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Abstract
The oxidation of the tetrakisoxalatouranate(IV) ion by the octacyanometalate(V) ion 
of tungsten and molybdenum was studied in an oxalate buffer medium. The reaction 
was first order in both UIV(C2O4)4

4− and M(CN)8
3− (M = W, Mo), and a second order 

rate constant of k2 = 0.032 ± 0.002 M−1s−1 at pH 4.27 and 24.8 °C was found for the 
W(CN)8

3− reaction. For the Mo(CN)8
3− reaction the second order rate constant is 

k2 = 16.9 ± 0.1  M−1s−1 at pH 4.77 and 25.3 °C. The reactions are inversely propor-
tional to [H+] and an equilibrium constant of Ka ≈ 1.3 × 10–6  M−1 (pKa ≈ 5.89) at 
25 °C was found for the deprotonation of UIV(C2O4)3(H2O)2

2−. Activation parameters 
have been obtained by a least squares fit of temperature data directly to the Eyring 
equation.
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Introduction

The stereochemical configuration of the octacyanotungstate(V) ion and the 
octacyanomolybdate(V) ion in solution has been reported to be square antipris-
matic and dodecahedral [1–4]. The exchange of a cyanide ligand in aqueous solu-
tion is very slow in light, but have not been detected in diffuse light between 
pH 4 and pH 12 [5]. The reduction potential for W(CN)8

3– is E° = 0.52  V and 
for Mo(CN)8

3– is E° = 0.76  V vs NHE in 0.1  M NaClO4 at 25  °C [6, 7]. Both 
W(CN)8

3– and Mo(CN)8
3– is one equivalent oxidants and have been used extensively 

in oxidation–reduction kinetic studies in alkaline medium [8–22].
Uranium(IV) octahydrate is a relative stable species in aqueous solution [23]. In 

aqueous solution the polar H2O molecule compete with acidic substituted ligands 
by displacement reactions. Uranium(IV) cations hydrolyze in aqueous medium to 
form hydroxo or hydrated species which dissociate as a Brønsted acid [24]. Kraus 
and Nelson [25, 26] indicated that uranium(IV) cations hydrolyze in perchloric acid 
solution < 1.0 M to form U(H2O)8

4+ which dissociate as in Eq.   1.

Kinetic oxidation studies of U(IV) substrates with several multi-electron oxidiz-
ing agents have been reported [25–32]. The reaction mechanisms of these reactions 
are complicated, since both the U(IV) and the oxidizing agent hydrolyze in aqueous 
medium. This could influence the interpretation of hydrogen ion dependence results 
of these reactions. In addition, the use of two- or more-electron oxidants does not 
clearly indicate whether a U(V) species is formed as an intermediate when U(IV) is 
oxidized to U(VI). This problem may be addressed when oxidation is performed by 
one-electron oxidants such as Fe(CN)6

3−, Mo(CN)8
3– or W(CN)8

3–.
The oxidation of U(IV) hydroxo species by mono-equivalent oxidants 

FeIII(CN)6
3– [33] and IrIVCl62– [34] have also been reported. These studies were 

performed in HClO4/NaClO4 mediums. These mono-equivalent oxidants do not 
hydrolyze in aqueous medium. The initial stage of these reactions is relatively fast, 
corresponding to the formation of a binuclear intermediate complex [33, 34]. An 
important aspect of all the kinetic studies of U(IV) is that the reactions are first order 
in both the oxidant and reductant.

The affinity of U(IV) for oxygen is the main reason for uranium(IV) complexes 
containing carboxylic acid groups to be the most stable uranium(IV) chelates [24]. 
The only kinetic study we know of where uranium(IV) oxalate complexes have 
been oxidized to an uranium(VI) species is the reaction between UIV(C2O4)4

4– and 
the one-electron oxidant FeIII(CN)6

3– in an acidic oxalate buffer medium [35]. The 
UIV(C2O4)4

4– complex hydrolyzes only a little in aqueous acidic solution [25] which 
makes it suitable for kinetic oxidation studies by relatively strong oxidizing agents. 
In this article, the kinetics of oxidation of U(C2O4)4

4− with the one-electron oxidants 
W(CN)8

3– and Mo(CN)8
3– are reported. Activation parameters have been determined 

and a mechanism is proposed.
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Experimental

Cesium octacyanomolybdate(V)dihydrate, Cs3Mo(CN)8·2H2O, and cesium 
octacyanotungstate(V)dihydrate, Cs3W(CN)8·2H2O, were synthesized as previously 
described [36–38] and were used as a primary standard [39] after recrystalliza-
tion. Potassium tetrakisoxalatouranate(IV), K4U(C2O4)4·5H2O was synthesized as 
described [40] previously and it’s purity was determined as 98% by a permanganate 
titration.

To find a suitable buffer system for the oxidation of K4UIV(C2O4)4 by 
WV(CN)8

3– and MoV(CN)8
3– had its difficulty. U(C2O4)4 precipitate from a buffer 

solution containing a mineral acid. Several buffer systems were tested and only a 
carbonate/bicarbonate buffer and an oxalate/oxalic acid buffer did not show precipi-
tation. The carbonate/bicarbonate could displace the oxalate ions from the uranium 
coordination sphere and thus only the oxalate/oxalic acid buffer was used in this 
kinetic study. This, however, means that the pH variation of the reaction mixture 
was limited to between pH 1.3 and pH 5.5. The oxalate buffer has been prepared by 
adding a KOH solution to a 0.05 M oxalic acid solution until the required pH was 
reached. The pH was measured with a T & C model 1002 pH meter using a glass 
pH electrode. The concentration of the oxalate in the reaction mixture was 0.05 M. 
Doubly distilled water was used throughout.

The stoichiometry of the reactions was determined spectrophotometrically by 
treating MV(CN)8

3– (M = Mo, W) solutions with a known excess of K4U(C2O4)4 and 
then measuring the excess K4U(C2O4)4 at 665  nm on completion of the reaction. 
In both cases very good values of a 1:2 stoichiometry, U(IV):MV(CN)8

3–, has been 
obtained.

Kinetic measurements were made under pseudo first order conditions with the 
U(IV) species in excess and at constant ionic strength (µ) using NaCl as electrolyte, 
see Tables S1–S5 in Supporting Information for exact conditions. Experiments were 
carried out in diffuse laboratory light because the Mo(CN)8

3– ion in solution is sen-
sitive to light [41]. In diffuse light at pH 1–12, the radiation effect is undetectable 
[5].

The oxidation of the U(C2O4)4
4– by WV(CN)8

3– and MoV(CN)8
3– was monitored 

on a Pye Unicam SP 1700 double beam spectrophotometer connected to a Fryca-
Kaltetechnik KB 300 water bath with a Thermomix 1440 thermostat for tempera-
ture control. The decrease in the absorption of the WV(CN)8

3– and MoV(CN)8
3– was 

measured at 357 nm and 388 nm, respectively [6, 7]. From UV spectra (Fig. 1), the 
molar extinction coefficients of the WV(CN)8

3– and WIV(CN)8
4– was determined as 

1750 and 230 M−1cm−1, respectively. The extinction coefficients of MoV(CN)8
3– and 

MoIV(CN)8
4– were determined as 1400  M−1cm−1 and 140  M−1cm−1, respectively. 

The extinction coefficient of the U(C2O4)4
4– ion as well as of the UVI product were 

negligibly small at 357 nm and 388 nm, respectively [35].
Both the reagent WV(CN)8

3– and it’s product, WIV(CN)8
4−, and also MoV(CN)8

3− 
and it’s product, MoIV(CN)8

4− absorbed light at the wavelength (λmax) where the 

UIV
(
C2O4

)4−
4

+ 2MV(CN)3−
8

→ UVI
(
C2O4

)2−
4

+ 2MIV(CN)4−
8
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reactions were monitored. The Beer–Lambert law thus cannot be used directly to 
determine the concentration of M(CN)8

3− (M = W, Mo) at any time t. If the initial 
concentration of the M(CN)8

3− equals “a” mol dm−3 and if at any time t a quantity 
“x” has reacted to form x mol dm−3 M(CN)8

4−, then the total absorbance at a time t 
is given by

The concentration of M(CN)8
3− at time t may be calculated through Eq. 3.

Activation parameters were obtained by performing reactions at various tempera-
tures. The parameters ΔH# and ΔS# , applicable only to the experimental conditions, 
have been obtained from the Eyring equation (Eq. 4) where kB and h are the Boltz-
man and Planck constants:

Equation 4 converted to the logarithmic form yields a linearized Eyring equation 
[42] (Eq. 5),

Here ΔH# can be obtained from the slope, −ΔH
#

R
 , and ΔS# from the intercept, 

ΔS#

R
+ ln

(
kB

h

)
 , of a plot of ln 

(
k

T

)
 versus 1

T
.

Least squares fittings of measured data were carried out by using the general fit-
ting software Micro Math “Scientist” [43].
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Fig. 1   UV spectra of complexes in water. A [K4U(C2O4)4·5H2O] = 0.1084 M, [K4W(CN)8·2H2O] = 7.82 × 10–4 M 
and [Cs3W(CN)8·2H2O] = 7.22 × 10–4 M. B [K4U(C2O4)4·5H2O] = 0.1084 M, [K4Mo(CN)8·2H2O] = 7.14 × 10–4 M 
and [Cs3Mo(CN)8·2H2O] = 4.07 × 10–4 M. 
(Color figure online)
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Results and discussion

The oxidation of the U(C2O4)4
2− ion by MV(CN)8

3– ions (M = Mo, W) was per-
formed under pseudo-order conditions with the MV(CN)8

3– ion as the limiting rea-
gent. The [U(C2O4)4

2−] was in excess of 6–20-fold. Lente provided evidence in his 
book [44] that an excess of fourfold is enough for a flooding (pseudo-first order) pro-
cess in chemical kinetics. This was also recently experimentally confirmed [35]. In 
this study, the cases where the flooding excess is less than tenfold (but still larger or 
equal to 4), i.e. the sixfold and eightfold excess data, were also found to be accept-
able for pseudo first order reaction conditions by virtue of the linearity of the kobsd 
versus [K4UIV(C2O4)4] graphs (Fig. 3).

The non-linear least squares fit [43] of the data from the reaction traces, Fig. 2, 
to the first order rate expression, Eq. 6 [45], indicate that the reactions are first order 
in MV(CN)8

3– (M = Mo, W). Rate constants for these reactions are summarised in 
Supplementary Information Tables S1 (WV(CN)8

3– reaction, entries 1–6) and S2 
(MoV(CN)8

3– reaction, entries 1–12)

Variation of [K4U(C2O4)4] in the WV(CN)8
3– reaction mixtures (Fig.  3, 

left, data from Supplementary Information Table  S1, entries 7–12) as well as 
MoV(CN)8

3– reaction mixtures (Fig. 3, right, data from Table S2, entries 13–18 at 
pH 1.61 and 19–25 at pH 4.93) yield a linear relationship with a direct dependence 
of kobsd on [K4U(C2O4)4]. The gradients of the Fig. 3 plots yield second order rate 
constant, k2, for the WV(CN)8

3– oxidation of UIV(C2O4)4
4– as k2(WV(CN)8

3– reac-
tion) = 0.100 ± 0.001  M−1s−1 at pH 4.27. The second order rate constant for the 
MoV(CN)8

3– oxidation of U(C2O4)4
4– is k2(MoV(CN)8

3– reaction) = 22.7 ± 0.2 M−1s−1 
at pH 4.93.

Variation of the reduction product WIV(CN)8
4– and MoIV(CN)8

4–in the reactions, 
do not have an effect on the reaction rate (Supplementary Information Table  S3 
entries 1–3 and Table S4, entries 1–4) indicating the rate determining step of the 

(6)
[
MV(CN)3−

8

]
t
=
[
MV(CN)3−

8

]
0
e−(kobsd.t)

Fig. 2   Reaction traces 
for the redox reaction 
MV(CN)8

3– + UIV(C2O4)4
4–; 

M = W, red plot, 
or Mo, black plot. 
[MV(CN)8

3–] = 5.0 × 10–4 M, 
[UIV(C2O4)4

4–] = 5.0 × 10–3 M, 
µ(NaCl) = 1.055 M, 
[C2O4

2–] = 0.05 M. (Color figure 
online)
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reaction is not an equilibrium involving the reduced products WIV(CN)8
4– or 

MoIV(CN)8
4–.

Variation of the specific cation in the reaction medium, K+ in the W(CN)8
3− reac-

tion and Na+ in the Mo(CN)8
3− reaction, do not have a direct proportional effect on 

the reaction rate. Although the alkali metal cation concentration was in large excess 
over both UIV(C2O4)4

4– and MV(CN)8
3− (M = W, Mo), plots of kobsd versus [alkali 

metal cation] was not linear (Supplementary Information Fig. S1). This implies 
the effect that these alkali metals have on the reaction rate is non-specific and not 
pseudo-first order. Secondly, plots of log (kobsd) versus log [alkali metal cation] 
(Supplementary Information Fig. S2) are linear but the slopes are not one. Slopes 
were found to be 0.47 ± 0.01 for K+ in the W(CN)8

3– reaction and 0.34 ± 0.02 for 
Na+ in the Mo(CN)8

3– reaction. These small slopes confirm that the interactions of 
alkali metal cations with reactants in the reactions are non-specific, i.e. they do not 
take part in the rate determining step of the reaction mechanism.

A theory for the influence of the ionic strength of the reaction mixture on the 
reaction rate was formulated by Brønsted and Bjerrum [46]. The logarithmic form 
of the equation, where ∂ is the Debye–Hückel solvent constant, is

The Debye–Hückel solvent constant (∂) for water is ~ 0.51 at 25 °C which simpli-
fies the equation to:

Should the slope of a plot of log k versus 
(

I
1∕2

1+I
1∕2

)
 have a positive value it follows 

that ZA and ZB have the same charge (i.e. both positive or both negative). The data 

(7)logk = logk0 + 2ZAZB�
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Fig. 3   Plots of kobsd versus [UIV(C2O4)4
4–] for the [UIV(C2O4)4

4–] variation in reaction mixtures. 
[WV(CN)8

3–] = 5.0 × 10–4  M (red plot), [MoV(CN)8
3–] = 5.0 × 10–4  M (black plot). For both reactions, 

µ(NaCl) = 1.055 M, [C2O4
2–] = 0.05 M. (Color figure online)
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for varying the ionic strength (µ) of the reaction mixture for the M(CN)8
3– (M = W, 

Mo) oxidation of U(C2O4)4
4– (Supplementary Information Table  S3, entries 4–8, 

and Table  S4, entries 5–11), highlights an increase in the reaction rate with an 
increase in ionic strength (µ). This positive effect (slope) is also demonstrated in 
Fig. 4 and indicates ions of like charge react in the rate determining step. This crite-
ria is met in the second step of the reaction mechanism, Scheme  1, where 
MV(CN)8

3– react with UIV(C2O4)3(H2O)(OH)3– to form a binuclear intermediate 
complex.

It has been shown before [47, 48] that in the presence of oxalate ions, 
K4U(C2O4)4 exists in solution as a mixture of U(C2O4)2, U(C2O4)3

2– and 
U(C2O4)4

4–. It was shown [47, 48] how the concentration of these species varies 
with variation in oxalate ion concentration of the solution. The oxalate ion con-
centration in reaction mixtures of this study was ≤ 0.05  M. From literature [47, 
48] it therefore follows that the main uranium(IV) species in the reaction mix-
tures is U(C2O4)3

2− and there may also be some U(C2O4)2. This means that two 
uranium(IV) species can be active in the reaction mixtures utilized in this study. 
However, since the concentration of U(C2O4)2 is very low and it is very insoluble 
(Ksp = 1 × 10–22 [48]), its influence can be regarded as insignificantly small, and 
the only reactive U(IV) species of note in the reaction mixture is U(C2O4)3

2–.
Variation of the hydrogen ion in the W(CN)8

3– reaction (Supplementary Infor-
mation, Table S1, entries 13–27) and the Mo(CN)8

3– reaction (Table S2 entries 

Fig. 4   Brønsted–Bjerrum plot of 
log kobsd vs. I

1∕2

1+I
1∕2

 . 
[WV(CN)8

3–] = 5.0 × 10–4 M (red 
plot, I was controlled with KCl), 
[MoV(CN)8

3–] = 5.0 × 10–4 M 
(black plot, I was controlled 
with NaCl). For both, 
[U(C2O4)4

4–] = 5.0 × 10–3 M, 
[C2O4

2–] = 0.05 M. (Color figure 
online)

Scheme 1   Mechanism of oxidation of U(C2O4)3(H2O)2
2– with MV(CN)8

3– (M = Mo, W)
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26–40) indicate a significant [H+] dependence (Fig.  5). It has been shown that 
U(C2O4)3

2– in aqueous medium exists as U(C2O4)3(H2O)2
2– [48] and that the 

complex ion can dissociate as shown in Eq. 9.

By abbreviating U(C2O4)3(H2O)2
2– as HA and U(C2O4)3(H2O)(OH)3– as A 

in Eq. 9, fitting of the observed experimental data for the W(CN)8
3– reaction at 

34.9 °C to Eq. 10 [45, 49, 50]

This yields values for the equilibrium constant Ka = (1.6 ± 0.5) × 10–6  M−1. 
The rate constants for the oxidation of U(C2O4)3(H2O)2

2– (HA) and 
U(C2O4)3(H2O)(OH)3– (A) by W(CN)8

3– was obtained from the same fit to be 
kHA = (5 ± 1) × 10–5 s−1 and kA = (1.5 ± 0.3) × 10–2 s−1. When Eq. 10 is applied to 
the kinetic data of the MoV(CN)8

3– reaction data at 25.0 °C, the equillibrium con-
stant was found to be Ka = (1.3 ± 0.8) × 10–6 M−1 while the rate constants for the 
MoV(CN)8

3– oxidation of U(C2O4)3(H2O)2
2– (HA) and U(C2O4)3(H2O)(OH)3– (A) 

were found as kHA = (9 ± 1) × 10–3 s−1 and kA = 1.1 ± 0.6 s−1.
In both cases kA is more than 100 times larger than kHA. This implies kHA is neg-

ligible compared to kA and U(C2O4)3(H2O)(OH)3– is regarded as the dominant reac-
tive U(IV) species in these redox reactions.

From the experimental results and discussion, a reaction mechanism, Scheme 1, 
is proposed.

The k1 and k-1 equilibrium steps are regarded as rate determining (slow) while 
steps k2 (rate constant of step 2, k2 not to be confused with k2 which is the second 
order rate constant of the k1 step) and k3 (rate constant of step 3) are considered fast.

(9)U
(
C2O4

)
3

(
H2O

)2−
2

Ka

⇌ U
(
C2O4

)
3

(
H2O

)
(OH)3− + H+

(10)kobsd =
kHA

[
H+

]
+ kAKa

[H+] + Ka

Fig. 5   Observed rate constant versus pH plots for the variation of [H+] in reaction mix-
tures. [MV(CN)8

3–] = 5.0 × 10–4  M (M = W, red plot, or M = Mo, black plot. For both, 
[UIV(C2O4)4

4–] = 5.0 × 10–3 M, µ(NaCl) = 1.055 M, [C2O4
2–] = 0.05 M. (Color figure online)
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Applying the steady state approximation to the intermediate binuclear com-
plexes [(NC)7MV(CN)···(HO)UIV(C2O4)3(H2O)]6– and [(NC)7MIV(CN)···(HO)
UV(C2O4)3(H2O)]6– and by applying Eq. 11,

The rate law shown in Eq. 12 can be derived. Equation 12 is also in agreement 
with the experimental results.

The activation parameters ∆H# and ∆S# have been obtained by application of the 
Eyring equation (Eq. 4). Least squares mathematical fitting of the observed tempera-
ture variation data to the Eyring equation (Eq. 4) is the modern (and more accurate) 
way to obtain activation parameters [51]. Utilizing second order rate constants, k2, 
a non-linear least squares fit [43] of the experimental data for varying the tempera-
ture of the reaction mixture (Supplementary Information Table  S5, entries 28–34 
for the W(CN)8

3– reaction and entries 48–55, for the Mo(CN)8
3– reaction) to Eq. 4 

(Fig.  6), yield the activation enthalpy, ∆H#(WV(CN)8
3–) = 79.6 ± 0.5 kJ  mol−1 and 

∆H#(MoV(CN)8
3–) = 36.6 ± 0.2 kJ mol−1. The same fits yield the activation entropy, 

∆S#(WV(CN)8
3–) = − 6.4 ± 0.2 JK−1  mol−1 and ∆S#(MoV(CN)8

3–) = − 99.7 ± 0.2 
JK−1 mol−1. The obtained activation parameters have been validated by using Eq. 13 
as explained by Lente [42] and others [22, 35].
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[
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(
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3

(
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)
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][
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]
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2

]

(12)R =
k1k2Ka[

H+
](
k−1 + k2

)[MV(CN)3−
6

][
UIV

(
C2O4

)
3

(
H2O

)2−
2

]

(13)σΔS# =
1

Tav

σΔH#

Fig. 6   A non-linear least squares fit of second order rate constant (M−1 s−1) and temperature (K) data to 
the exponential Eyring equation. [MV(CN)6

3−] = 5.0 × 10–4 M (M = W, red plot, or M = Mo, black plot). 
For both [UIV(C2O4)4

4–] = 5.0 × 10–3 M, µ(NaCl) = 1.055 M, [C2O4
2–] = 0.05 M. (Color figure online)
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Conclusions

The oxidation of tetrakisoxalatouranate(IV) by the octacyanotungstate(V) 
and octacyanomolybdate(V) ions occur stoichiometrically in the ratio 
UIV(C2O4)4

4–:MV(CN)6
3– = 1:2 (M = W, Mo) and the reactions are first order in both 

reactants. The reactive form of UIV in these reactions in the pH range 1.6 – 4.99 
is UIV(C2O4)3(H2O)(OH)3–. Variation of the pH of the reaction mixtures yield 
an acid dissociation constant of Ka ≈ 1.3 × 10–6  M−1 (pKa ≈ 5.80) at 25.0 °C and 
1.6 × 10–6 M−1 (pKa = 5.89) at 34.9 °C for the equilibrium

This value is mutually consistent with the value obtained from kinetic studies of 
the hexacyanoferrate(III) ion oxidation of the tetrakisoxalatouranate(IV) ion [35] 
(Ka = 1.02 × 10–6 M−1, pKa = 5.99).

Our observations agree with those of Lente [44] that a sixfold excess of one 
reagent (here UIV(C2O4)4

4–) over the concentration of the limiting reagent, (here 
MV(CN)6

3–) is sufficient to study reactions kinetically under pseudo-order condi-
tions. The traditional view of a ten-fold excess of one reactant in a reaction over 
another as the minimum requirement for pseudo-order conditions, is consid-
ered an artefact from an era when computational limitations required aggressive 
approximations.

The advent of strong computational abilities with least square fitting programmes 
allows calculation of rate constants quickly and more accurately than the traditional 
graphical approximation methods. The same applies to calculation of the activation 
parameters ∆H# and ∆S#. As Lente [44, 51], we conclude modern computational 
abilities with non-linear least squares fitting programmes applied directly to the 
Eyring equation (Eq. 4) allows calculation of ∆H# and ∆S# more easily and accu-
rately directly from rate constant and temperature data.
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