productive of further data concerning the spectrum of PtBr^OH)^ . 

A solution containing platinum and bromide in one to six ratio was 

made up and allowed to equilibrate as usual. This solution had a total 

platinum concentration of 2.92 x 10~ 3 M and a perchloric acid concentra

tion of 2.40 M. A one ml aliquot was then diluted to 100 mis and the 

spectrum of the resulting solution was recorded at various time intervals 

until the rate of hydrolysis slowed to such an extent that any change in 

the spectrum fell within the experimental error involved in recording it. 

The series of spectra thus obtained is shown in Figure 13.* The most 

noteworthy feature of the spectra is the appearance of three well-defined 

isosbestic points at 214 mjj,, 242 mp, and 284 mp, which correspond closely 

to the isosbestic points discovered in the spectra of solutions of vary

ing concentrations of bromide ion where the Br/Pt ratio is 4.5 or 

*A very similar experiment and series of spectra are reported by 
G. Schmidt and W. Herr (16). In their experiment KgPtBr6 was dissolved 
in 0.5 M H 2S0 4, and the absorption spectrum measured from 250 mp, to 500 
mp,. The spectra were merely reported, and no conclusions were drawn. 
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Figure 13- Hydrolysis of PtBr^. 
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greater,, As before, it can be concluded that these solutions contain 

PtBr" and one other species which is probably PtBr^COH)J . Therefore, 

a comparison of these spectra of a solution undergoing hydrolysis with 

the spectrum of a solution having P^Br^ as the only absorbing species, 

makes possible the reconstruction of the spectrum of the other absorbing 

species present in the hydrolyzing solution. This was done using the 

methods already described and the resulting reconstructed spectrum is 

shown, in Figure 14, Figure 14 also shows the spectrum obtained from the 

solutions having a Br/Pt ratio of 4,5 or more. Comparison shows some 

differences. The peak is shifted to longer wavelengths and the absorb

ance is less for the spectrum obtained from the hydrolyzing PtBrg . 

This difference probably demonstrates a small contribution to the absorb

ance by a third species in the solutions used for the mole ratio method. 

However, there is sufficient agreement between the spectra that it can 

reasonably be assumed that Figure 14 represents the spectrum of 

PtBr4(0H)|= , keeping in mind the evidence of the mole ratio plots. 

The evidence thus suggests that hydrolysis of PtBr" proceeds to an 

equilibrium with PtBr 4(OH)j under these conditions. 

Archibald and Gale (14) examined the hydrolysis of K2PtBrfi 

at 20°C by dissolving the salt in water and following the reaction by 

titrating the acid formed. In their experiments the initial ^ ^ T ~ 

concentration varied from 5.0 x 10~ 4 M to 1.00 x 10" 2 M. In the absence 

of light observable hydrolysis did not occur until after several days. 

When the solutions were irradiated with a 300 watt lamp they obtained 

curves like that depicted below when solution acidity was plotted versus 



57 

LEGEND 

reconstructed from spectra of solut ions 

220 230 240 250 260 270 280 290 300 310 

WAVELENGTH 

Figure lk. Spectra of PtBr, (OH) 



58 

O 

- H 
• H 
T 3 A E 
< 

Time 

time. In general the maxima occurred at 400-500 minutes. A maximum is 

observed only in a light catalyzed reaction. Somewhat similar observa

tions were made in the course of the present work. Figure 15 shows the 

absorbancies of five solutions of H PtBr plotted versus time. All 

the solutions were initially 5.43 x 10~ 5 M in PtBr = and 2.5 x 10~ 3 M 
6 

in NaBr. Curve number four illustrates the hydrolysis of a solution 

prepared and kept in red light. The typical minimum is not shown. All 

the other solutions were light catalyzed. The rates vary considerably, 

perhaps due to variations in temperature and light since the solutions 

were prepared on different days. 

Figure 13 does not, however, show a maximum in the extent of hydrolysis 

but proceeds steadily to the equilibrium value. This particular solu

tion was exposed to ordinary light throughout the hydrolysis, so that 

the lack of a maximum must be ascribed to some other cause. That which 

immediately comes to mind is acid catalysis during some stage of the 

hydrolysis, since this solution was 0.024 M in HCIO^, while the solu

tions of Archibald and Gale, as well as the solutions of Figure 15, 

contained no acid except that generated by the reaction. 

The solution whose hydrolysis is represented by the spectra of 
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Archibald and Gale explained their curves by postulating the 

following series of reaction: 

(1) PtBr^ + H 20 "* PtBr50H= + HBr 

(2) PtBr 50H = + H 20 "* PtBr4(0H)= + HBr 

(3) 2PtBr4(0H)= + 3HBr •* PtBr50H= + PtBr= + 3H 20 

where (2) is considered responsible for the maximum at C. In the light 

of the present work there is no evidence for the presence of PtBr(OH)~~. 

Further evidence on this point can be obtained by treating their equilib

ria data in the same way as was done earlier for the chloro system. The 

only data from the present work which would be fairly comparable would 

be that inferred from the completely hydrolyzed solution of PtBr", 

which has reached equilibrium at room temperature. By use of the equi

librium absorbance at 225 i t ijjl from Figure 13, and the composition-absorb-

ance curve of Figure 11, values of K 5, K 4 and K 3 can be calculated. 

The results of this comparison are as follows: 

Archibald and Gale (14) 

Initial K 2PtBr- HBr Concentration ^5 x ^4 x ^3 x 

r> x at Equilibrium - , ^ 1 2 Concentration M 10° 10±EI 1 0 ^ 

10 X 1 0 - 4 M 1.10 x 1 0 " 4 M - 1.8 1.0 

25 X lO" 4 M 1.60 x lO" 4 M 2 . 5 1.5 1.7 

50 X 1 0 " 4 M 1.88 x lO" 4 M 1.8 2 . 3 4.7 

100 X 1 0 " 4 M 2 . 6 1 x i o - 4 M 2 . 4 6 . 8 30 

From Spectral Data 2 . 3 5 . 3 20 
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On the basis of the trends in the values of the K*s, PtBr (OH)~ 

can be eliminated from consideration as the hydrolysis product, but no 

choice is possible between PtBr (0H)"~ and PtBr (0H)~ . Since the 

mole ratio plot gives evidence of PtBr 4(OH)~ but not of PtBr 5(0H)~, 

the former is believed to be the product. The reconstructed spectrum 

of Figure 14 is thus attributed to PtBr (OH)g . The differences in the 

two spectra of Figure 4 may be within the experimental error of the meth 

ods used for reconstruction, or may result from the fact that PtBr4(OH) 

has two isomeric forms, which may be present in varying fractions in the 

two experiments. 

One unexplained difficulty remains. Comparing the value of 

at 50°C with K . it is seen that K has a value of about 1 x TO" 6 

4' e 
at 50°C (in 2.40 M HC104) as compared to a value of about 5 x 10' 1 2 at 

room temperature (in 0.024 M HC10 ) . This seems to be an unusually 

large difference, even though both temperature and activity differences 

exist, especially since the chloro system shows only a small difference 

for corresponding conditions. 

A kinetic expression can be derived for the hydrolysis described 

by the spectra of Figure 13, by comparing the time elapsed with the con

centrations of P"tBrg and PtBr 4(0H)~ , the latter two data being cal

culated from the spectral absorption at 315 mji and the known total plat

inum concentration. Trials of various possibilities showed that only by 

treating the hydrolysis as a first order, reversible reaction could con

stancy of the velocity constants be obtained. The values obtained are 

as follows: 
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Time After Dilution k + k'/2.303 

7 minutes 0.0452 minutes"1 

12 0.0467 
19 0.0459 
25 0.0453 
34 0.0499 

k and kJ are, respectively, the velocity constants for the 

forward and reverse reactions. That the reverse reaction appears first 

order, rather than third order as would be expected from the molecular-

ity, indicates that the contribution of k' to (k + k') must be small. 

The spectra of hydrolyzing PtBr^ , obtained by Schmidt and Herr 

(l6) can be used to estimate a value for k + k'/2«303 f o r a solution of 

PtBrT which is 0.5 M in H oS0„. This value turns out to be 0.06 min" 1 

which is close to the values obtained during this investigation. 

The Solution Behavior of Platinum Tetrabromide 

Solid platinum tetrabromide was prepared by the method described 

in Chapter I I I . The prepared compound was assayed for platinum and 

bromine to establish its composition. The compound was stored in a 

desiccator over concentrated sulfuric acid because of its extreme hygro-

scopicity. 

An unknown amount of PtBr was added to 100 mis of water. The 
4 

compound dissolved quickly and its spectrum was measured immediately on 

the Beckman DK spectrophotometer. 
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Successive spectra of the same solution were recorded at short 

intervals. The spectra thus obtained displayed large peaks at 315 mp, 

and 225 mp, as well as isosbestic points at 212 mp,, 248 mp, and 277 mp,. 

The isosbestic points were not well defined as compared with those shown 

by the successive spectra of hydrolyzing P"tBr~ and might better be 

described as isosbestic regions. These spectra are shown in Figure 16. 

After the spectra were recorded, a portion of the solution was 

analyzed for total platinum concentration by adding it to a solution con

taining a large excess of bromide ions and perchlorate ions and measuring 

the absorption of the solution at 315 mp,. By this means the total plat

inum concentration in the solution was found to be 7.5 x 10~ 5 M. 

The peaks at 225 mp, and 315 mp, are almost certain proof that one 

of the species present in the solution of PtBr. is PtBrT. Furthermore, 
4 D 

its appearance in the solution is immediate upon the dissolution of 

PtBr 4. The correspondence of the isosbestic points in these spectra 

with the points found in the spectra of solutions with varying Br/Pt 

ratios also demonstrates the presence of PtBr 4(0H)~ . If P"tBr~ and 

PtBr (OH)" are assumed to be the only absorbing species at 315 mp, 
4 2 

then, it can be calculated from the absorbance shown by the initial 
spectrum of the dissolved PtBr that exactly half of the platinum 

4 
is initially in the form of PtBr~. The succeeding spectra record the 

6 
hydrolysis of this PtBr" to PtBr (OH);: . Therefore, PtBr , upon 

6 4 2 4 
dissolution, breaks up into PtBr" and some other ion. It is reason

able to assume that the structure established by M. Falqui (48), for 

PtCl , also holds true for PtBr 4. As in the case of PtCl 4, it is 
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Figure l 6 . Hydrolysis of PtBr, Solution. 
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not readily discernible how this structure would break up to yield PtBr", 

but whatever the dissolution reaction is, it leads to the appearance of 

half the platinum in the form of PtBr g. In any event, it appears that 

the spectra obtained by dissolving PtBr^ in water can be explained by 

postulating a primary decomposition into PtBr~, and some other unknown 

species, followed by hydrolysis of the PtBr~ to form PtBr (OH)~. 

Any differences, such as the shift of isosbestic points, then, be

tween the spectra of hydrolyzing PtBr^ and the spectra of hydrolyzing 

PtBr~ must be due to the presence of a third species in the former case 6 r r 

and/or the presence of HCIO^ in the latter case. There are other differ

ences between the two cases* With PtBr 4, the rate of hydrolysis is much 

slower and the kinetics do not indicate reversibility as they do in the 

case of PtBr". Both hydrolyses are first order. The table gives the rate 6 
constants for the hydrolysis of PtBr^. The average value of k is 0.0166 

min"1. For comparison, k + k;, the overall rate of reaction for the hy-

Time k/2.303 

3 minutes 
9 
24 
42 
62 

0.0073 minutes 
0.0067 
0.0081 
0.0075 
0.0062 

- l 

drolysis of PtBr"" is 0.1070 min"1. Since the hydrolysis of PtBr is undoubt-

edly the rate-determining step after the initial dissolution of PtBr , the 
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difference in rates is almost certainly due to the difference in acidi

ties. The evidence is strong, therefore, that the hydrolysis of PtBr= 

is acid catalyzed. It should be noted that solutions of PtBr 4 in 

0.24 M HCIO^ do not display isosbestic points. 

Solutions of Bromo-Hvdroxo Platinates in Equilibrium 

with Solid Platinic Acid 

It will be recalled that, in the experiment designed to obtain 

spectra of bromoplatinate solutions with varying mole ratios of bromide 

to platinum, precipitates of H Pt(OH). developed in those solutions 

where the bromide to platinum ratio was equal to or less than 2.5. The 

mother liquors were assayed for total platinum content by adding to them 

a large excess of bromide ions and measuring the spectra of the solutions 

thus obtained. The figures obtained in this manner are given below: 

Exp. Original Bromine in Platinum in 
No. Br/Pt Mother Liquor Mother Liquor 

1 0 0 0.127 X 10" 3 

2 0.5 1.46 X 10" 3 0.910 X 10' 3 

3 1 2.92 X 10" 3 1.515 X 10" 3 

4 1.5 4.38 X 10" 3 2,081 X 10" 3 

5 2 5.84 X 10" 3 2.400 X 10" 3 

6 2.5 7.30 X 10' 3 2.900 X 10" 3 

Since a precipitate of H_Pt(0H)is was in contact with each of 

the mother liquors, the concentration of Pt(0H)*~ in the mother liquors 
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is known to be constant and equal to 0„127 x 10 M„ The concentration 

of platinum species containing bromine can then be obtained by subtract

ing this value from the values for the total platinum content of the 

various mother liquors. The concentrations of brominated platinum spe

cies thus obtained are? 

Exp 0 B A 
No. Total Brominated 

Bromine Platinum 

2 1.46 X 10" 3 0.783 X 10" 3 1.84 
3 2,92 X 10" 3 1.388 X 10" 3 2.10 
4 4„38 X 10" 3 1.954 X 1 0 - 3 2.24 
5 5„84 X 10" 3 2 0273 X 10" 3 2»57 
6 7 030 X 10" 3 2.773 X 10" 3 2.64 

Since the total bromine contains some free bromide, the ratio 

B/A provides an upper limit to the average number of bromides bound per 

platinum, The data suggest that PtBr 2(0H)~ is an important species 

in these solutions, and that PtBr(OH)*- must also be present in Experi-
5 

ment 2» 

Further insight into the composition of these solutions can be 

obtained by making some assumptions which can be tested experimentally0 

First, assume that PtBr 2(0H)~ and PtBr(0H)~ are the only brominated 

species involved* The equilibria are: 

Pt(OH)- t H+ + Br" Z PtBr(0H)= + H 0 
A 5 2 
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and 

Pt(OH)- + 2H+ + Br" t PtBr2(0H)= + 2H20 

with equilibrium constants 

[PtBr(OH)=] 
K = 

1 [Pt(OH)=] [Br"] 
6 

[PtBr2(0H)j] 
K = . 

2 [Pt(OH)=] [Br"] 2 

6 

Let C = concentration of total platinum o 
and L = concentration of total bromide, o 
Thus C = [Pt(OH)f] + [PtBr(OH)=] + [PtBr9(OH)=] 

and L = [Br"] + [PtBr(OH)=] +2[Pt(OH) Br =] . 
o 5 4 2 

For convenience define: 

F i = L o " C o + ^(OH)^ 

F = 2C - L - 2[Pt(OH)=] 2 0 O 6 

P = K [Pt(OH)=] - 1 . 
1 6 

From the equilibrium constants and defined quantities, algebraic manip

ulation gives 

F i 1 K2[Pt(0H)=] 
— = p + pH F 2 • 
2 
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F ^ and F 2 are known for each experiment and are tabulated 

below: 

Exp. 
No. 

C o 
x 10 3 

L o 
x 10 s 

F i 
x 10 s x 10 s 

1 0.127 
2 0.910 1.46 0.677 0.166 6.39 
3 1.515 2.92 1.532 -0.144 -10.63 
4 2.081 4.38 2.426 -0.472 - 5.13 
5 2.400 5.84 3.567 -1.294 - 2.76 
6 2.900 7.30 4.527 -1.754 - 2.54 

Negative values of F^ are physically meaningful, merely implying that 

[Br~] > [PtBr(0H)|] . 

A plot of F1/ F 2 versus F 2 provides a test of the assump

tions. This plot is shown in Figure 17. Since the plot does not yield 

a straight line, the assumptions cannot be valid for all the solutions. 

If the assumptions have any validity it will be in the experi

ments in which is the smallest. If the assumptions apply to Ex

periments 2 and 3, the straight line through the corresponding points 

can be used to yield the following conclusions: Since a line through 

the first two points of the plot has a Y-intercept of -1, 

P = K [Pt(0H)=] - 1 ^ - 1 . 1 6 

This shows that K..[Pt(OH)~] is much smaller than +1, and that 
1 6 

[PtBr(0H)~] must be small. If the first two points are assumed true, 



Figure 17. Test Plot for Low Br/Pt Equilibria. 
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then, from the slope, it is found that: 

Kp[Pt(OH)-] 
— 5 — = 68 x 10 3 . 

Therefore, if P = - 1, 

K 2 = 5.35 x 10 8 

Noting that [PtBr(OH)~] is small, and that the mole ratio 

plots for both the chloro- and bromo-systems show no evidence of 

PtX 3(0H)^, it will next be assumed that only PtBr 2(0H) 4 and 

PtBr (OH)= are species of consequence, besides Pt(OH) , in Experi-
4 2 . . y, 6 

ments 3 - 6 . The following expressions for their concentrations can be 

derived: 

[PtBr2(0H)~] = ^{4C Q - L Q - 4[Pt(0H)=] + [Br"]} 

[PtBr4(OH)=] = ±{Lq - 2C Q + 2[Pt(0H)=] - [Br"]} . 

These expressions, together with the expression: 
[PtBr2(0H)=] 

K = A = 5.35 x 10 8 

2 [Pt(OH)=] [Br"] 2 

can be used to obtain the following values for [PtBrg(OH)~], [PtBr^fcJH) J, 

and [Br"] . K' is defined by the expression: 
e 

K' = 
[PtBr4(0H)f] 

[PtBr2(0H)=] [Br~] 2 
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Exp. [Br~] [PtBr2(0H)-] LPtBr4(0H)f] K e 

No. x TO 3 x 10 3 x 10 3 x lO""8 

2 0.115 0.894 -0.221 -0.187 
3 0.143 1.388 0.00005 0.00018 
4 0.159 1.798 0,157 0.035 
5 0,159 1.705 0,568 0,132 
6 0.171 1.981 0,791 0.137 

The lack of constancy in demonstrates that the assumption that 

PtBr 2(0H) 4 and PtBr 4(0H) 2 are the only brominated species is invalid 

although it may be a good approximation for Experiments 5 and 6. 

A similar treatment based on the assumption that PtBr 2(0H) 4 

and PtBr 3(0H)~ are the only brominated species leads to equilibrium 

constants which are not constant and must be rejected. 

It can be concluded that no equilibrium, involving only two bro

minated platinum species, can satisfactorily describe all the solutions. 

Figure 18 shows the spectra of these solutions normalized to a total 

platinum concentration of 2.92 x 1 0 - 3 M, while Figure 19 shows the 

spectra of these same solutions normalized to a brominated platinum 

concentration of 2.92 x 10~ 3 M. It would appear from these spectra 

that the solution of Experiment 2 is quite different from the others. 

It is to be noted that the analyses for total Pt and total Br of 

this solution demand that some less brominated species than PtBr (0H)~ 

must be present. It is likely that the solutions of Experiments 5 and 6 

can be adequately represented by an equilibrium among the three species, 



Figure 18. Spectra of Mother Liquors Normalized to Constant 
Pt Content. 
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Pt(OH)-, PtBr„(OH)7 and PtBr (OH)~ but the solutions of Experiments 
6 * 4 4 2 

3 and 4 are more complex and it is possible that PtBr 3(0H)^ may be 

significant. However, there is no simple way to test this hypothesis. 

The value of K 2, 5.35 x 10 s, which was calculated from the 

straight line of Figure 17, is that which is defined by the expression: 

[PtBr2(0H)=] 
K = 
2 [Pt(OH)=] [Br"] 2 

Since the acid concentration of all the solutions was 2.40 NI, then the 

equilibrium constant, K^, for the following equation can be calculated: 

(A) Pt(0H)f + 2H + + 2Br" t PtBro(0H)= + 2H o0 

[PtBr2(0H)=] 5.35(108) 
K - - = 9 > 3 x 1 0 7 # 

Â [Pt(OH)~] [H+] 2[Br-] 2 5.76 

K and the values of K ; for Experiments 5 and 6, as defined in page 
Pi £ 

71, can then be used to calculate a value of Kg for this equation: 

(B) Pt(OH)= + 4H + + 4Br" Z PtBr4(0H)= + 4H 20 

[PtBr,(OH)=] K K' 
K_ = ~ ~ = * = 2.2 x 1 0 1 4 . 

B [Pt(OH)=] [H+] 4[Br-] 4 [H+] 2 

6 
Kg and the values of K , as defined on page 53, can be used to cal

culate a value of for the equation: 



Pt(OH)~ + 6H+ + 6Br" £ PtBr A + 

[PtBr 6] K B 

[Pt(OH)=] [H+] 6[Br-] 6 K [H+] 2 

6 ° 



CHAPTER VI 

MISCELLANEOUS OBSERVATIONS 

During the course of this work some few miscellaneous data were 

gathered which, while not particularly germane to the primary project, 

are of sufficient interest to warrant recording. 

Some of the sodium platinate, NaoPt(0H) prepared as described 

in Chapter II, was dissolved in water and the pH of the resulting solu

tion was measured. A solution which was 4.34 x 10~"3 M in Na gPt(0H) 6 

had a pH of 9.92. If it be assumed that the second dissociation con

stant of H_Pt(0H) is much smaller than the first, then the former is 

equal to 6.25 x 1 0 - 7 and the hydrolytic constant of Na gPt(OH) 0 is 

equal to 1.61 x 10" 8. 

In the work with solutions of low Br/Pt ratios, it was demon

strated that the mother liquors in contact wi th solid H 2Pt(0H) 6 were 

0.127 x 1 0 - 3 M in Pt(0H)if. Since these same mother liquors were 
6 

2.4 M in HC10. it follows that the solubility product constant of 4 
platinic acid is about 7.3 x lO - 4. 

In an attempt to find a nonaqueous solvent for solid H PtBr • 5H 0 
«o o <> 

the following facts were observed. Alcohol, ether and dioxane reduce the 

Pt(lV) to Pt(ll) and, eventually, to Pt ( o ) . the compound is insol

uble in carbon disulfide, carbon tetrachloride, nitromethane and dimethyl 

formamide. Concentrated sulfuric acid and glacial acetic acid react with 

H PtBr to give yellow insoluble compounds. 



CHAPTER VII 

CONCLUSIONS 

The hydrolysis reactions of the chloro- and bromo-platinates are 

light catalyzed,, In each case the composition of the solution at equi

librium is the same whether equilibrium is obtained photochemically or 

by way of a thermal mechanism in the dark* The hydrolysis of hexabromo-

platinate to tetrabromoplatinate is catalyzed by acid, in addition to 

the catalysis by light* At an acid concentration of 2,40 M the kinetics 

of hydrolysis show a first-order behavior without appreciable complica

tion by the reverse reaction. The apparent first-order rate constant 

for the hydrolysis is 0.017 min - 1. 

Application of the mole ratio method to both the chloro- and 

bromo- systems indicates that the anions of the types PtXjj", PtX 4(0H)~, 

and PtX 2(0H)~ are stable in aqueous solution. The solubility studies 

show that PtBr(OH)~ is not a species of consequence in solutions with 

low Br/Pt ratios. Such solutions probably contain PtBr 4(0H)~ , 

PtBr 2(0H)=, Pt(OH)=, and, perhaps, PtBr 3(0H)~ . 

It has been possible to reconstruct the spectra of PtCl 4(0H) 2 

and PtBr (0H)~ „ The former is shown in Figure 6; the latter in Fig-4 2 
ure 14. 

Solid PtCl reacts with water in such a way that half of the 4 
platinum is found in the form of PtCl~. PtBr reacts in a completely 

e 4 
analogous fashion* 
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At constant hydrogen ion concentration, the equilibrium constant 

for the reaction: 

PtCl" + 2H_0 PtCl (0H)= + 2H + + 2C1" 

6 *2 4 2 

_ 7 

is approximately 1.5 x 10 at 50°C, and with platinate concentrations 

of 1 0 - 4 M. 

At constant hydrogen ion concentration, the equilibrium constant for 

the reaction: 
PtBrJ + 2H 0 Z PtBr (0H) = + 2H + + 2Br" 

6 2 4 2 

is approximately 2 x 10~ 7 at 50°C, and with platinate concentrations 

of 10" 3 M, It is approximately 1 x 10~ 8 at 20°C, and with platinate 

concentrations of 1 0 - 5 M. 

Equilibrium constants have been estimated for the following 

reactions: 

(A) Pt(0H) = + 2H+ + 2Br~ T PtBr (0H)j + 2H_0 

(B) Pt(OH)- + 4H + + 4Br" T PtBr^COH)! + 4 H 20 

(C) Pt(0H) = + 6H + + 6Br" T PtBr" + 6 H_0 
6 6 ^ 

K A = 9.3 x 10 7 

K„ = 2.2 x 1 0 1 4 

1.8 x 10 
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The solubility product constant of platinic acid is approximately 

10" 4. The second dissociation constant for the acid is about 6.3 x 

The hydrolytic constant of Na 2Pt(0H) g is about 1.6 x TO - 8. 



CHAPTER VIII 

RECOMMENDATIONS 

The following work should be undertaken to further the knowledge 

of the chemistry of halo-platinates: 

A kinetic study of the hydrolysis of P"̂ Br~ should make possible 

some conclusions as to the nature of the mechanism involved. 

An extension of the mole ratio method to fluoro- and iado-platinates 

would be of interest. The former case might require work in the vacuum 

ultra-violet and would certainly require some experimental ingenuity to 

circumvent the difficulties of working with fluoride solutions. Work 

with the iodo-platinates would, of course, involve the problem of auto-

oxidation and reduction. 

A re-investigation of solutions with low bromide to platinum 

ratios should be made by selecting working concentrations such that the 

precipitation of platinic acid will be avoided. 

The spectra of PtCl. and PtBr, should be examined in non-r 4 4 

aqueous solvents. 

The data found in the course of this work should be used to in

vestigate the nature of halo-platinate species extracted from aqueous 

solutions into organic solvents. 

The solubility product constant of platinic acid should be 

quantitatively determined. 



Since, in general, the nature of dissolution reactions has r 

ceived little attention, it would be worthwhile to investigate this 

phenomenon by use of metals which form kinetically inert complexes. 



APPENDIX 

The following mathematical treatment and the conclusions drawn 

therefrom are a digest of the work of A, S. Meyer, Jr., and G. H. Ayres 

(30). 

Consider the general case where R reacts with S to form N 
t h 

consecutive complexes. Let the i complex be designated by SR^ 
and its concentration by CSR n # ] . For the reaction: 

1 

SR n Z S + n.R * n. i 

the dissociation constant, k n , is: 

[s] [RT i 
1 

.n 
kn [SR n ] 

i 

The values, n Q , n 1, n^ represent a sequence of increasing integers 

corresponding to the stoichiometry of the complexes formed. For a com

plex of the type SpR Q, n^ = 8/p. Let the first member of the series 

It should be remarked that, although Meyer and Ayres write the 
general equation in this form, the reactions are generally of the type: 

S R n . + n i H
2 ° Z S( H2°)n i + n^R . 

In the case of the present work the equation would be: 
SR n. + nn-HP0 2 S(0H)= + n-R + H+ . 

The HgO molecules can be ignored since the concentration of water is 
essentially constant. However, the experiments must be performed at 
constant hydrogen ion concentration to make the treatment valid for the 
work reported in this thesis. 
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of complexes, SR n be represented simply by S. The dissociation con-
o 

stant for this complex is set equal to one. If the absorbances at a 

given wavelength are measured for a series of solutions whose total molar 

concentration of S is M, and of R is yM, and the absorbance val

ues are plotted against y, the shape of the curve will be determined 

by the stoichiometry and dissociation constants of the complexes formed and 

by the concentration, M, of these solutions. 

For an ideal system, the influence of dissociation can be ne

glected and, when the value of y corresponds to the mole ratio for the 

formation of one of the complexes SR nj, (where rij < n^) the concen

tration of this complex will be equal to M and the absorbance A will 
be equal to Mba n , where b is the optical path length and a n is 

J nJ 

the absorptivity of the complex. Similarly, when y = nj+i> A = Mbarij+1-

For intermediate values of y the absorbance is given by the equation: 

a — a„ 
r nj+i r 

A(y) , <, = Mb a n + (y - n ^ J-
w n < y < n ., L n i J 

" J nj+i " n j r\ < Y < n j J+ 1 

For the complex of highest mole ratio, SR n , the absorbance will be 
N 

given by: 

A ( y ) > n = Mb[a n + a R(y - n )] . 
N N y > n N 

The entire curve may be represented by summing over j to yield: 
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N a n . , " a n 
A(y) = I Mb[a n + ( y - n . ) — -] + Mb[a n + a R(y-n N)] . 

j = o - J n j + i " n j n . < y < n - + 1
 N ^ 

Therefore, for this ideal case, A(y) is a continuous curve made up of 

straight line segments. Changes of slope may be observed at any mole 

ratio of one of the complexes formed. A change of slope will be found at 

y = nj unless: 
a n - a n a„ - a 

n , n n + i n... n. 
Slope 1 = — J = — ~ ± = Slope 2 

n - n j + 1 n j + 1 - n 

While this may be true for some wavelengths, it is unlikely to be 

true over a wide wavelength region. Therefore, the absence of change of 

slope over the entire measurable spectrum is strong evidence that a com

plex of such ratio does not exist. 

If the complex is much dissociated, the mole ratio plot shows no 

sharp break, but only a gradual change of slope approaching asymptotically 

a constant absorbance at high mole ratios. The technique may then be 

modified by making measurements on several solutions whose mole ratios 

lie between that of the complex under consideration and the preceding 

and following complexes. The dissociation will be lowered in these 

ranges by buffer action. If an appropriate relationship is obtained 

between the concentration and the dissociation constants, the system 

will approach ideality in these regions, and the stoichiometry of the 

complex may be obtained by extending the straight-line portions of the 

curve until they intersect* The absolute value of the relative error 
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introduced will be equal to (A ideal - A dissociated) / A ideal which 

will be shortened to AA/A. By making the approximation that only the 

principal component and adjacent complexes contribute to the absorption, 

it can be calculated that: 

V i 3 nj+i AA/A = F - f n - f n 

J"1 an J + 1 a n . 
j J 

t h 

where f. is the fraction of M in the form of the j complex and 

F is the fraction of M dissociated. When the value of the absorp

tivity of SR^o is greater than that of either of the adjacent com

plexes, the error of measurement cannot exceed the fraction dissociated. 

By expressing the above equation in terms of the slopes of the inter

secting segments and assuming [R] equal to zero, the following expres

sion can be arrived at: 

F ( n j + 1 - nj) (nj - Slope 1 - Slope 2 
AA/A = • 

This indicates that, for cases where the change of slope is small, ex

tensive dissociation may be tolerated but, since such cases represent 

wavelengths for which slight evidence for the existence of a complex will 

be observed, they are of little interest. 

For the case where one or both of the adjacent complexes absorbs 

more than the intermediate complex, it is assumed that F equals the 

experimental error. Since the latter is of the order of one per cent 
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when using a Beckman spectrophotometer, then a maximum dissociation of 

one per cent can be taken as a limiting value. By using this value and 

by assuming that only four complexes contribute to the absorbance, the 

mathematical relationship between [R] and the dissociation constants can 

be manipulated to yield the following; 

k k n „ n A 

—J±± > > 600 - ^ — 
k k n 

The above value represents the minimum ratio between the successive 

step-wise dissociation constants which will allow the extrapolation 

method to be applied,, 
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