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Dedicated to Professor M. Dillinger on his 70th birthday 
T h e kinet ic solvent isotope effect on t h e redox react ion of U ( I V ) ions w i t h 

ferricyanide ions was s tudied. T h e m e a s u r e d t e m p e r a t u r e - d e p e n d e n t va
lues of &H2o/&D20 as well as t h e values of ô AH* a n d ô AS* were in terpreted 
from t h e p o i n t of view of t h e proposed react ion m e c h a n i s m . T h e increase in 
a c t i v a t i o n e n t h a l p y in h e a v y w a t e r b y 2.5 kca l m o l - 1 w h e n c o m p a r e d w i t h 
l ight w a t e r s u p p o r t s t h e idea of t h e e lectron transfer be tween U ( I V ) a n d 
HFe(CN){?~ ions b}^ t h e — O H (or — O D ) b o n d m e c h a n i s m . 

Betts [1] s tudied t h e m e c h a n i s m of t h e redox react ion of U ( I V ) ions w i t h F e ( I I I ) 
ions by kinet ic m e t h o d s . W i t h respect t o t h e observed overal l react ion order (n = 2) 
he as sumed t h e one-electron transfer t o be a slow ra te-determining s tep . B u t i t was 
n o t possible t o expla in u n a m b i g u o u s l y t h e second order react ion w i t h respect t o t h e 
c o n c e n t r a t i o n of h y d r o g e n ions. According t o [1] th i s react ion order should comply w i t h 
one of t h e following compet i t ive react ions 

k, 
U O H 3 - -4- FeOH2+ • Fe2+ + U(V). (A) 

k., 
U4+ -i- Fe(OH). j • Fe2+ + U(V), (B) 

k3 

U ( O H ) : r + Fe3+ • Fe2 + + U(V) . (C) 

These react ions are kinet ical ly equiva lent a n d for th i s reason it was n o t possible t o 
decide which of these s teps prevai led. R e c e n t l y Regnaidt a n d Kikindai [2, 3] described 
t h e effect of b u t a n o l a n d d e g r a d a t i o n p r o d u c t s of t r i b u t y l p h o s p h a t e on t h e kinet ics 
of th i s react ion. I n our preceding p a p e r [4] we presented t h e resul t s of t h e k inet ic s t u d y 
of t h e react ion of U ( I V ) ions w i t h ferricyanide ions. On t h e basis of t h e k inet ic d a t a 
obta ined in aqueous solutions we d e t e r m i n e d t h e t h e r m o d y n a m i c q u a n t i t i e s of hydro-
lytic equi l ibr ium of JJ4* ions as well as t h e a c t i v a t i o n p a r a m e t e r s of t h e e l e m e n t a r y 
react ion, i.e. t h e in terac t ion between HFe(CN)g~ a n d U O H 3 + ions. 

W i t h regard t o t h e possibility of generalizing t h e m e c h a n i s m proposed for t h e redox 
processes of U ( I V ) ions we considered it useful t o s t u d y th i s react ion also in D 2 0 a n d 
t h u s t o e luc idate i ts m e c h a n i s m in more detai l on t h e basis of k inet ic solvent isotope 
effect. 

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

The kinetics of t h e ox idat ion of U ( I V ) ions w i t h ferricyanides was s tud ied polaro-
graphical ly b y recording t h e t i m e dependence of l imit ing diffusion c u r r e n t of ferricyani
des a t t h e p o t e n t i a l of —0.08 V against S C E . T h e m e a s u r e m e n t s were done w i t h a polaro-
g r a p h OH-102, Radelk i s . 
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A Kalousek vessel with a separated calomel electrode prepared in D 2 0 was used as 
an electrolytic vessel. During kinetic measurements the vessel was kept at constant 
temperature by means of a Hoeppler thermostat. The indication electrode was a drop
ping mercury electrode with the outflow velocity m = 1.0 mg s - 1 and the drop time 
tx = 5 s in distilled water and in currentless state at h = 50 cm. The measured solution 
was kept in an atmosphere of pure nitrogen. 

The solution of U(IV) ions was prepared as described in [4]. All chemicals used were 
of anal, grade. Heavy water (99.86%) (Institute for the Kesearch and Utilization of 
Radioisotopes, Prague) was used as a solvent. Other experimental conditions were 
the same as described in paper [4]. 

The rate constants involved in individual relationships are the average values of 
four independent measurements accurate to zb7%. 

Results and discussion 

The redox reaction of U(IV) ions with ferricyanide ions is also in D 20 solutions of 
perchloric acid of the first order regarding the concentration of ferricyanides as well 
as that of U(IV) ions. To determine the first order rate constant (s_1) a kinetic equation 
of the first order was used in the form 

In г/г0 = kt. (1) 

The measured rate constant (s_ 1) is linearly proportional to the concentration of U(IV) 
ions, the coefficient of proportionality being the rate constant k2 ( s - 1 mol - 1 1). The 
ratio of the rate constant k2 in light and heavy water under equal conditions expresses, 
the kinetic solvent isotope effect &H2O/&D2O (Table 1). 

Table 1 

Values of the kinetic solvent isotope 
effect &H20/&D20 at different tempera

tures 

5 X 1 0 - 4 M - U ( I V ) , 10-3M-K3Fe(CN)6, 

1 M-H3O- ions, ft = 2.0 

T [К] кпю/къю 

288.16 
298.16 
313.16 

The rate constant k2 decreases with increasing concentration of hydrogen ions at 
constant ionic strength in the solutions of light [4] and heavy water (Fig. 1). I t follows 
from the logarithmic analysis that the reaction order equals — 1 with respect to the 
concentration of hydrogen ions and is temperature independent. 

Even for D 2 0 it may be written 

1 1 [H+] 
— = — + — - - (2) 
k2 к* к* К 

2.48 
2.33 
1.85 
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Fig. 1. D e p e n d e n c e of t h e r a t e c o n s t a n t 

on t h e concent ra t ion of h y d r o g e n ions 

in D 2 0 . °g 

5 x 1 0 " 4 M - U ( I V ) , 1 0 - 3 M - K 3 F e ( C N ) 6 , 

ц = 2.0. 0.6 

1. 15°C; 2. 25°C; 3. 40°C. 

0.3 

-0.3 

-0.6 

Log [H30'] 

W i t h t h e aid of th is e q u a t i o n t h e r a t e c o n s t a n t of t h e e l e m e n t a r y s tep k° a n d t h e equi

l ibr ium c o n s t a n t К of hydrolys is m a y be d e t e r m i n e d b y t h e least squares m e t h o d 

IJ4+ -f D 2 0 = U ( O D ) 3 + + D + . (3) 

Table 2 conta ins t h e va lues of t h e r a t e c o n s t a n t for t h e e l e m e n t a r y s tep of redox re

act ion fc°. which corresponds very likely t o t h e i n t e r a c t i o n of U O D 3 + ions w i t h HFe(CN)j}~ 

Table 2 

Values of t h e r a t e c o n s t a n t s for t h e e l e m e n t a r y s tep 

of redox react ion k° a n d k inet ic i sotope effect к^20/к^20 

a t different t e m p e r a t u r e s 

T [К] k{) 

[ s ^ m o l - M ] ^НгОГТ>20 

288.16 
298.16 
316.16 

21.1 
33.9 
58.9 

2.78 
2.53 
2.0 

ions [4], as well as t h e va lues of ^Нго/^БгО* B y us ing t h e E y r i n g e q u a t i o n , t h e a c t i v a t i o n 
p a r a m e t e r s of e l e m e n t a r y s tep, i.e. a c t i v a t i o n e n t h a l p y AH^2Ö a n d ac t iva t ion e n t r o p y 
AS^o0 were eva lua ted from t h e t e m p e r a t u r e dependence of t h e r a t e cons t an t k° a n d 
the kinet ic solvent isotope effect was expressed according to [5] as ÔAH* = AH^2Ö— AH^o0 

and ÔAS* = AS^2Q — AS^2Ö (Table 3). On t h e basis of t h e t e m p e r a t u r e dependence 
of t h e equi l ibr ium cons tan t of hydrolys is K, t h e t h e r m o d y n a m i c cons tan t s of t h e h y d r o 
lysis of U 4 + ions w i t h D 2 0 were eva lua t ed (Table 4). 

F r o m these resul ts i t follows t h a t t h e kinet ic solvent isotope effect expressed in Tab le 1 
does no t involve t h e isotope effect of solvent on t h e va lue of t h e equi l ibr ium cons t an t 
of hydrolysis . The values of t h e r m o d y n a m i c cons tan t s of t h e hydrolys is of U 4 + ions 
in D 2 0 agree pract ical ly wi th t h e values of these cons t an t s found in H 2 0 (Table 4). 
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The results in Tables 2 and 3 demonstrate that the retarding effect of D 2 0 on the rate 
of the investigated reaction is a real kinetic solvent isotope effect represented by the 
ratio of rate constants of the elementary step in both media, i.e. &H2O/^D2O • ^ n e values 
of ô AH* and ô AS* (Table 3) estimated on the basis of the temperature dependence of 
the ratio &н2о/^]>о enable us to study deeper the kinetic solvent isotope effect on the 

Table 3 

Activation parameters of elementary redox step in light and heavy water* 

[kcal mol - 1] 

MU 
[kcal mol - 1] 

ÔAH± 
[kcal mol-1] 

4.2 ± 0.6 

6.7 ± 0.6 

2.6 

^ 5 2 o 
[cal K - 1 mol-1] 

[cal K"1 mol"1] 

ÔAS* 
[cal K-1 mol-1] 

- 3 5 ± 1.8 

- 2 9 ± 1.8 

6 

* Activation parameters in H 2 0 solutions are based on the results of paper [4] which 
were calculated by the method of least squares. 

Table 4 

Thermodynamic constants of hydrolysis U4+ + D 20 = UOD3+ + D + 

AVc 

0.039 {ju = 2.0) 

AG0 

[kcal mol-1] 

1.9 

АН" 
[kcal mol - 1] 

11.8 ± 0.5 

AS" 
[cal K"1 mol-1] 

33.3 ± 1.3 

investigated reaction and thus also its mechanism. The fact that the activation enthalpy 
of the elementary step is in D 2 0 by 2.5 kcal m o l - 1 higher than in H 2 0 favours the idea 
of the electron transfer between U(IV) and HFe(CN)jr~ ions by the —OH (or —OD) 
bond mechanism. The value of the activation entropy of the elementary step which 
is by 6 entropy units higher in D 2 0 than in H 2 0 may be caused by a more stable solvation 
shell of U(IV) ion in D 2 0 when compared with the one existing in H 2 0 . 
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