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The kinetics and mechanism of the oxidation of Cr(C204)^" ions by Mn(III) 
ions have been studied. The rate equation has the form v = 2&'[Mn(III)] 
[Сг(С204)з~]. The measurements have shown that the rate constant k' is a li­
near function of the concentration of H 3 0 + ions. The reaction mechanism 
is proposed according to which the oxidation of protonized Сг(С204)з~ ions 
takes place in two parallel steps. Analysis of the results, based on the rela­
tionship between the rate constant and concentration of H 3 0 + ions at 
various temperatures enables us to determine the values of rate constants 
and activation parameters for both these steps corresponding to Mn^J and 
MnOH^J, respectively. Either reaction step may very likely be based on 
a mechanism involving internal spheres. 

In recent years, a great attention has been paid to the reactivity of coordinately 
linked ligands, especially with respect to homogeneous catalysis [1]. In particular, this 
attention is concentrated upon the redox reactions of coordinated ligands [1, 2]. In 
this case, the reaction systems involving a stable complex ion containing a ligand which 
undergoes oxidation or reduction by an external agent are to be studied. 

The oxidation kinetics of the oxalate ions coordinately linked in inert complexes 
was investigated in the papers [3 — 6]. Safflr and Taube [3] studied the kinetics of the 
oxidation of complex ion Со(ЫНз)5(С204)

+ by hydrogen peroxide. The kinetics of the 
oxidation of Rh(C204)3~ ions [4] as well as of mono-, bis-, and tri (oxalato) chromáte (I II) 
ions by Ce(IV) ions was studied, too [4 — 6]. According to [5], the rate of Cr(H20)4(C204)+ 

ion oxidation by Ce(IV) ions is considerably low in comparison with Cr(H20)2(C204)2 
and Сг(С204)з~ ions. The paper [4], published recently, points out some vague questions 
relative to the kinetics and mechanism of the Сг(С204)|~ ion oxidation, as for instance 
the temperature dependence of activation enthalpy. A kinetic study of the Cr(C204)g~ 
ion oxidation by another one-electron oxidizing agent should contribute to the elucida­
tion of oxidation mechanism of coordinately linked oxalates. That is why we went into 
the kinetic study of the Cr(C 20 4) |~ ion oxidation by Mn(III) ions. 

Mn(III) ion is a relatively strong one-electron oxidizing agent which is, however, 
subject to d i spropor t ionate [7] 

2Mn(III) = Mn(IV) + Mn(II) (A) 
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a n d according t o [8] it hydrolyzes even in s t rong acid solutions 

М < + Н 2 0 = МпОН«+ + Н 3 0 + . (В, 

T h e value of equi l ibr ium hydrolysis c o n s t a n t m e a s u r e d a t t h e ionic s t r e n g t h of 4.0(i 

a t 25°C equals Kh = 0.93 [9]. T h e kinetics of t h e oxalic acid oxidat ion b y Mn(III) 

ions was s tudied in t h e p a p e r s [10—12]. T h e kinetics of Сг(С 2 0 4 )з~ ion oxidat ion has 

n o t been s tudied before a n d is t h e subject m a t t e r of th is publ icat ion. 

E x p e r i m e n t a l 

T h e solutions of M n ( I I I ) ions were p r e p a r e d b y t h e e lectrooxidat ion of M n S 0 4 in 

t h e solution of H C 1 0 4 on a p l a t i n u m electrode in n i t rogen a t m o s p h e r e [8]. T h e concentra­

t ion was e s t i m a t e d b y p u t t i n g t h e sample into a solution conta in ing a n excess of Fe2-

a n d determining F e 3 + spect rophotometr ica l ly a t 260 n m [13], t h e va l id i ty of Lamber t -

— Beer law hav ing been t e s t e d beforehand. Owing t o t h e d i spropor t ionat ion of Mn(III), 

newly p r e p a r e d solutions of M n ( I I I ) were used for each m e a s u r e m e n t . To enhance the 

s tabi l i ty of M n ( I I I ) , a n a p p r o x i m a t e l y hundredfold excess of M n 2 + a n d higher con­

centra t ions of H3O4" were applied. 

K 3 [ C r ( C 2 0 4 ) 3 ] • 3 H 2 0 was p r e p a r e d according t o [14]. To identify t h e subs tance or 

tes t its p u r i t y , gravimetr ic a n d s p e c t r o p h o t o m e t r y analyses were carr ied out . According 

t o Krishnamurty a n d Harris [15], t h e m a x i m a of l ight absorbance are a t 420 a n d 573 11m 

w h a t is in agreement wi th t h e results of spec t rophotometr ic analysis . T h e gravimetric 

analysis gave some d a t a which were consis tent w i t h those presented in l i te ra ture . 

T h e kinetics of K 3 [ C r ( C 2 0 4 ) 3 ] • 3 H 2 0 ox idat ion b y M n ( I I I ) ions was investigated 

polarographical ly b y following t h e dependence of l imit ing diffusion c u r r e n t of Mn(III) 

ions on t i m e a t t h e p o t e n t i a l of 0.0 V against SCE. Because of possible consecutive re­

act ions, t h e exper imenta l r a t e c o n s t a n t was calculated f rom t h e 2 5 % advancement 

of react ion by using t h e kinet ic e q u a t i o n of t h e first order 

' o « J e x p 

log — . = t, 
i 2.303 

the accuracy in the determination of individual experimental rate constant being ±6%. 

The measurements were made with a polarograph of the OH-102 type, Kadelkis, equipped 

with a Kalousek vessel which was adapted to kinetic investigations. The temperature 

of reaction mixture was kept constant with an accuracy of ±0.1 о С by means of an 

ultrathermostat U-10. The individual points of the relationships are the average values 

of three measurements at least. 

Results and Discussion 

The overall reaction order was ascertained by the method of half-life at equal molar 

concentrations of both reactants and was found to equal 2 (Table 1). The reaction order 

with respect to the concentration of Сг(С204)д_ ions is equal to 1 what follows from the 

dependence of the m3asured rate constant on the concentration of complex (Fig. 1). 

Thus the rate equation assumes the form 

d[Mn(III)] 
— = 2&'[Мп(111)][Сг(С204)П> № 

dř 

104 Chem. zvesti 26, 103-109 (1972) 



KINETICS OF OXIDATION 

Table 1 

D e t e r m i n a t i o n of t h e overall i 

No. 

1 
2 
3 

[Mn(III)] = [Cr(C204 

[mole l-1] 

4 x 10-* 
6 x 10-* 
8 x 10-* 

1 . 4 м - Н С Ю 4 ; T = 288 K. 

ň = 1.95. 

t a c t i o n order 

Й-] 
n 

1.78 
2.13 
1.93 

where [Mn(III)] denotes the overall concentration of Mn(III) ions in the solution.. 
The rate constant k' is directly proportional to the concentration of H 3 0 + ions (Fig. 2) 
and changes only slightly with the change of ionic strength (Table 2). In the solution 
of 0.5 — 2 . 2 M perchloric acid the tris(oxalato)chromate(III) complex should be present 
also in the protonized form Cr(C204)2 — OC 2 0 3 HH 2 0 2 ~, in which two C 2 0|~ ions form 
chelate rings, HC^O^ takes the fifth, and H 2 0 molecule the sixth coordination position 
[16]. In this solution, the Mn(III) ions must be present in the form of Mnjjj and MnOH^J 
ions. The redox reaction can therefore proceed in two parallel ways 

Cr(C 2 0 4 ) 2 OC 2 0 3 HH 2 0 2 - + MnjJJ - Cr(C 2 0 4 ) 2 OC 2 0 3 HH 2 (T + Mn2+, (C) 

Cr(C 2 0 4 ) 2 OC 2 0 3 HH 2 0 2 - + MnOH|í ^ Cr(C204)2OC203HH2CT + 

+ Mn2+ + OH~ m 
In these reactions the Mn2+ ion and the ion-radical as an instable intermediate product 
are formed. In the following step the ion-radical is oxidized again in two parallel re­
actions 

Cr(C204)2OC203HH20- + MnJJ í Cr(C204)2(H20)i + 

+ Mn2+ + 2C02 + H30+ m 

Fig. 1. Dependence of the experimental rate 
constant &eXp on the concentration of tris(oxala-

to)chromate(III) complex. 
2.5 x 10-*M-Mn(III); T = 288 К ; 1.4м-НСЮ4. 

[Cr(Co04)|~] = 2, 3, 4, 5, 6, 7 x 10-* м. 200 t [s] 
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Сг(С 20 4)20С 2ОзНН 20- + MnOH|J ^ Cr(C204)2(H20)2 + 

+ Mn2+ 4- 2C0 2 -f 2 H 2 0 . 

On the basis of this reaction scheme it may be written 

d[Mn(III)] 

(F) 

at 
= Ä:n[Mna

3J][X] - fc12[Mn*+][Y] + fc21[MnOH;£][X] - Äia[Mn«+][Y] + 

+ &13[Mna
3+][Y] + A:23[MnOH|j][Y], (2) 

where X = С г ^ О ^ О С з О з Н Н г О 2 - and Y = Cr^C^hOCsOaHH-jO" Supposing that 
the ion-radical Y is in a stationary state, we obtain 

d[Mn(III)] _ 2fc11[X][Mn|;]{A:i3[Mn^] + fetl[MnOH^]} 

at 2fc„[Mn«+] + *„[Мл»;] + fc23[MnOHfJ] 

2fc21[X][MnOHf+]{fc13[M<] + fc23[MnOH^]} 

+ 

+ 2fc„[Mn»+] + fc13[M<] + A:23[MnOH|i] 
(3) 

As the change in the concentration of Mn 2 + ions has no or very small effect on the 
reaction rate (Table 3), the term 2fc12[Mn2+] in the denominator of the equation (3) 
may be disregarded and the rate equation assumes the form 

d[Mn(III)] 

át 
2fcn[Mn3+][X] + 2*81[МпОН*+][Х]. M 

о 

2 mole Ľ 

Fig. 2. Effect of the concentration of 
H 3 0 + ions on the value of rate constant k\ 
[Mn(III)] = [Cr(Ca04)J-] = 2.5 X 1 0 - 4 M ; 

I = 4.00. 
1. T = 293 К ; 2. T =298 К ; 

3. T = 303 К. 

Fig. 3. Variation of the left hand side 
of the equation (10) with the concentra­

tion of H 3 0 + ions. 
[Mn(III)] = [Сг(С 20 4)П = 2.5 x 10-4м; 

/ = 4.00. 
i . T = 293K; 2.T = 2 9 8 K ; 3 . T = 303K. 
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Since the resulting react ion r a t e is given b y t h e s u m of t h e ra tes of side react ions, it 

holds 

(5) *iiEMnJJ] + /b21[MnOH^] = fc°[Mn(III)] 

Table 2 

Effect of ionic s t r e n g t h on t h e value 
of r a t e c o n s t a n t k' 

Table, 3 

Effect of t h e c o n c e n t r a t i o n of M n 2 + ions 

on t h e value of e x p e r i m e n t a l r a t e con­

s t a n t 

I 

1.5 
3.0 
4.0 

k' 

[1 m o l e - 1 s _ 1] 

7.6 
6.7 
6.0 

[Mn2+] 

[mole l-1] 

0.05 
0.15 
0.30 
0.45 

О К \y 1 Л - 4 тчг "IMV.Í 

103 X fcexp 

[s"1] 

2.41 
2.23 
2.14 
2.10 

ř T T T \ . О П v i n - 4 тиг 

2.5 X 1 0 - 4 M - M n ( I I I ) ; 2.5 X 10-« 

M-Cr(C204)jh 0.5м-НС1О 4 ; T = 298K. 

and the equat ion (4) t a k e s t h e form 

d [ M n ( I I I ) ] 

at 

-Cr(C 2 0 4 )3-; 1.7 м - Н С Ю 4 ; I = 3.05; T = 

= 291K. 

2 P [ M n ( I I I ) ] [ X ] . 

Assuming t h a t t h e protonized form of complex is in a n equi l ibr ium in t h e solut ion 

к 
C r ( C 2 0 4 ) 3 - + H3O+ ^ C r ( G 2 0 4 ) 2 O C 2 0 3 H H 2 0 2 - , 

it is allowed to write t h e r a t e e q u a t i o n (6) in t h e form 

d [ M n ( I I I ) ] 

dt 

d [ M n ( I I I ) ] 

dt 

= 2fc° Х [ М п ( 1 И ) ] [ С г ( С 2 0 4 ) П [ Н 3 0 + ] 

= 2Jfc / tMn(III)][Cr(C a 0 4 )^"], 

(*) 

(7) 

W 

(9) 

which agrees wi th t h e e q u a t i o n (1) o b t a i n e d exper imenta l ly considering k' = k° K[HzO
+]. 

Table 4 

Values of kľl К a n d k2l К as a function of t e m p e r a t u r e 

T 

[К] 
kuK 

[l2 mole- 2 s-1] 

k2lK 

[I2 mole- 2 s-1] 

293 
298 
303 

7.04 
11.43 
17.64 

6.60 
11.31 
20.76 

2.5 x 1 0 - 4 M - M n ( I I I ) ; 2.5 X 10~« M-Cr(C204)j*-; / = 4.00. 
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The reaction scheme proposed is thus in agreement with the rate equation (1) as wv 
as with the first reaction order with respect to the concentration of H 3 0 + ions. Provide 
only the MnjJ+ ion reacted with tris(oxalato)chromate(III) complex, the reaction woul: 
have to be of the second order with respect to the concentration of H 3 0 + ions becau> 
of a shift of equilibrium in favour of the protonized form of tris(oxalato)chromate(IIl 
complex as well as of the MnJJ ions. In kinetic studies on Mn(III) ions, some author 
[17 — 20] consider only the M n ^ ions to be reactive particles in the medium of perchlon 
acid while others [3, 21 — 23] take the reaction of either form into consideration. 

Table ô 

Activations parameters of the parallel elementary steps 

AH* = 15.8 ± 0.9 kcal mole-1 AH* = 19.5 ± 1.2 kcal mole"1 

AS* = -1 cal K-1 mole-1 AS* = 12 cal K"1 mole"1 

On rearranging the equation (8) and substituting klx and k21, we obtain the relationshi} 

— {[H3O+] + Къ} = kllL X[H 3 0+] + k21 K Kh, (II 
2[Сг(С 20 4)П [H 30+] 

which on the basis of the values of the products kxl К and k21 К (Fig. 3) and (Table 4 
has enabled us to compare the reactivity of both the forms of trivalent manganese a 
three different temperatures. I t follows from the dimensional analysis that the product« 
к1г К and k2l К have the significance of the rate constants of Mn^J and MnOH|^ ion; 
at their unit concentrations and at the unit concentration of H 3 0 + and Сг(С204)з~ ions 
as well. 

Since the association constant К depends only slightly on temperature [16], the acti­
vation parameters of both parallel elementary steps (Table 5) could be determined 
from the temperature dependence of the products klx К and k21 К by means of the 
Eyring equation. Both these parallel reaction steps are likely to proceed according tt 
a mechanism involving internal spheres. The Mn(III) ion is evidently able to get linked 
to a free carboxylic group of oxalate ligand under formation of a transition complex 
possessing two nuclei, i.e. [ ( С 2 0 4 ) 2 С г - С 2 0 4 - М п ^ ] + or [ (C 2 0 4 )-Cr-C 2 0 4 -MnOH^]° . 
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