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Abstract—Kinetics of the catalytic oxidation of water to molecular oxygen by a tris(bipyridyl) Ru(III) com-
plex is studied in the presence of colloidal cobalt hydroxide stabilized by starch. Oxidant consumption follows
the first-order rate law with respect to the oxidant concentration. The dependence of the apparent rate constant
of this process on the catalyst concentration, initial oxidant concentration, and initial concentration of its
reduced form was determined. The dependence of the oxygen yield on H* at pH 7-11 and a catalyst concentra-
tion of 1077103 moW/1 is studied. An intermediate product of the reaction was found, which is probably a
bridged peroxo complex of cobalt. The kinetic scheme and mechanism of the reaction is proposed, which agree

with experimental observations.

INTRODUCTION

The catalytic oxidation of water to oxygen by one-elec-
tron oxidants, such as a tris(bipyridyl) Ru(Ill) complex,

4Ru™(bpy)s + 2H,0 "
— 4Ru™(bpy)s + O, + 4H",

was studied over 20 years in connection with artificial
photocatalytic systems for water decomposition and
simulation of the oxygen-producing complex of photo-
system II of green plants. There are some achievements
in designing and studying catalysts for this reaction.
However, there is no agreement on the mechanism of
reaction (I).

Most of the work done along this line is devoted to
the kinetic and mechanistic studies of reaction (I) in
neutral and weakly alkaline media with CoCl, as a cat-
alyst [1-3]. The interpretation of the results of these
studies was difficult because the true catalysts of this
reaction are Co(III) hydroxo complexes, which are
formed during the reaction by the interaction of aqua
ions of Co(II) with an oxidant and hydroxyls.

Earlier, we studied the mechanism of water oxida-
tion in the presence of supported Co(Ill), Mn(III),
Fe(III), and Ru(IV)-containing hydroxide catalysts [4, 5].
We hypothesized that the action of catalysts based on
transition metal hydroxyls is similar for all metal ions.
Quantum chemical calculations suggested that the
intermediates formed in the reaction of water oxidation
are peroxide complexes [6, 7].

This paper reports kinetic data on reaction (I) and
oxygen yield in the presence of a colloidal Co(IlI)
hydroxide catalyst stabilized by modified starch [8].
The application of this catalyst makes it possible to

avoid problems associated with the stage of catalyst
formation during the process and to extend the ranges
of pH and concentrations at which the catalyst works.
We also obtained new data on the intermediate catalyst
states in the reaction.

EXPERIMENTAL

The following analytical purity grade reagents were
used without additional purification: HC10,, Na,HPO,,
KH,PO,, NaClO,, KHCO,, and bipyridyl, as well as
extra purity grade H;BO; and NaOH. Analytical purity
grade starch for iodometry was modified by heating for
8 h at 430 K [8]. Phospate and borate buffer solutions
were prepared as described in [9]. The Ru(bpy);(ClO,), -
2H,0 complex was prepared according to the pub-
lished technique [10]. Ru(bpy);(ClO,); was prepared
by the oxidation of the Ru(II) complex by tin dioxide
[11]. The KCo(NH,),(CO;), complex, which is neces-
sary for the preparation of the colloidal catalyst, was
obtained according to the procedure described in {12].

The colloidal cobalt hydroxide stabilized by modi-
fied starch was prepared according to our technique
described in [8].

In kinetic experiments on hydrogen evolution at
high pH in the presence of small catalyst amounts, we
used doubly distilled water for the preparation of solu-
tions. In all other catalytic and kinetic experiments and
in catalyst preparation, we used distilled water.

The concentration of O, in solutions was measured
by the Clark electrode using a Beckman Monitor II
instrument according to the technique described in [8].
For pH measurements, an EV-74 pH-meter was used.
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Kinetic experiments were carried out in a constant-
temperature cell (298 K) 0.2 cm long, using a stopped-
flow SF-3L setup with a temporal resolution of 10 ms.
The kinetics of water oxidation by Ru(bpy);(ClO,),
was studied by spectrophotometry by monitoring a
decrease in the intensity of the oxidant band at A = 675 nm
or by an increase in the intensity of the reduced form
band at A =452 nm (€ = 400 and 14 000, respectively).

For the stopped-flow experiments, two solutions
were prepared: (1) the oxidant Ru(bpy);(ClO,); solu-
tion or its mixture with the reduced form
Ru(bpy);(ClO,), - 2H,0 with water (if necessary) and
(2) the catalyst solution in a 0.06 mol/l borate buffer
(pH 9.2). These solutions were mixed by injection into
the cell. The signal from a photomultiplier tube was
registered with a S9-8 oscilloscope. The absorbances of
solutions were calculated by comparison of the mea-
sured signal with that measured at the final state. The
latter was measured by an ordinary spectrophotometer.
The formula for absorbance calculation is

Dx = Df_ ln(Ux/Uf)’

where D, and D; are unknown and final absorbances
and U, and U; are the amplitudes of the potential signal
registered by the photomultiplier tube for the current
and final states of the solution.

RESULTS AND DISCUSSION

Dependence of the Oxygen Yield
on Experimental Conditions

The dependence of the oxygen yield on the catalyst
concentration provides information on the ratio of the
rates of oxygen molecule formation and side reactions
of catalytic and stoichiometric oxidant destruction
because of organic ligand (bipyridyl, bpy) oxidation.
If the catalytic destruction does not occur with an
increase in the catalyst concentration, the yield of oxy-
gen should grow monotonically up to 100% with
respect to the yield expected from the stoichiometry of
reaction (I). However, as previous studies showed, this
is never observed [1, 3, 8, 13]. The dependence of the
oxygen yield in reaction (I) on the catalyst concentra-
tion usually has a volcano shape. Even under the most
favorable conditions, the maximal yield of oxygen
never reached 100%. This fact points to the presence of
common steps and intermediates in water oxidation and
bipyridyl destruction.

We measured the yields of oxygen over wide ranges
of catalyst concentration (10--10-3 mol/l) at two dif-
ferent initial concentrations of the oxidant (5 x 10~ and
1073 mol/1) at pH 7, 9, and 11. Figure 1 shows that the
yield of O, grows at all pH with an increase in the cat-
alyst concentration and reaches the maxima at a molar
oxidant/catalyst ratio of 10-100. Then, the yield
decreases with a further increase in the catalyst concen-
tration, probably because of Co(IIl) hydroxide-cata-
lyzed side reactions. At pH 7, the maximal yield of O,
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is ~55—-60% and decreases to zero at the equimolar oxi-
dant/catalyst ratio. At pH 9 and 11 and a molar oxi-
dant/catalyst ratio of 10-100, the maximal yield of O,
reaches 75 and 85%, respectively. When the catalyst
concentration is increased to values close to the oxidant
concentration, the yield decreases only slightly. Note
that, at pH 11, the yield of oxygen varies between 65
and 85%, while the concentration of cobalt hydroxide
changes by two orders of magnitude (from 5 X 107 to
103 mol/l). However, in this case, the yield does not
reach 100%. The maxima of the O, yield were also
observed at certain catalyst concentrations in [14].

Stopped-Flow Kinetic Study

Kinetics of Ru’*(bpy); consumption under the con-
ditions of its excess over the catalyst. Kinetics was
studied at pH 9.2 at oxidant concentrations of 10--
103 mol/l and catalyst concentrations of 10--10-3 mol/l.
Unfortunately, at pH 11, studies were impossible
because the reaction rate was so high under these con-
ditions that the stopped-flow method failed to measure
the rates: the characteristic times of transformations are
tens of milliseconds or shorter.

At low concentrations of the catalyst (below 5 x
103 mol/1), the kinetic curves of oxidant consumption
measured by the absorbance at 675 nm and reduced
form formation (452 nm) had exponential forms and cor-
responded to the first-order reaction with respect to the
oxidant. Figure 2 shows linearized plots on a semiloga-
rithmic scale for oxidant consumption and Ru?*(bpy),
formation. The corresponding apparent rate constants

kqpp calculated from these curves are as follows:
1
[Colg X 105, Kapp> 8
mol/l A =675 nm A =450 nm
38 60.5 84.9
1.3 27.6 27.2
0.5 10.9 10.7

Within the limits of the experimental error, the
apparent rate constants calculated from oxidant con-
sumption and Ru(bpy); formation data are the same.

The exponential form of kinetic curves for oxidant
consumption and reduced form formation is rather
unexpected, because all previous reports on reaction (I)
contained information on retardation of the reaction by
the reduced form of the oxidant (i.e., by the Ru**(bpy),
complex).

The dependence of the apparent rate constant on the
concentration of the colloidal catalyst is linear over
the whole range of Co(IlI) concentrations (5 x 10-6-5 x
10-% mol/), which is typical of catalytic processes. Fig-
ure 3 shows the dependence of &, on the initial con-

centration of the oxidant at 10-5-10-3 mol/l Ru**(bpy),

for two different catalyst concentrations. The apparent
rate constants decrease with an increase in the oxidant
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Fig. 1. Oxygen yield vs. catalyst concentration at different pH and initial oxidant concentrations: (a) 0.05 mol/l phosphate buffer, pH 7,
[Ru**(bpy)3lg =1 x 103 mol/t; (b) 0.05 mol/l borate buffer, pH 9.2, (1) [Ru>*(bpy)slo = 5 X 10~ mol/l and (2) [Ru**(bpy)slo = 1 X

1073 mol/l; (c) pH 11, no buffer, [Ru>*(bpy)sly = 1 x 1073 molAl.
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Fig. 2. Typical absorbances D of the catalytic system on a
semilogarthimic scale at (a) A = 675 and (b) 450 nm and cat-

alyst concentrations [Co]y of (1) 3.8 x 1075, (2) 1.3 x 1075,
and (3) 5.0 x 1075 mol/l ([Ru>*(bpy)sly = 5 x 10~ mol,
0.03 mol/l borate buffer, pH 9.2). D is the final absorbance.

concentration, and 1/k,,, depends on the initial concen-
tration of Ru**(bpy);.

The addition of Ru?*(bpy); to the initial solution
results in the slight retardation of the reaction and does
not change the exponential character of the kinetic curves
of oxidant consumption. Figure 4 shows the depen-
dence of k,,, on the initial concentration of Ru?*(bpy)s.
This constant decreases with an increase in the concen-
tration of the complex, and 1/k,,, linearly depends on
[Ru?*(bpy);]. As noted above, apparent retardation is
rather weak. This becomes virtually unnoticeable if
the initial concentration of Ru**(bpy); is more than
10 times higher than the initial concentration of
Ru?*(bpy)s.

Reaction kinetics at high conentrations of the cata-
lyst. At high concentrations of the catalyst, kinetic
curves of oxidant consumption constructed from
changes of the respective band intensity at A = 675 nm
differ from those obtained at low catalyst concentra-
tions. At a catalyst concentration of 5 x 10-2.5 X
10~ mol/l, two regions are clearly seen on Kinetic
curves (Fig. 5). The first region is the fast disappear-
ance of the oxidant, and the second region corresponds
to its slow disappearance after 80-90% oxidant con-
sumption. Simultaneously, an increase in the intensity
at A = 452 nm is observed, which points to the appear-
ance of the Ru®**(bpy); complex. This process is
described by the first-order rate law with a rate constant
equal to that corresponding to the “fast region” on the
kinetic curve for A = 675 nm.

We may assume that the “slow” region of the kinetic
curve registered at A = 675 nm is the disappearance of
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the intermediate in water oxidation rather than the oxi-
dant. These two species absorb in the same spectral
region. Moreover, at [Co] > 2.5 x 10~ mol/l, when it is
impossible to register the formation of the reduced oxi-
dant form because of short characteristic times as com-
pared to the temporal resolution of our setup, only the
disappearance of this intermediate is observed at
675 nm with a first-order rate constant of ~2 s/,

We reconstructed the spectrum of intermediate spe-
cies consumption using experimental points. To do that,
we registered kinetic curves of absorbance changes at
wavelengths from 460 to 680 nm at 20-nm intervals. To
construct the spectrum, we used the absorbance at the
instant Ru**(bpy); was completely consumed. Figure 6
shows the spectrum of intermediate species consump-
tion obtained at catalyst and oxidant concentrations of
4 x 10 and 5 x 10~* mol/l, respectively. Because 99%
of the oxidant is consumed for ~58 ms (k,,, ~ 80 s
under these conditions, we measured the absorbance
every 100 ms starting from the instant the reactants
were mixed to obtain the spectrum for the intermediate
species. The optical spectrum of the intermediate is a
broad band with an indistinct maximum at 550-600 nm
(Fig. 6). Khannanov et al. [15] also discovered an inter-
mediate of reaction (I) in the presence of cobalt salts, but
its absorbance was near 800 nm. They concluded that
this intermediate is the product of oxidant destruction.

The absorbance of the intermediate found in this
work is proportional to the concentrations of the cata-
lyst and oxidant. Thus, as the catalyst concentration
increases from 1.3 x 104 to 1 x 10-3 mol/l at a constant
initial concentration of Ru3*(bpy); of 10-3 mol/l, the
absorbance at A = 675 nm increases by a factor of ~2.5.
As this takes place, the rate of intermediate species con-
sumption remains virtually the same, and the rate con-
stant of this process is ~2.0 s~!. At a constant catalyst
concentration of 10~ mol/t and with an increase in the
concentration of Ru**(bpy); from 2 x 10 to 2 x 1073
mol/l, the intermediate species absorbance at the same
wavelength increases by a factor of ~5. Figure 7 shows
the intermediate species absorbance at A = 568 nm (in
the isobestic point of absorption spectra for Ru**(bpy);
and Ru®*(bpy);). Note that it was rather difficult to
identify the appearance of this intermediate because, at
high concentrations of the catalyst and intermediate,
the rate of intermediate species formation was outside
the limits of the temporal resolution of our stopped-
flow setup.

Because the absorbance is proportional to the con-
centrations of the catalyst and oxidant, it is reasonable
to suppose that the intermediate is the product of cata-
lyst and oxidant interaction. This is either the product
of the partial oxidation of water, which is coordinated
to the active center of the catalyst or the product of a
side reaction of catalytic oxidant destruction, that is, a
ruthenium complex with partially oxidized ligands. It is
important that the absorption spectrum of this interme-
diate is rather broad, which is more characteristic of
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Fig. 3. A plot of k,p and Vk,p,, vs. Ru3+(bpy)3 initial concen-

tration at (/) [Colyg 2.5 X 107 mol/l and (2) 5 x 107® mol/l
in 0.03 mol/l borate buffer at pH 9.2.
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Fig. 4. A plot of kyp, and 1/kyy, vs. Ru?*(bpy)s initial con-
centration at [Co]y = 5 x 1078 mol/1 and [Ru3+(bpy)3]0 =
2.5 x 107 mol/1 in 0.03 mol/ borate buffer at pH9.2.

colloids rather than individual metal complexes. More-
over, most Ru(Il) complexes with bipyridyl or similar
ligands absorb in the region of shorter wavelengths and
have extinction coefficients above 10000, whereas the
estimate of the extinction coefficient gives a value of
several hundreds. Taking this into account, we may
assume that the intermediate registered in our work is a
peroxo complex of colloidal cobalt hydroxide.

Mechanism of Water Oxidation

Kinetic scheme of reaction for the case of low cata-
lyst concentration. The following scheme (Scheme 1)
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Fig, 5. Typical changes of absorbance D at A = 675 nm and
its linearization in semilogarthimic coordinates at [Co); 2
5% 1075 molfl ([Ru3+(bpy)3]0 =5 x 10 mol/1, 0.03 mol/l
borate buffer at pH 9.2; the cell length is 0.2 cm).

proposed earlier (4, 5] was chosen for the quantitative
kinetic description under the conditions of oxidant
excess over the catalyst:

Co(IIOH + Ru™(bpy)s a
< Co(N)O--Ru*(bpy)s + H*,
Co(IIHOH + Ru**(bpy)s am

== Co(II)O--Ru>*(bpy)s + H',
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Fig. 6. Reconstructed spectra of the intermediate (Cols =

4 x 107 moll, [Ru**(bpy)3]p = 5 x 10 molA, 0.03 mol/l
borate buffer at pH 9.2; the cell length is 0.2 cm).
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Co(IINO---Ru**(bpy)s

\ ) Iv)
~2» Co(IV)O + Ru”*(bpy)s,
2Co(IV)O =~ 2Co(II) + O, V)

Co(Il) + Ru* (bpy)s 71 Co(IIOH + Ru**(bpy)s + H’,
(VD

Co(IV)O + Ru®*(bpy)s

: . VI
—2» Co(IIN)OH + Ru“"(bpy)2(bpy),..

Scheme 1.

Currently, it is commonly accepted that the step of first
electron transfer (IV) from the catalyst active center to the
oxidant is a rate-determining one. This was confirmed by
quantum-chemical calculations [6, 7]. In this case, the
concentrations of intermediate forms of the catalyst start-
ing from step (V) can be considered stationary, and their
fraction in the overall catalyst concentration is negligible.
In this case, the reaction kinetics is largely determined by
the fast equilibrium steps of ion-exchange adsorption (II)
and (II) and the rate-limiting step of the first electron
transfer (IV). The use of this scheme as a kinetic model
enables the quantitative description of all of the experi-
mental observations relevant to kinetics.

The oxidant is consumed in steps (IV) and (VI), but
because step (IV) is the slowest, the rate of step (VI) is
equal to the rate of step (IV). Of course, this is the case
if the oxidant is largely consumed for water oxidation
rather than for a side reaction. Then, the overall rate of
water oxidation w can be described as follows:

w = 2k,[Co(lIO-Ru**(bpy)s]. M
D
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Fig. 7. Absorbance of the intermediate at A = 568 nm vs. time
(0.03 mol/l borate buffer, pH 9.2, [Colz = 5 x 1075 molA,

[Ru3+(bpy)3]0 =1x 1074 mol/l, and a cell length of 0.2 cm).
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Because adsorption equilibria (I) and (III) are fast,
the concentrations of the adsorbed forms of the oxidant
and its reduced form are determined by the formulas

[Co(II)O-Ru**(bpy)s]
= K,[Co(IINOH][Ru**(bpy)s]/[H'] )

= K}[Co(IIOH][Ru’*(bpy)s],

[Co(IID)O--Ru**(bpy)s]
= K,[Co(IIOH][Ru**(bpy)s]/[H'] A3)

= K3[Co(IINOH][Ru**(bpy)s].

As mentioned above, the contribution of Co(IV)O
and Co(II) to the overall concentration is small. There-
fore, taking into account formulas (2) and (3), we may
write down the following expression:

[Co]s = [Co(IIT)OH]
+ K| [Co(LIHOH][Ru™*(bpy)s] (4)
+ K3[Co(IIOH J[Ru’*(bpy)3],

where [Co]; is the overall concentration of cobalt.

In this case, the concentration of free active centers
of the catalyst is

[Co(IIT)OH]
)
= [Coly/(1 + K| [Ru’*(bpy)s] + K3 [Ru”*(bpy)s]),

and the overall reaction rate is

w = 2K’ k;[Ru**(bpy)s] ©
X [Cols/(1 + K, [Ru**(bpy)s] + K, [Ru**(bpy)s]).

A similar expression for the rate of reaction (I) was
obtained in [5], but there was no direct experimental
evidence for this expression.

It can be seen that in the case of the weak depen-
dence of the denominator on the concentrations of both
ruthenium complexes, equation (6) corresponds to the
pseudo-first-order reaction with respect to concentra-
tion Ru**(bpy);. The apparent pseudo-first-order rate
constant of the water oxidation (or oxidant consump-
tion) can be described as

k= 2Kks[Cols/(1

app

©)
+ K [Ru™(bpy)s] + K3[Ru**(bpy)s]
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or

I S S
k.~ 2k;[Cols

app

8
1 (8)

K,

X +[Ru3+(bpy)3]+%[Ru2+(bpy)3] .
1

Our experimental findings agree well with equa-
tions (7) and (8).

These equations describe the experimentally observed
exponential character of kinetic curves on the time and
deceleration of oxidant consumption closer to the end of
reaction. Let us rewrite equation (8) as follows:

11
ko 2K3[Colg

app
: 9

K
17?-1 [Ru**(bpy)s] |,

x| L+ [Ru>(bpy)slo +
K; 1

where [Ru’*(bpy)slo = [Ru*(bpy);] + [Ru**(bpy)s] is
the initial concentration of the oxidant and [Ru**(bpy);]
and [Ru?*(bpy);] are the concentrations of its oxidized

and reduced forms, respectively. Obviously, the form of
these kinetic curves depends on the ratio between the

adsorption equilibrium constants K; and K. If the

values of these constants are close, then we may expect
for the colloidal catalyst that the third term in brackets
is small relatively to the others, and the apparent rate
constant should not indeed change during the reaction
because it only depends on the initial concentration of
the oxidant.

The observed small difference in the equilibrium
constants of adsorption for the oxidized and reduced
forms of ruthenium complexes can probably be
explained by the specific features of the colloidal cata-
lyst, which is starch-stabilized small particles of colloi-
dal Co(IlI) hydroxide 2-10 nm in size [13], which are
coated with starch molecules. In this case, the adsorp-
tion of ruthenium cationic complexes on the surface is
largely controlled by steric factors. Both ruthenium
complexes have rather bulky similar ligands. There-
fore, the equilibrium constants of their adsorption
should be lower than those for starch-free catalysts and
similar to each other. As a consequence, the effect of
retardation by the reduced oxidant form may not be as
substantial in our case as in other systems studied.

Expression (8) describes the observed dependences
of the apparent rate constant on the concentrations of
the catalyst, oxidant, and its reduced form. Using this

formula, we can estimate K|, K, and k;.

Let us consider the situation when the initial con-
centration of the [Ru?*(bpy);] complex equals zero.
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Assuming that K, = K, and rearranging equation (9), we
have

1 1

Kapp B 2K k;(Colg

+ [Ru”(bpy)slo

2%,1Col; (1%

Using this equation and the dependence of &,;, on
the initial oxidant concentration, it is easy to estimate

the constants K and k;. The value of &, can be calcu-
lated from the slope of the line on the plot of 1/k,,, vs.

[Ru**(bpy)s]o (Fig. 3). Given the value of ks, K} can
be calculated as an intercept on the ordinate axis.

If the [Ru?*(bpy);} complex is added to the initial
oxidant solution in an amount comparable to

[Ru**(bpy)s1o, equation (8) can be rewritten as

_1+ K'I[Ru“(bpy)s] + K5[Ru®*(bpy)slo
2K k;[Coly 2K k;[Colg

11)

1
kapp
Given the value of kj, the intercept on the plot of

Vkqpp vs. [Ru2+(bpy)3]o on the ordinate axis gives the
value of K . Then, the slope of the line and the values
of K and k; give the value of K.

The results of calculation for two experimental
series at pH 9.2 are shown in the table. These series
were obtained for two catalyst samples prepared
according to the same technique.

As can be seen from the table, the values of k;
belong to a region of 102-10% s~! and the values of
K belong to a region of 10*~10° I/mol. The values of

K, are ~1.5 times lower than K. The differences in

the parameters for the two experimental series are
within the limits of experimental error. Moreover, these
differences can be due to the fact that each experimen-
tal series was obtained with different catalyst samples,
whose properties depend on the duration of their stor-
age [8].

The possible nature of intermediates of the catalytic
process. The use of cobalt hydroxide as an oxidation
catalyst is only known for water oxidation by strong
one-electron oxidants. However, cobalt and other tran-
sition metal complexes with various organic ligands are
well known as catalysts for redox reactions with oxy-
gen transfer [16]. In these reactions, oxygen activation
is believed to occur via the formation of intermediate
peroxo complexes. Based on the formal kinetic scheme
(scheme 1 above) and taking into account that we found
an intermediate which is most likely a cobalt peroxo
complex, we propose the following detailed scheme of
water oxidation over cobalt hydroxide (scheme 2).

PESTUNOVA et al.

go(m)--- o(III) + Ru®*(bpy)s

H H (VIID
== Co(Ill)---Co(II) + H*,
ORv*(py); OH
go(m)--- o(II) + Ru**(bpy)s
H H (IX)
=== Co(III)---Co(III) + H",
ORu*(bpy)s OH
Co(Il)---Co(Il) —~ Co(IV)--Co(IIl) + Ru’*(bpy)a,
ORu*@pyy; OH 0] H X)
(éo(IV)---Eo(III)
\\\\\ o
(X1
Co(IV)---CO(II)
— | Oz ~— Co(II) + Co(III),
B OH
HO-Co(III) + Ru™(bpy)s
OOH (X1
—= 0=Co(IV) + Ru**(bpy)s + H',
OOH
0=Co(IV) — HO-Co(ll) + Oy, (XIID)
OOH
Co(Il) + Ru”*(b
i, o(I) + Ru (2 pY)s (XIV)
= qo(ln) +Ru“(bpy)s + H',
OH
Co(IIN)---Co(II)
OOH OH XV)
=== Co(II)~(O,H)-Co(lll) + OH",
Co(II1)~(O,H)-Co(lII) + bpy + 2H,0
(XVI)
— Co(IID--Co(IID) + (bpy)* +3H',
OH OH
Ru™(bpy)s — Ru*'(bpy)a(bpy)s,.  (XVID)
*The oxidized form of bpy.
Scheme 2.

Equations (VIII)~(X) in this scheme detail the cor-
responding equations of Scheme 1. Then, according to
the results reported in [6, 7], oxo and hydroxyl groups,
coordinated to two adjacent cobalt ions of the active
center, react with each other. This interaction results in

KINETICS AND.CATALYSIS Vol. 41 No.3 2000
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Parameters K ;, K ;, and k, of water oxidation in 0.03 mol/l borate buffer at pH 9.2 and 298 K

347

Reactant concentration, mol/l
No. of series ks, s7! K, x 10, Umol| K, Vmol
[Colyx 10° | [Ru*(bpy)lo | [Ru**(bpy)lo
5 5x1075-5%x 107 0 1340 22 -
1 25 10-%-1073 0 1380 13 -
5 25x10%  [5x105-5x 107 - 1.2 0.92K,
Average values 1360 12 092K ;
5 1075 x 107 0 142 3.2 -
2.5 107°-5x 1074 0 146 1.3 -
2 25 25% 10 |5 1075-5 x 107 - 0.6 0.62K,
5 5%10% |5x1075-5x 10 - 1.4 0.67K,
Average values 143 30 0.65K ;

the formation of an O-O bond corresponding to the
oxidation of water with the loss of two electrons, the
simultaneous two-electron reduction of one of the
cobalt ions, and the coordination of a peroxide group to
another cobalt ion. Obviously, the polynuclear structure
of the hydroxide catalyst should be favorable for this
process.

The cobalt ion with the coordinated peroxide group
may react with another Ru*(bpy); complex being oxi-
dized to Co(IV) by reaction (XII). Then, the peroxo
group coordinated to the cobalt ion is oxidized in the
process of two-electron transfer in reaction (XIII). As a
result, water is oxidized to form molecular oxygen and
two Co(Il) centers (steps (XI) and (XIII)). Co(Il)
remains in the structure of Co(III) hydroxide. The cat-
alytic cycle is completed by Co(Il) reoxidation by
Ru?*(bpy); to form Co(IIl) accompanied by the fast
addition of the hydroxyl group (reaction (XIV)), and
the catalyst returns to its initial state.

The intermediate found in this work is consumed
with a rate constant that is 2-3 orders of magnitude
lower than the apparent rate constant of the rate-deter-
mining step (X). Therefore, it cannot participate in the
steps of O, formation. We assume that, unlike a termi-
nal peroxo complex, the formation of which should be
expected in step (XI), the intermediate observed is a
long-lived bridging peroxo complex.

It has been found [17] that the oxidative elimination
of O, from bridging cobalt peroxides is impossible
because these peroxides are oxidized by all known oxi-
dants with the loss of one electron and the formation of
a bridging superoxide. Moreover, like our intermediate,

KINETICS AND CATALYSIS  Vol. 41

No.3 2000

bridging cobalt peroxides of different structures have
low-intensity absorption bands at 500—-600 nm because
their main adsorption bands are in the near UV region
{16, 18]. Finally, Mahroof-Tahir et al. [19] described
the difference in the redox properties of peroxo copper
complexes: the terminal peroxo group is oxidized to
form O,, but the bridging group (as in the case of
cobalt) is a rather strong oxidant. In our scheme, the
bridging peroxide is formed by reaction (XV). The for-
mation of bridging peroxide should inhibit water oxida-
tion and favor side processes of bipyridyl oxidation
(XVI). In an alkaline media, equilibrium (XV) should
shift to the left because of competition with hydroxyl
groups. This should result in an increase in the O, yield,
and this is observed in the experiment.

Scheme 2 also has a reaction of spontaneous oxidant
destruction (XVII). The contribution of this step to a
decrease in the O, yield becomes noticeable at low cat-
alyst concentrations. This reaction was studied in detail
in {1, 5, 20].

The scheme suggested in this work involves two
coupled catalytic processes of water oxidation and
bipyridyl catalytic destruction. The ratio between the
rates of these two processes and the ratio between the
product yields depend on the ratio between the concen-
trations of peroxide intermediates, which in turn
depends on the reaction conditions. An increase in pH
should favor reaction (XII), shift equilibrium (VIII) to
the right, and increase the yield of oxygen, which is
observed in the experiment (Fig. 1). An increase in the
catalyst concentration to values comparable to the oxi-
dant concentrations results in a decrease in the yield of
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oxygen (Fig. 1). This can easily be explained by the fact
that the probability of oxidant interaction with the same
active center (XI) for the second time decreases with
an increase in the catalyst concentration. Therefore,
more terminal peroxo complexes, which are active in
water oxidation, will transform into bridging peroxo
complexes, which are active in the side reaction.

CONCLUSION

New data on the mechanism of water oxidation were
obtained due to the use of the colloidal form of cobalt
hydroxide. The use of this catalyst form allowed us to
show experimentally that the oxidant and its reduced
form compete for adsorption sites on the catalyst sur-
face. We found conditions under which the adsorption
of the reduced oxidant form only slightly affects the
kinetics of water oxidation. We found the values of
adsorption equilibrium constants for the oxidant and its
reduced form and the rate constants of rate-determining
steps for both coupled reaction pathways (water oxida-
tion to molecular oxygen and catalytic bipyridyl
destruction). We found the intermediate, activated form
of oxygen on the catalyst surface. This is a peroxo
group coordinated to cobalt ions in the composition of
cobalt hydroxide. Based on the experimental data, we
proposed the mechanism which most exactly describes
molecular processes during oxygen formation from
water in artificial systems and may help to understand
oxygen formation in the oxygen-forming complex of
photosystem II of green plants.
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