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The rate of the oxidation of formic acid by thMlium(III) 
in (Li, H)C104 solutions is not affected by variation in hydrogen 
ion concentration and the experimental rate law, 

- -  d [T](III)] kl K [T](III)] [HCOOH] 
d t 1 + K [I-ICOOH] 

is consistent with the mechanism which requires the formation 
of intermediate complex [HCOOHT1] 3+ in a rapid preequilibrium 
followed by its slow decomposition to yield the final products. 
At 75 ~ , kl and K have the values of 16 • 1 • 10 -5 sec -1 and 
7.3 ~ 0.5M -1 resp. 

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

The oxidation of formic was first investigated by Halvomon and 
Halpern 1. Later the dependence of the rate on hydrogen ion concen- 
tration in (Na, H)C104 solutions was investigated by Halpern and 
Taylor ~, who reported that  the rate has an inverse hydrogen ion 
dependence when [HCOOH] ~ 0.5M and no dependence when 
[HCOOH] > 0.5M. They proposed a mechanism ~' which included the 
formation of the intermediate complex [HCOOT1] 2+, the decomposition 
of which was rate-determining. If formic acid is in excess, this would 
lead to the rate law 

- -  d [Tl(nI)] ~ K  [TI(III)] [I-ICOOH] 
-- O) d t [15+] + K [HCOOH] 

where K is the equilibrium constant for the formation of [HCOOT1] 2+ 
and kl is the rate constant for the decomposition of this complex 
giving products. I t  seems that  the reported ~ hydrogen ion dependence 

* Permanent address: Chemistry Department, D.A.V. College, Kanpur, 
India. 



814 S .D.  Saxena and K. S. Gupta:  

which changes wi th  change in formic acid  concent ra t ion  is p r o b a b l y  
due to the  med ium effects 3, 4 in t roduced  b y  the  use of sodium per- 
ch lora te  2 for keeping the  t o t a l  pereh lora te  ion concent ra t ion  constant .  
Since i t  is now well es tabl i shed  t h a t  the  use of sodium perch lora te  
r a the r  t h a n  l i th ium pereh lora te  is l ike ly  to have  a s ignif icant  effect 
on hyd rogen  ion dependencies  of ra tes  of redox  reac t ions  3, 4, i t  was 
considered wor thwhi le  to  inves t iga te  the  kinet ics  of this  reac t ion  in 
(Li, H)C104 solut ions in order  to es tabl ish  whether  the  hydrogen  ion 
dependence  observed  earl ier  is real  or a case of m e d i u m  effect 3, 4. 

Experimental 
Formic acid was B.D.H., L.R. quali ty which was distilled twice before 

use. HCIO4 was 60 per cent l~iedel, R.G., quali ty.  Thallie and l i thium 
perchlorate solutions were prepared as described a, 5. The experiments were 
conducted in stoppered conical flasks immersed in a thermosta ted water- 
ba th  at  desired temperature  4- 0.1 ~ The order of mixing of reagents was 
without  any  effect. The kinetics was followed by  analysing the aliquots 
for TI(III)  iodometrically 3, 5. The duplicate rate measurements were repro- 
ducible within 4- 5 per cent. 

Results 

In all the kinetic runs formic acid was at least fifteen times the concentra- 
tion of Tl(III). Under these conditions the overall kinetics was characterised 
by a pseudo-first order behaviour and order with respect to Tl(III) consump- 
tion was one. 

The concentration of perchloric acid was varied from 0.55 to I.IM at 
fixed [CIO4-] = I.IM adjusted by LiCIO4. 

The results of such variations at 0.0593--0.47M formic acid and at 
different temperatures (Table i) clearly show that the rate of the reaction 
does not depend on hydrogen ion concentration. The results of the variation 
of formic acid (Table l) are consistent with the experimental  rate  law (2). 

Rate kl K [I-ICOOH] 
[Tl(III)] -- kobs. ---- 1 § K [HCOOH] (2) 

The plots of I/kobs. and I/[HCOOH] were linear. These yielded kl values 
of 4.9 j: 0.4x10 -5 , 6.8 4- 0.5• -5 , and 16.0 4- 1xI0-5M -1see -I and 
K values of 20 • 2, 14 4- 1 and 7.3 ~: 0.SM -I at 65, 70, and 75 o resp. 
The values of AH + and AS + associated with K are -- 29 q- 2 kcal/mole and 
-- 80 4- 6 e.u. and associated with ]Cl are 28 :~ 2 kcal/mole and 8 4- 6 e.u. 
resp. 

Discussion 

The results of this study clearly show that the rate of the oxidation 

of formic acid by thallium(III) does not have any hydrogen ion de- 

pendence and that the results obtained previously 4 with regard to 

hydrogen  ion effect should  be ascr ibed  to med ium effects ob ta in ing  
in  (Na, I-I)CI04 solut ions 4. I nc iden t a l l y  in the  ox ida t ion  of ]-I3P02 



Kinet ics  and Mechanism of the  Oxidat ion  of Formic  Acid 815 

too  whe re  a r a t e  l aw  s imi la r  to  (2) is obeyed ,  a p seudo  h y d r o g e n  ion  

d e p e n d e n c e  in  (Na, H)CIOa so lu t ions  was  found .  Th is  d i s a p p e a r e d  

w h e n  LiCI04  was  used  i n s t e a d  of NaCI048.  

Table  1. /Cobs. /or Thal l ium(I I I )  /Formic Acid Reaction at Di//erent Perchloric 
Acid, and Thal l ium(I I I  ) Concentrations a 

103 �9 [TI(III)]  [HCOOI{] [tIC104] 105 ]Cobs. 105 kl (Eq. 2) 105/cl �9 K 
M M M sec -1 M -1 see -1 

t = 70 ~ 95 • 7 

4.04 0.1185 0.550 4.22 6.8 
4.90 0.1185 0.550 4.30 6.9 
6.06 0.1t85 0.550 4.22 6.8 
2.02 0.1185 0.550 4.20 6.8 
4.04 0.1185 0.750 4.22 6.8 
4.04 0.1185 1.100 4.30 6.9 
4.04 0.1185 0.665 4.20 6.8 
4.04 0.2370 0.665 5.03 6.6 
4.04 0.4740 0.665 5.75 6.6 

t = 75 ~ 

3.96 0.0593 0.665 5.00 16 
3.96 0.0593 0.805 5.00 16 
3.96 0.0593 1.100 5.00 16 
3.96 0.1778 0.665 9.00 16 
3.96 0.2963 0.665 11.3 16 
3.96 0.4740 0.665 12.0 15 

t ~ 65 ~ 

4.04 0.1185 0.550 3.45 4.9 
4.04 0.1185 0.750 3.50 5.0 
4.04 0.1185 1.100 3.50 5.0 
4.04 0.1185 0.668 3.45 4.9 
4.04 0.2963 0.665 4.20 4.9 
4.04 0.4740 0.665 4.40 4.9 
4.04 0.4740 0.750 4.40 4.9 
4.04 0.4740 1.100 4.50 5.0 

a Ionic  S t reng th  = 1.1M, ad jus ted  wi th  LiC104. 

126 ~ 8 

98 • 10 

T h e  k ine t i c  resu l t s  of th is  i n v e s t i g a t i o n  are  in  c o n f o r m i t y  w i t h  t h e  
fo l lowing  m e c h a n i s m .  

T13+ ~- H C O O t t  K~_ [I-][COOttT1] 8+ (rapid) (3) 

[HCOOHTI]3 + ~1 T1 + _~ CO2 ~- 2 H + (slow) (4) 

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

n e u t r a l  t t C O O H  molecu l e  a n d  T13+ is n o t  a p e c u l a r i t y  of th i s  s y s t e m  
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alone, rather in all oxidations of this acid with metal ions such as 
MnS+ 6, CoS+ 7, and Ce 4+ 8, there is at least one path which involves 
the formation of the intermediate complex of the type [ H C O O H M ]  n+ 

prior to the redox step. Similarly thallic ion too in many of its redox 
reactions 3, 4, 9 forms intermediate complexes with neutral substrates 
before being reduced. Similar to those proposed for olefin 1~ and 
I-I3POa n oxidations, the complex [HCOOHTI] 3+ may have the following 
structures 

[ t t O ~  ]3 + 
H / C = O  --> T1 o r  [ H O ' ~ c ~ o ]  3+ 

and may decompose analogously 10, n to give finM products. 
A significant point which merits attention is the reported 1 ther- 

moneutrality of the equilibrium constant, K. In contrast, the analysis 
of our data shows that  it is the product, klK which is nearly inde- 
pendent of temperature (Table 1) and K decreases with increase in 
temperature. Similar trends in the K values for intermediate complexes 
[HCOOHMn] s+ and [C~04T1]+ have been noted elsewhere 6, 1~ 
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