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The kinetics of the osmium( VIII) catalyzed reduc- 
tion of octacyanomolybdate( V) and octacyana 
tungstate(V) ions by Se(IV) have been studied in 
an alkaline medium. The reaction is first order with 
respect to M(CN)i- ions (M = MO, W) and the 
osmium( VIII) catalyst. The second order reaction 
rate constants are 4.30 X IO4 M-’ min.“ and 2.60 X 
IO3 M-’ see-’ at 293 K respectively. A reaction 
mechanism is proposed. 

Introduction 

The kinetics of the osmium(VI11) catalyzed reduc- 
tion of the hexacyanoferrate(II1) ion by selenium( IV) 
[l] and tellurium(IV) [2] have been investigated. 
Osmium(VII1) is reported to be an efficient catalyst 
for such reductions in an alkaline medium [3, 41. 
The oxidation of selenium(I) to selenium(VI) by the 
hexacyanoferrate(II1) ion was found to be first order 
with respect to [Se(IV)] , while that of tellurium(IV) 
to tellurium(V) was independent of [Te(IV)] . Both 
reactions were first order with respect to hydroxyl 
ion and catalyst concentrations. The kinetics of the 
osmium(VII1) catalyzed oxidation of selenium(IV) 
by octacyanomolybdate(V) and octacyanotungstate- 
(V) ions in alkaline media have been investigated to 
compare the redox properties of the various com- 
plex cyanides. 

Experimental 

K,Mo(CN),.2H20, K4W(CN),*2H20, CS~MO- 
(CN),*2Hz0 and Cs3W(CN)s*2H20 were prepared 
as described by Leipoldt et al. [5-71. The latter two 
compounds were obtained pure after recrystalliza- 
tion and used as primary standards. Analytical grade 
Na*SeO, was used as source of Se(lV). All other 
reagents were of analytical grade and redistilled 
water was used throughout. Reactions were carried 
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out in a darkened laboratory as solutions of Cs3Mo- 
(CN)s and Cs3W(CN)s are sensitive to light. 

The kinetics of the oxidation of Se(IV) by 
Mo(CN)z- ions were followed by measuring the 
decrease in [Mo(CN)iT at 390 nm using a Pye Uni- 
cam SP1700 spectrophotometer. The extinction 
coefficients of the Mo(CN)i- and Mo(CN)z- ions 
were taken as 1400 and 140 M-’ cm-’ respectively. 
The kinetics of the W(CN)i- reaction were followed 
by measuring the decrease in [W(CN)iT at 357 nm 
using a Durrum-DllO stopped flow spectrophoto- 
meter. In both cases the temperature was controlled 
to within 0.1 K. 

The desired buffer solutions at constant ionic 
strength, for varying pH, were prepared by mixing 
suitable volumes of M/15 Na2C03 and 0.2 M NaH- 
C03. An Orion pH-meter model 701, was used for 
pH measurements. 

The stoichiometry of both reactions was deter- 
mined volumetrically by oxidation of the product 
Mo(CN)$ and W(CN)i- ions with standard Ce(IV) 
solution using N-phenylantranilic acid as indicator. 

Results 

The pseudo first order plots of log [M(CN)iT 
(M = MO, W) against time were linear for an excess 
of Se(IV). The observed second order rate constants 
for varying [M(CN)i-l, W(CWii7, [WWI, [OS- 
(VIII)] and [Na’] at constant [OH-] and tempe- 
rature are given in Tables I and II. 

The results in Tables I and II show that both reac- 
tions are first order with respect to [M(CN)i_‘I and 
[Os(VIII)] . In both cases the reaction is dependent 
on [OH-] at low [OH-] (below 0.015 M, Table III) 
and independent of [OH] at [OH-] higher than 
0.015 M. Varying [Mo(CN)i-J has an insignificant 
effect upon the reaction rate, while increasing 
[W(CN)iT causes a decrease in reaction rate. Both 
reactions show an increase in rate with increasing 
ionic strength. According to these experimental 
results the rate equation is given by: 
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TABLE I. Rate of Reduction of Mo(CN)i-by Se(lV). T = 293 K, [OH-] = 0.05 M. 

LMo(V)I WWI 
x 104M x 103M 

[Os(VIII)] 

x 1O’M 
[Na’l 
M 

k obs 
X lo4 Mm’ rnin-’ 

2.5 2.5 4.0 0.1 5.03 
3.0 2.5 4.0 0.1 4.62 
3.5 2.5 4.0 0.1 4.61 
4.0 2.5 4.0 0.1 4.52 
4.5 2.5 4.0 0.1 4.47 

5.0 2.5 4.0 0.1 4.23 
5.0 2 .o 4.0 0.1 4.50 
5.0 3.0 4.0 0.1 4.41 
5.0 4.0 4.0 0.1 4.12 
5.0 6.0 4.0 0.1 4.41 
5.0 8.0 4.0 0.1 4.35 
5.0 10.0 4.0 0.1 4.30 
5.0 2.5 2.5 0.1 4.60 
5.0 2.5 3.0 0.1 4.55 
5.0 2.5 3.5 0.1 4.58 
5.0 2.5 4.0 0.1 4.45 
5.0 2.5 4.5 0.1 4.43 
5.0 2.5 5.0 0.1 4.38 
5.0 2.5 4.0 0.1 4.28 
5.0 2.5 4.0 0.2 4.71 
5.0 2.5 4.0 0.3 5.84 
5.0 2.5 4.0 0.4 6.66 
5.0 2.5 4.0 0.5 7.08 
5.0 2.5 4.0 0.6 8.90 
5.0 2.5 4.0 0.1 4.64’ 
5.0 2.5 4.0 0.1 4.44b 

5.0 2.5 4.0 0.1 4.40c 
5.0 2.5 4.0 0.1 4.32d 
5.0 2.5 4.0 0.1 4.40e 
5.0 2.5 4.0 0.1 4.67f 
5.0 2.5 4.0 0.1 4.479 

a, b, c, d, e, f and g arc at 0.00000,0.000025,0.000050,0.000075,0.00010,0.00015 and 0.00020 M M(CN$-. 

TABLE II. Rate of Reduction of W(CN)i-by Se(IV) T = 293 K, [OH-] = 0.1 M. 

[W(V)1 
x 104M 

[Se(IV)l 
X 102M 

[Os(VIII)] 
x 105M 

Wa’l 
M 

k obs 
x 10F3 M-’ sek-’ 

2.5 2.0 5.0 0.1 3.34 
3.0 2.0 5.0 0.1 3.33 
3.5 2.0 5.0 0.1 3.16 
4.0 2.0 5.0 0.1 2.98 
4.5 2.0 5.0 0.1 2.61 
5.0 2.0 5.0 0.1 2.54 
5.0 1.2 5.0 0.1 2.19 
5.0 1.4 5.0 0.1 2.45 
5.0 1.6 5.0 0.1 2.10 
5.0 1.8 5.0 0.1 2.62 
5.0 2.0 5.0 0.1 2.53 
5.0 2.2 5.0 0.1 2.53 
5.0 2.0 4.0 0.1 2.51 
5.0 2.0 5.0 0.1 2.53 
5.0 2.0 6.0 0.1 2.71 
5.0 2.0 7.0 0.1 3.01 

(continued on opposite page) 
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TABLE II. (continued) 

wm 1 
x 104M 

lSe(Wl 
x 102M 

[os(vIIl)] 
X 10’M 

iNa’ 
M 

k obs 
X 10m3 Mm’ sek-’ 

5.0 2.0 8.0 0.1 3.31 

5.0 2.0 10.0 0.1 3.00 
5.0 2.0 5.0 0.1 3.10 

5.0 2.0 5.0 0.2 2.60 
5.0 2.0 5.0 0.3 2.63 

5.0 2.0 5.0 0.4 2.61 

5.0 2.0 5.0 0.5 2.97 
5.0 2.0 5.0 0.6 3.10 

5.0 2.0 5.0 0.1 2.53a 

5.0 2.0 5.0 0.1 2.03b 

5.0 2.0 5.0 0.1 1.92c 
5.0 2.0 5.0 0.1 1 .70d 
5.0 2.0 5.0 0.1 1.38e 

5.0 2.0 5.0 0.1 1.08’ 
5.0 2.0 5.0 0.1 0.87’ 

a, b, c, d, e, f and g are at 0.00000,0.000025,0.000050,0.000075,0.00010,0.00015 and 0.00020 M M(CN);f-. 

TABLE HI. Rate of Reduction of Mo(CN)g- by Se(lV) 

Varying the pH. 

[Mo(CN)z-] = 5 X lo4 M, [Se(W)] = 2.5 X 10e3 M 

[Os(VHl)] = 2 X lop5 M, T = 293K [Na’] = O.lM 

PH k ohs x 1O-4 M-’ min-’ 

10.85 1.397 
10.75 1.137 
10.66 0.996 
10.58 0.796 
10.50 0.696 

Rate = k[M(CN)iT [OH -1 [Os(VIH)] (I) 

The stoichiometry determinations indicate that the 
overall reactions are given by: 

2 M(CN)i-t Se(W)-+ 2 M(W):-+ Se(W) 

Discussion 

The OH- dependence indicates that the following 
equilibrium exists: 

K 
OS04 •t OH- _ HOsO, (2) 

The uncatalyzed oxidation of Se(W) by M(W);- 
ions does not proceed at all. Thus we propose that 
the Os(VII1) catalyzed reactions proceed via the 
following complex formation: 

3-k2 HOsO; + M(CN)s , k2 complex (3) 

The formation of such a complex has been re- 
ported [8]. 

The subsequent course of the reactions can be 
represented as follows: 

ka 
Complex + Se(W) \k3 

Se(V) + M(CN)4,- + HOsO; (4) 

Se(V) +M(cNX- k4 b Se(VI> WCNK (5) 

The formation of the complex in reaction (3) is slow 
and thus rate determining. The complex oxidizes the 
Se(W) to Se(V) and regenerates Os(VIII). The exis- 
tence of the Se(V) intermediate has been reported 
[9, lo]. The Se(V) is rapidly oxidized to Se(V1) 
by another M(W):-ion. 

According to the proposed mechanism the follow- 
ing rate equation is obtained: 

Rate = 
2kzkak4 [M(W~72[WW1 [HO&l x 

k-2 k-3 [ M( CN)4,-j [ HOsO; + k-2 k4 

(6) 

Because reaction (3) is slow (rate determining step), 
k2 and k_3 are much smaller than k4 and kzk_3 
[M(W):7 [HOsO and k2 k4[M(CN)z7 are 
neglegible. Thus equation (6) simplifies to: 

Rate = 2 k2 [M(W):7 [HOsOJ (7) 
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Equation (7) suggests a reaction between two nega- 
tively charged species explaining the observed posi- 
tive salt effect. 
The following relation can be derived from equation 

(2): 

(8) 

If [OsO,] + [HOsOs] is represented by [OS(VIII)]~, 
substitution of the value of [Os04] in equation (8) 
yields the following: 

[Os(VIII)]T = [HOsOS] (1 + l/K[OH-1) 

Therefore 

fHOs07 = KPH-I KW’WIT 
5 

1 +K[OH-] 

Substitution of this value of [HOsOJ in equation (7) 
yields the following rate equation: 

Rate = 2k,K]M(C%-l PWWITW-I 
1 +K[OH-] 

(10) 

Equation (10) is in agreement with the experimental 
results. It also explains the first order dependence of 
[OH] at low [OH-] (<O.Ol M) and independence 
of [OH--] at high [OH..] (x.01 5 M). 

From equation (10) it follows that 

k 
2k,K[OH-] 

Ohs = 1 +K[OH-] 

Thus: 

1 1 1 
-= - t-- 
k ohs %KPH-1 2kz 

(11) 

According to equation (11) a plot of I /kobs against 
l/[OH-] should be linear with gradient 1/2k2K and 
intercept 1/2kz. The quotient of the intercept and 
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gradient yields the value of K and the inverse of the 
intercept the value of kobs at high [OH-]. 

The effect of varying pH, over the range 10.50 to 
10.85, on the reduction rate of Mo(CN)i- is given in 
Table III. A plot of l/kob, against 1 /[OH] (values 
from Table 3) was found to be linear. By means of 
a least squares data fit the intercept and gradient 
were determined as 1.249 X lo-’ M min and 4.179 X 
IO-’ Mz min respectively. The equilibrium constant, 
K, in reaction (2) was thus determined as 298.9 
M-l. This is in very good agreement with the value 
of 301.6 M-’ obtained for the reaction between 
Mo(CN);- and Te( IV) [ Ill. The value of kobs 
(8.008 X lo4 M-’ mm-‘) is in agreement with the 
values in Table I. 
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