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Kinetic Studies on the Quenching Reaction of the Photo-Excited [Ru(bpy); "
with [Co(edta)] in the Presence of EDTA, CDTA, and C:04*~
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In the presence of a sacrificial donor (such as ethylenediaminetetraacetic acid, frans-1,2-cyclohexanedi-
aminetetraacetic acid or oxalic acid in a deaerated aqueous solution) [Co(edta)]™ is reduced to [Co(edta)]*~ by
quenching oxidatively the photo-excited [Ru(bpy)s]?* ([Ru(bpy)s]?**). The reduction rate for the [Co(edta)]”
increases with an increase in the concentration of the sacrificial donor, and is kept constant at [EDTA] > 0.03
moldm™3, [CDTA] }0.01 moldm=3, or [C20427] }0.07 mol dm=3 at pH 4.6. The ratio [[Co(edta)] Jreacted:
[EDTAleactea : [[Co(edta)?Jrormea=2: 1: 2 is obtained at pH 5.2. The reaction rates were examined as a function of
the concentrations of [Co(edta)]” and [Ru(bpy)s]2* as well as the pH, ionic strength, and temperature of the

solution, and the intensity of the incident light.

order to account for the obtained results.

Various redox reactions induced by [Ru(bpy)s]2* (bpy=
2,2-bipyridine) or [Ru(bpz)s]2* (bpz=2,2-bipyrazine) as
a photocatalyst, i.e., hydrogen evolution from water
decomposition!—® or the reduction of carbon dioxide to
methane,%1® have been studied from the viewpoint of
the photochemical conversion of solar energy. One of
the major problems in the utilization of these complexes
is that the energy-saving electron-transfer reactions are
accompanied by very efficient reverse electron-transfer
steps which regenerate the starting materials. A simple
technique most often used to prevent a reverse electron-
transfer reaction is the addition of a sacrificial donor,
such as ethylenediaminetetraacetic acid or triethanol-
amine, into the reaction system. In this paper, the
effects of such sacrificial donors as EDTA,!1) CDTA,)
and C;042 are discussed concerning the oxidative
quenching of [Ru(bpy)s]2** with [Co(edta)]” in a deaer-
ated aqueous solution.

Experimental

Chemicals. [Ru(bpy)s]Clz-6H20 and K[Co(edta)]-2H20
were prepared and purified as described in the literature.!?
Disodiumdihydrogenethylenediaminetetraacetate (Naz[ Hzedta])
and other chemicals were of guaranteed reagent grade and
were used without further purification. A solution contain-
ing CDTA was prepared by dissolving in a sodium hydroxide
solution. The pH of the solution was continuously adjusted
with ,acetic acid and sodium acetate. Deionized water was
further distilled both with and without the addition of perman-
ganate in a glass still.

Procedures. The procedures are essentially the same as
those described in a previous paper.!3 The [Co(edta)]™ con-
centration was determined spectrophotometrically after re-
moving the [Ru(bpy)s]?* by adding a cation-exchange resine (1
g) (Dowex 50W-X8, 200-400 mesh, hydrogen form, washed
well with distilled water) into the solution. The total concen-
tration of the EDTA remaining and the [Co(edta)]?— formed in
the sample solution was determined by polarography at +0.3
V vs. SCE in a solution comprised 0.05 moldm~3 acetic acid,
0.05 moldm—2 sodium acetate, and 0.019% gelatin at 25°C

In the presence of oxygen, the decrease of [Co(edta)]™ is greatly
suppressed and the formation of the hydrogen peroxide is appreciable.

The reaction mechanism is presented in

under a nitrogen atmosphere. Polarography was performed
in the dark without removing the [Ru(bpy)s]?t, since the
cation-exchange resin adsorbs some part of the EDTA. The
amount of carbon dioxide formed during the reaction was
measured by a method reported previously.’¥ The rate con-
stant of the redox reaction between [Ru(bpy)s]?* and EDTA,
CDTA, or C204~ was determined with a Union RA-401
stopped-flow spectrophotometer. A solution of [Ru(bpy)s]?*
was prepared by oxidizing [Ru(bpy)s]?t with lead dioxide
(PbOg2) in 0.5 moldm~3 sulfuric acid. After removing PbO:
and PbSOy by filtration, the [Ru(bpy)s]P* solution was used
for the experiments.

Results and Discussion

Dependence of the Concentration of Sacrificial
Donors. No appreciable formation of [Co(edta)]?-
was observed in the quenching of [Ru(bpy)s]2t* with
[Co(edta)]” in the absence of sacrificial agents. How-
ever, [Co(edta)]” decreased remarkably to produce
[Co(edta)]?— upon the addition of sacrificial donors in a
deaerated aqueous solution. As Fig. 1 shows, the
initial rates for a decrease in the [Co(edta)]™ concentra-
tion (¥;) increase with an increase in the concentration
of the sacrificial donors and are kept constant at
[EDTA] 2> 0.03 moldm~3,[CDTA] > 0.01 moldm-3, or
[C2047] > 0.07 moldm~—=. This indicates that a reverse
electron-transfer reaction between [Ru(bpy)s]P* and
[Co(edta)]2— competes with the reaction between [Ru-
(bpy)s]?* and the sacrificial donor. It is noteworthy
that the limiting rate with the excess EDTA is almost the
same as that with CDTA, whereas is about 2 times as
large as that with C2042~. Otherwise (noted hereafter),
the kinetic results observed with EDTA are presented in
detail.

Stoichiometry. The stoichiometry of the reaction was
examined in aqueous solutions containing 2X10~3 mol
dm—2 K[Co(edta)] and 5X10~5 moldm=2 [Ru(bpy)s]Clz
at pH 5.2 and 25°C. The ratio of [[Co(edta)] Jreactea
[EDTA]eactea : [[Co(edta) 2 Jromea=2:1:2 was always
obtained, being independent of the initial EDTA con-
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Fig. 1. Dependence of the ¥; on the concentration of

the EDTA (O), CDTA (@), or C204~ (O) in deaer-
ated aqueous solutions containing 2X10—3 moldm—3
K[Co(edta)] and 5X10—5 moldm—2 [Ru(bpy):]Cl: at
pH 4.6 and 25°C. Irradiation was done with four
lamps.

centration. Carbon dioxide was also formed in the
solution; the amount produced per EDTA reacted was
estimated to be 1.3—2.1. The concentration of [Ru-
(bpy)s]?t was kept constant throughout the reaction.
Thus, the stoichiometry of the photo-induced reaction
can be expressed by

2[Co(edta)]”+ EDTA —
2[Co(edta)]?— + products(COz ---). )

Dependence of the [Co(edta)]” Concentration. Figure
2 indicates that V; in the presence of 0.05 moldm—2
EDTA increases with an increase in the initial concen-
trations of the [Co(edta)]~ ([[Co(edta)] ]), and has a
maximum value at a [Co(edta)]” concentration of
3X10~3 moldm=3. A similar result was obtained with
0.05 moldm—3 CDTA. Thus, the decrease of V; at
[[Co(edta)] 1>>3X10—3 moldm™3 is ascribed to an inner
filter effect of [Co(edta)]” on the photoexcitation of
[Ru(bpy)s]**.

Effect of Light Intensity and the [Ru(bpy);?* Con-
centration. The dependence of V; on the incident light
intensity was examined in an aqueous solution contain-
ing 0.05 moldm=3 EDTA, 2X10~-3 moldm=—3 K[Co-
(edta)], 5X1075 moldm—3 [Ru(bpy)s]Clz, 0.05 moldm2
acetic acid and 0.05 moldm™3 sodium acetate at 25°C
and pH 4.6. It was found that no appreciable forma-
tion of [Co(edta)]2— was observed in the dark and that V;
increased in proportion to the number of the lamps
irradiated. The dependence of ¥; on the [Ru(bpy)s]2*
concentration is presented in Fig. 3. With an increase
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Fig. 2. Dependence of the ¥; on the initial concentra-
tion of the [Co(edta)]”. Conditions are the same as
in Fig. 1 except for 0.05 moldm—2 EDTA.
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Fig. 3. Effect of the [Ru(bpy)s]?* concentration.

Conditions are the same as in Fig. 1 except for 0.02
moldm—3 EDTA and pH 5.2.

in the [Ru(bpy)s]?* concentration, V; increases while
approaching a limiting value. This finding as well as
the linear relation between ¥V; and the incident light
intensity suggests that V; is proportional to the amount
of light absorbed by [Ru(bpy)sJ?* (1z), which is described
by the Lambert-Beer equation:

L= D{1—exp(—o[[Ru(bpy)s]**])}. 2
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Here, I is the intensity of the incident light and « is a
constant comprising an absorption coefficient and an
optical path length.

Effect of pH. Figure 4 represents the pH effect on
Vi, where the pH of the solution was adjusted with
various concentrations of acetic acid and 0.05 moldm—3
sodium acetate. In this paper, the term “EDTA” is
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Fig. 4. Dependence of the V; on the concentration of
the EDTA at pH 6.0 (O), 5.2 (@), 4.6 (O), and 4.0
(A). Other conditions are the same as in Fig. 1.
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Fig. 5. Effect of the ionic strength. Conditions are

the same as in Fig. 1 except for 0.02 moldm—2 EDTA
and various ionic strength of 0.2 (O), 0.4 (D), 0.6 (@),
and 1.0 moldm—3 (®).
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used to designate all of the forms of that substance,
irrespective of the protonation states.!) As the pH
increases, smaller amounts of EDTA were required for
a limiting rate. It is worth noting that the V; values
under excess EDTA decrease with a decrease in pH.

Effect of Ionic Strength and Temperature. The
effect of the ionic strength or solution temperature is
shown in Figs. 5 and 6. It was found that the reaction
rate for the reduction of [Co(edta)]~ decreased as the
ionic strength of the solution increased. This is explain-
able in terms of a reaction between oppositly charged
ions (Eq. 5). The rate of the reaction also increases
slightly with an increase in the solution temperature.

Mechanism of Reaction. It has been reported that
oxidized EDTA (EDTAox*) is rapidly deprotonated to
form a reducing radical (EDTA").15719 The stability of
the EDTA’ is dependent on the solution pH. In an
acidic medium, EDTA’ decomposes due to acid-
catalyzed decarboxylation.!®1®) Glyoxylic acid, form-
aldehyde, and carbon dioxide were identified as being
the final products for the oxidation of EDTA.2021
Based on the above, the following reaction mechanism is
proposed to account for the obtained results:

[Ru(bpy)s]2t + hv —> [Ru(bpy)s2+* 3)

[Ru(bpy)s]>+* == [Ru(bpy)s**
+ hv’ or A (thermal energy) 4

[Ru(bpy)s]2** + [Co(edta)]” >
[Ru(bpy)s]** +[Co(edta)]2~  (5)

A O
)

103 [[Co(edta)l1 /mol dm™

00 1 2

time/h

Fig. 6. Effect of temperature. Conditions are the
same as in Fig. 1 except for 0.05 moldm—3 EDTA, pH
5.2 and temperature of 5°C (D), 15°C (@), or 25°C
©O).
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[Ru(bpy)s** + [Co(edta)]z- —-
[Ru(bpy)sl?* +[Co(edta)]”  (6)

[Ru(bpy)sl* + EDTA “2> [Ru(bpy)s]2* + EDTAox*  (7)

EDTAox* ~> EDTA’+ H* (deprotonation) ®)
EDTA’ + [Co(edta)]” — [Co(edta)2-
=+ products (COs:---) )]
EDTA’ %>
products (acid-catalyzed decarboxylation). (10)

Assuming a steady state concentration of the [Ru-
(bpy)s]2**, [Ru(bpy)sPt, EDTAox™ and EDTA’, the
reaction rate is expressed by

_ d[[Co(edta)] T  kqLP[[Co(edta)]”]

dt " kotkg[Co(edta)] ]
(1+y)kEDTA]
Ki[Co(edta)>-]+k[EDTA]

an

where @ is the quantum yield for the excited species
[Ru(bpy)s]2**; thus, LP corresponds to the formation
rate of [Ru(bpy)s]2**, and the -y value is defined as
kJEDTA')[[Co(edta)]]/{k{EDTA"[Co(edta)] THks[EDTA"]}
and is equal to unity if all of the EDTA’ formed by
reaction 8 reacts with [Co(edta)]”. The second-order
rate constant for reaction 6 has been estimated to be
larger than 10*dm3mol-1s~1. However, the reverse
electron-transfer reaction between [Ru(bpy)s]Pt and
[Co(edta)]?— in the solvent cage could take place quite
rapidly, since no formation of [Co(edta)]?~ was
observed without adding a sacrificial donor.

In the presence of the excess EDTA, the relation
ko[EDTA] > ki[[Co(edta)]2~] holds, and the reaction
rate reduces to

_ dI[Coledta)] ] _ (1+y)keh@[[Co(edta)] ]
dt " kotkJ[Co(edta)]]

(12)

The obtained stoichiometry suggests that -y is equal to
unity and that the decomposition of the EDTA’ (Eq. 10)
does not occur at pH 5.2. With a decrease in pH, vy
decreases owing to reaction 10, and then the limiting
rate observed at the excess EDTA decreases. Rate
constant k decreases with decreasing pH because of the
protonation of EDTA. This is the reason why greater
amounts of EDTA were required for the limiting rate at
lower pH. Equation 12 indicates that the plot of Vi~!
vs. [[Co(edta)] ]! should be a straight line with an
intercept of 1/{(1+v)L.®} and an intercept/slope ratio
of kq/ko. Figure 7 shows such a treatment of the data
at [[Co(edta)]" ==3X10—2 moldm™3 in Fig. 2. The
values of ,® and kq/ko are calculated to be 2.4X10~7
mol dm—3 s7! and 1.38X103 dm?®mol™1, respectively.
The latter value is almost the same as that estimated
separately from the Stern—-Volmer plot in the quenching
experiment under the same conditions. This fact indi-
cates the validity of the reaction mechanism and the
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Fig. 7. Plots of Vi~1vs. [[Co(edta)]"}i!. Conditions

are the same as in Fig. 1 except for 0.05 mol
dm=3 EDTA (O) or CDTA (®).

proposed rate law. The kq value is estimated to be
2.1X10° dm3 mol—! s71 using a ko value of 1.52>X106 s71.13
The small dependences of the reaction rate on the ionic
strength and temperature suggest that both &, and ko
have a similar dependence on them.

In the case of the CDTA or C2042~ as a sacrificial
donor, [Ru(bpy)s]P* was reduced to [Ru(bpy)sl?*
according to the following reactions:

[Ru(bpy)sp* +CDTA K, [Ru(bpy)s]¢t + CDTAoxt (13)
and
[Ru(bpy)s Bt + C2042- L [Ru(bpy)s]zt + C2047. (14)

The ks, ke, and k7 were determined at pH 4.7 and 25°C
by the stopped-flow method to be 8.9X103, 1.7X104, and
1.7X105 dm3mol~!s™!, respectively. The reaction
mechanism in the case of CDTA is supposed to be
similar to that with EDTA, since the results obtained in
the both systems were almost the same (Fig. 7).
Smaller amounts of CDTA were required to be a limit-
ing rate. This finding can be reasonably explained in
terms of the ks and ke values. On the contrary, the
dependence of ¥; on the C2042~ concentration is differ-
ent from that with EDTA or CDTA, as shown in Fig. 1.
This might be due to a difference in the reactivity of the
reducing radicals like EDTA’ and COz~, since the oxi-
dized form of C2042~ is known to decompose promptly
to COg~ and CO,. If the CO2~ radical is consumed by
a reaction with [Ru(bpy)sP*t (E°=1.26 V vs. NHEY),
being not with [Co(edta)]™ (E°=0.37 V vs. NHE22), the
reaction rate is derived as Eq. 16.

[Ru(bpy)s]#* + CO2= — [Ru(bpy)s ]2t + COz 15)
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d[[Co(edta)] ] ko LP[[Coledta)] ]
dt " kotko[Co(edta)] ]
2ka[C20427] ) (16)
K[ Coedta) -T2k C20427]

A comparison of Eq. 16 to Eq. 11 at y=1 indicates that
the limiting rate in the case of excess C2042~ is about
half that with EDTA. This is consistent with the result
shown in Fig. 1. The analogous reaction to Eq. 15, i.e.,
the reaction between EDTA’ and [Ru(bpy)sP* is also
supposed to proceed. However, [Ru(bpy)s]3* is reduced
predominantly by EDTA since the EDTA’ radical reacts
with [Co(edta)]” (Eq. 9). The finding that a C204~
concentration greater than 0.07 moldm3 is needed to
reach a limiting rate is not understandable, since the kv
value is much greater than k2 and ke. This might be
attributable to an interaction between [Ru(bpy)s]*t and
EDTA or CDTA. The equilibrium constant between
[Ru(bpy)s]?t and EDTA ions has been reported to be
greater than 78 dm?3mol—1.18

The decrease rate of [Co(edta)]™ is remarkably reduced
in the presence of oxygen, with hydrogen peroxide being
formed. The results obtained with EDTA as a sacrifi-
cial donor are presented in Fig. 8. The oxidative
quenching of [Ru(bpy)s]?** with oxygen has been
reported to be 5.5X10° dm3 mol-1s71.2 This indicates
that the quenching rate with oxygen is comparable to
that with [Co(edta)]” in aqueous solutions saturated
with oxygen. Therefore, the [Co(edta)]?~ produced by
the quenching reaction is supposed to be reoxidized to
[Co(edta)]” (Eq. 21). In fact, the formation of [Co-
(edta)]” was observed upon the addition of [Co(edta)]?—,
instead of [Co(edta)]™, into the solution.
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Fig. 8. Effect of oxygen. Conditions are the same as

in Fig. 1 except for 0.01 moldm—3 EDTA at pH 5.2 in
an aqueous solution saturated with Oz (OJ), air (@), or
Nz (O).
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[Ru(bpy)s]*** + Oz — [Ru(bpy)s]** + 027 an
07+ H*=—=HOy (18)
[Ru(bpy)s]?* + HO2' — [Ru(bpy)s]2t + Oz + H* (19)
HO.'+ EDTA’+ H* — H20; + products (20)

[Co(edta)]2~+ HOp" + H* — [Co(edta)]” + H202.  (21)

The drastic retardation effect of oxygen is obviously due
to reactions 19—21.
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