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Photochemistry of the 1 : 1 FeIII complex with pyruvic acid (PyrH) in aqueous solutions
was studied by stationary photolysis and nanosecond laser flash photolysis with the excitation
by the 3rd harmonics of an Nd:YAG laser. The quantum yield of [FeIIIPyr]2+ under the
excitation at 355 nm is 1.0±0.1 and 0.46±0.05 in the absence and in the presence of dissolved
oxygen, respectively. In experiments on laser flash photolysis, a weak intermediate absorption
in the region 580—720 nm was found. The absorption was ascribed to the [FeII...MeC(O)COO•]2+

radical complex. Laser flash photolysis of [FePyr]2+ in the presence of methyl viologen dications
(MV2+) resulted in the formation of the MV•+ radical cations. The proposed reaction mecha�
nism includes the inner�sphere electron transfer in the light�excited complex accompanied by
the formation of the [FeII...MeC(O)COO•]2+ radical complex followed by its transformation
into the reaction products.

Key words: photochemistry, FeIII complexes, carboxylic acids, methyl viologen, aqueous
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Photochemistry of the iron(III) complexes with organic
acids is one of important factors determining the balance
of organic compounds in natural aqueous systems.1—7 Pho�
tolysis of the FeIII complexes with carboxylic acids is an
object of intensive studies.1—4,8—16 The photolysis mecha�
nisms proposed in literature are based, as a rule, on an
analysis of the final reaction products.1—4,9—14 Data on
direct experiments on observation of intermediate pho�
tolysis products are rather scarce.

It is assumed that the primary photochemical process
of the iron(III) complexes with carboxylic acids is the
inner�sphere electron transfer accompanied by the reduc�
tion of FeIII to FeII and the escape of the free radical to
the solvent bulk12 followed by the fast decarboxylation
of the latter. The secondary radical formed due to the
decarboxylation reacts with various species in solution,
for instance, with the FeIII complexes and dissolved
oxygen.12,17

Mechanisms of photochemical reactions based on
the analysis of the final products require experimental
confirmation by direct methods of detection of assumed
intermediates, ions, or radicals. However, in the case of

transition metal complexes with carboxylic acids, certain
difficulties appear when direct methods, for example,
laser flash photolysis, are used. This is due to the fact that
intermediates, as a rule, have no noticeable absorption
in the accessible (visible and near�UV) spectral region.
Possibly, the only exception is FeIII trioxalate. The laser
flash photolysis of this complex produces intermediate
products absorbing at 400 nm, being presumably FeII com�
plexes with organic radicals.14—16

Radical acceptors are needed to detect weakly absorb�
ing radical photolysis products. Such an acceptor should
react with the detected radical to form another intermedi�
ate with an intense characteristic absorption. The direct
proof18—23 for the formation of the hydroxyl radical upon
the photolysis of the Fe(OH)aq

2+ complex can be pre�
sented as an example of using acceptors in photochemical
experiments.

A promising acceptor for the detection of weakly
absorbing reducing radicals is the methyl viologen dication
(MV2+). The standard reduction potential of the redox
pair MV2+/MV•+ relative to the hydrogen electrode is
–0.45 V.24 The absorption spectrum of the MV•+ radical
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cation contains very intense bands in the visible and
near�UV regions.25 The MV2+ cation was used16,17 in
experiments on laser flash photolysis of the FeIII complex
with tartaric and oxalic acids.

In the present work, the primary intermediates in the
FeIII complex—pyruvic acid system were studied by laser
flash photolysis. This system has earlier been studied by
stationary photolysis.26

Experimental

Reagents. Sodium pyruvate (purity 99% and higher, Sigma—
Aldrich) and FeIII perchlorate hydrate (Aldrich) were used for
the preparation of solutions of the iron(III) complexes. Methyl
viologen hydrochloride (purity 98%, Aldrich) served as a source
of MV2+ dications. Recrystallized K3Fe(C2O4)3 (reagent grade)
was used for the preparation of the ferrioxalate actinometer.
Necessary pH values were established by the addition of
perchloric acid or sodium hydroxide. Deionized water was used
to prepare the samples. All samples were prepared prior to
experiment.

Stationary photolysis. Experiments on stationary photolysis
were carried out in standard quartz cells (optical path length
1 cm). Aqueous solutions of FeIII pyruvate and oxalate were
irradiated with the light with λ = 355 nm (Nd:YAG laser). If
necessary, the solutions were purged with argon or oxygen (high�
purity) during experiments. UV spectra were recorded at 298 K
on an Agilent 8453 spectrophotometer. A standard ferrioxalate
actinometer was used when measuring quantum yield for the
determination of the light intensity.27 The quantum yields were
obtained by averaging of the results of three independent
experiments.

Laser flash photolysis. A setup with the excitation of an
Nd:YAG laser (λ = 355 nm, pulse duration 5 ns, average energy
in a pulse 1—2 mJ) analogous to the installation described
previously28 was used in experiments on laser flash photolysis.
All experiments were carried out in standard quartz cells (optical
path length 1 cm) at 298 K in deoxygenated solutions. Samples
for laser flash photolysis were used to the 10% decrease in the
absorption at the excitation wavelength.

Results and Discussion

UV spectrum and composition of the FeIII complex with
pyruvic acid. The UV spectrum of the FeIII complex
with pyruvic acid is shown in Fig. 1 (curve 1). The spec�
trum coincides with the known26 one and is characterized
by the charge�transfer band with a maximum at λ = 327 nm
and a more intense band in a short�wave region.

The composition of the complex has been studied ear�
lier29 using the polarographic method. The interpretation
of the data of the present work depends on the properties
of the FeII complex with pyruvic acid. According to the
literature data,29 if the [FeIIPyr] complex exists, the
[FeIIIPyr] complex should be of 1 : 1 composition, in
the opposite case it should be 1 : 2. No information on
FeII complexes with pyruvic acid is known.

Since published data are contradictory, we studied the
composition of the [FeIIIPyr] complex by spectroscopy.
Figure 2 presents Job´s plot30 for the FeIII—pyruvic acid
system. The wavelength 400 nm was chosen for the con�
struction of this curve in order to exclude a possible influ�
ence of the absorption band of the Fe(OH)aq

2+ complex
with a maximum at λ = 300 nm.31 As can be seen from
Fig. 2, Job´s plot unambiguously indicates that the FeIII

complex with pyruvic acid has the composition 1 : 1. An
increase in the acid concentration (up to large excess) at a
constant concentration of FeIII produces no new absorp�
tion bands. Thus, FeIII with pyruvic acid gives the [FePyr]2+

complex. No spectral manifestations of the 1 : 2 com�
plexes or other were revealed.

Assuming that the FeIII complex with the pyruvate
anion has the composition [FeIIIPyr]2+, one can use the
earlier29 obtained equilibrium constants for the formation
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Fig. 1. UV spectra of the FeIII complex with pyruvic acid (1)
([Fe(ClO4)3] = 5•10–4 mol L–1, [NaPyr] = 1.5•10–3 mol L–1,
pH 3.0), MV2+ dication (2), and MV•+ radical cation (3, lit.
data48).
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of the 1 : 1 complex (pK = 4.83). Taking into account the
dissociation constants of pyruvic acid (pKa = 2.5)32 and
the stability constants of the FeIII hydroxo complexes
(pK1 = 11.87; pK2 = 9.3; pK3 = 9.5),33 one can calculate
the content of various complexes for the FeIII—pyruvate
ion system at different pH values. The results for concen�
trations of iron(III) ions and pyruvate ions of 5•10–4 and
1.5•10–3 mol L–1, respectively, are shown in Fig. 3 (at
pH > 4 the precipitation of hydroxide Fe(OH)3 becomes
the determining factor). Thus, under the typical condi�
tions of our experiments (pH 3), the content of the
[FeIIIPyr]2+ complex was about 86%.

Stationary photolysis of [FeIIIPyr]2+. The changes in
the absorption spectrum of the [FeIIIPyr]2+ irradiated with
the light at λ = 355 nm are shown in Fig. 4. No absorption
bands appear upon the photolysis of both deoxygenated
(see Fig. 4, a) and oxygen�saturated solutions (see Fig. 4, b).
The photolysis of deoxygenated solutions of [FeIIIPyr]2+

occurs with a higher rate.
The quantum yield of photolysis of [FeIIIPyr]2+ in

deoxygenated and oxygen�saturated solutions measured

with a ferrioxalate actinometer is 1.0±0.1 and 0.46±0.05,
respectively. It should be mentioned that high quantum
yields of photolysis are characteristic of many FeIII car�
boxylate complexes.1,3,34 The mechanism of the effect of
oxygen on the photolysis of the [FeIIIPyr]2+ complex will
be discussed below.

Laser flash photolysis of deoxygenated solutions of
[FePyr]2+. In the absence of methyl viologen, the pulse
irradiation of the [FeIIIPyr]2+ complex with the light at
λ = 355 nm results in the immediate change in the char�
acter of its absorption. The corresponding kinetic curves
and the transient absorption spectrum are shown in Fig. 5.
Points in Fig. 5 correspond to the change in the absorp�
tion of the sample immediately after the laser pulse. Solid
line represents the inverted absorption spectrum of the
[FeIIIPyr]2+ complex. The absorption of the sample re�
mains unchanged within the time interval 0.1—50 μs after
the laser pulse (see inset in Fig. 5). The unchanged
absorption in the band of [FeIIIPyr]2+ after the laser pulse
indicates that active intermediate species that formed, for
example, free radicals, do not react rapidly with the FeIII

or FeII complexes. The transient absorption spectra in the
time interval from 0.1 to 1000 μs are independent of
the dissolved oxygen concentration.
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Fig. 2. Determination of the composition of the FeIIIPyr
complex obtained by mixing of Fe(ClO4)3 and NaPyr in a 1�cm
cell by Job´s plot at λ = 400 nm ([Fe(ClO4)3] + [NaPyr] =
= 1•10–3 mol L–1, pH 3.0).
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Fig. 3. Dependences of the composition of an FeIII—pyruvate
aqueous system on the pH of the medium: 1, [FeIIIPyr]2+;
2, Fe3+

aq; 3, [Fe(OH)]2+; 4, [Fe(OH)2]+ ([FeIII]0 = 5•10–4 mol L–1,
[Pyr–]0 = 1.5•10–3 mol L–1).
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The change in the absorption of the initial complex
during photolysis (see Fig. 5) makes it possible to estimate
the amount of the [FeIIIPyr]2+ complex disappeared within
one laser pulse. The molar absorption coefficient of the
complex at λ = 400 nm is 540 L mol–1 cm–1 (see Fig. 1).
Correspondingly, for the case shown in Fig. 5 (inset),
5.6•10–5 mol L–1 of the [FeIIIPyr]2+ complex is photo�
lyzed within one laser pulse.

It is seen from the data in Fig. 5 that a small absorp�
tion appears at 580—720 nm upon photolysis. The pro�
cess of disappearance of this intermediate absorption is
illustrated in Fig. 6 (to increase the initial amplitude of
the signal, the experiment presented in Fig. 6 was carried
out at a laser pulse with an energy higher than that shown
in Fig. 5). The kinetic curve is well approximated by the
monoexponential function with the characteristic
decay time 0.8 ms (see Fig. 6). The band in the visible region
can belong to the radical complex [FeII...MeC(O)COO•]2+,
which is one of probable primary photolysis product
[FeIIIPyr]2+.

It is commonly accepted12,14,17 that the inner�sphere
electron transfer is the primary photochemical process for

the FeIII complexes with carboxylic acids. After the FeII

complex was formed due to this electron transfer, various
processes presented by Eqs (1)—(9) can occur. First, the
free radical can escape into the solvent bulk (Eq. (1)).
Second, the radical complex can be stabilized (Eq. (2)) as
in the case of iron(III) oxalate.14,16 To distinguish these
two processes, we carried out experiments on the laser
flash photolysis of [FeIIIPyr]2+ in the presence of methyl
viologen.

[FeIIIPyr]2+  Fe2+ + MeC(O)COO•, (1)

[FeIIIPyr]2+  [FeII...MeC(O)COO•]2+, (2)

[FeII...MeC(O)COO•]2+   Fe2+ +
+ MeC(O)COO•, (3)

MeC(O)COO•   Me•CO + CO2, (4)
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Fig. 4. Changes in the absorbance in the UV spectrum of
an aqueous solution of the [FePyr]2+ complex under the radia�
tion with λ = 355 nm (3rd harmonics of an Nd:YAG laser)
([Fe(ClO4)3]0 = 7.4•10–4 mol L–1, [NaPyr]0 = 1.5•10–3 mol L–1,
pH 3.0, 1�cm cell). Curves for deoxygenated solutions (a)
and oxygen�saturated solutions (b) obtained at 0 (1), 100 (2),
200 (3), 400 (4), and 700 (5) laser pulses.

0

–0.03

–0.06

–0.09

–0.12
400 500 600 700 λ/nm

0

–0.01

–0.02

–0.03

0 10 20 30 40 50 t/μs

ΔA400 (arb. units)

ΔA (arb. units)

Fig. 5. Intermediate absorption spectrum upon laser flash pho�
tolysis (λ = 355 nm) of the [FeIIIPyr]2+ complex ([Fe(ClO4)3] =
= 5•10–4 mol L–1, [NaPyr] = 1.5•10–3 mol L–1, deoxygenated
solutions, pH 3.0, 1�cm cell): points are experiment, and solid
line is the inverted absorption spectrum of [FeIIIPyr]2+). Inset:
an example of the kinetic curve.
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Me•CO + [FeIIIPyr]2+ 
 CH2CO + [FeIIPyr]+ + H+, (5)

Me•CO   Me• + CO, (6)

2 Me•CO   (MeCO)2, (7)

Me•CO + H2O   Me•C(OH)2, (8)

Me•C(OH)2 + [FeIIIPyr]2+ 
 MeCO2

– + [FeIIPyr]+ + 2 H+. (9)

The acyloxy radical MeC(O)COO• formed in the pri�
mary process (1) should rapidly be decarboxylated (reac�
tion (4)). The characteristic times of decarboxylation of
the acyloxy radicals are 10—1000 ps. These times were
measured in direct experiments for the aryl acyloxy radi�
cals35,36 and estimated by indirect methods for the alkyl
acyloxy radicals.35,37 The assumption about the fast
decarboxylation of the MeC(O)COO• radicals was used
to explain the results of photochemical studies of pyruvic
acid in solutions38 and aqueous�acidic glasses.39 Based on
the results of these works,35—39 we assumed that the char�
acteristic time of reaction (4) is definitely shorter than the
time resolution of a laser flash photolysis technique (50 ns).

The UV spectrum of the acetyl radical Me•CO formed
due to the decarboxylation of the primary free radical in
an aqueous solution contains the band with a maximum
at λ = 260 nm and the molar absorption coefficient
ε = 940 L mol–1 cm–1 (see Refs 40 and 41). In our experi�
ments, no absorption bands were observed in the visible
spectral range, which could be ascribed to the acyl radi�
cal. The presence of such bands could be predicted from
the fact that in the gas phase the broad band with a maxi�
mum at 530 nm corresponds to the Me•CO radical.42

The absorption of the Me•CO radical in organic glasses at
550 nm was reported.43 However, the authors of this work
carried out no quantitative measurements. It seems prob�
able that the molar absorption coefficients of the bands of
the Me•CO radical in aqueous solutions in the visible
region are too low to be detected in laser flash photolysis
experiments.

The Me•CO radical can decay in decarbonylation,
recombination, and hydration reactions (Eqs (6)—(8)).
The reaction of radical recombination (Eq. (7)) is usually
diffusion controlled with the random spin factor 1/4.
The recombination rate constants for a large amount of
radicals under normal conditions are close to the value
2 k7 = 2•109 L mol–1 s–1 (see Ref. 44). Assuming that all
[FeIIIPyr]2+ complexes, which disappeared during pho�
tolysis, yielded the Me•CO radicals, one can estimate the
initial concentration of the radicals under typical experi�
mental conditions: 5•10–5 mol L–1. In this case, the char�
acteristic time of the diffusionally controlled radical
recombination (reaction (7)) is approximately 10 μs.

Acetyl radicals are stable toward decarbonylation
(reaction (6)). The rate constants for reaction (6) mea�
sured in the gas phase range from 0.01 to 1.00 s–1 (see
Ref. 44 and references cited therein). A possibility of the
hydration of the acetyl radical and the backward dehydra�
tion reaction of the hydrated acetyl radical (Eq. (8)) should
also be taken into account. The rate constants for these reac�
tions measured previously45 are as follows: k8 = 2•104 s–1,
k–8 = 3•104 s–1. Thus, under our experimental condi�
tions, the decay of acetyl radicals in reactions (6) and (8)
is insignificant compared to the recombination (Eq. (7)).

The reaction of the Me•CO radical with the initial
complex (Eq. (5)) was not experimentally observed. This
makes it possible to estimate the upper limit of its rate con�
stant from the inequality k5•[FeIIIPyr]2+ << 2 k7•[Me•CO]0.
Assuming that 2 k7 = 2•109 L mol–1 s–1, [FeIIIPyr]2+ =
5•10–4 mol L–1, and [Me•CO]0 ≈ 5•10–5 mol L–1, we
obtain k5 << 2•108 L mol–1 s–1.

Laser flash photolysis of the [FePyr]2+ complex in the
presence of methyl viologen. Experiments on laser flash
photolysis of the [FeIIIPyr]2+ complex in the presence of
methyl viologen demonstrate the change in the kinetic
curves of intermediate absorption. The typical kinetic
curves are shown in Fig. 7: the appearance and disap�
pearance of new absorption bands at 400 and 600 nm are
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Fig. 6. Kinetic curve upon laser flash photolysis (λ = 355 nm) of
the [FeIIIPyr]2+ complex obtained at λ = 650 nm (for concen�
trations of the reactants and photolysis conditions, see Fig. 5).
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observed. The transient absorption spectrum is shown in
Fig. 8. New narrow bands in a region of 370—400 nm and
a less intense band at 600 nm appear along with instant
change in the absorbance of a solution due to the disap�
pearance of the [FeIIIPyr]2+ complex (see Fig. 8). These
bands belong to the radical cation MV•+ (see Ref. 25). In
the absence of dissolved oxygen and other potential oxi�
dants, the concentration [MV•+] remains almost un�
changed within several minutes.25 In our case, the disap�
pearance of the MV•+ radical cation (see Fig. 7) is deter�
mined, most probably, by its reaction with the FeIII

([FeIIIPyr]2+ and Fe(OH)2+
aq) complexes.

For the MV•+ radical cation, the molar absorption
coefficient is 41 500 L mol–1 cm–1 at λ = 396 nm.46 Tak�
ing into account the decrease in the absorption due to the
disappearance of the [FeIIIPyr]2+ cations, one can calcu�
late the maximum concentration of the MV•+ radical
cations from the data in Fig. 8. The latter turned out to be
1.2•10–6 mol L–1, i.e., being only about 2% of the total
amount of the [FeIIIPyr]2+ complex disappeared under
the action of a laser pulse.

In the presence of methyl viologen, at least three reac�
tions should be added to Eqs (1)—(9). They describe the
formation of the MV•+ radical cation and its disappear�
ance due to the interaction with the initial FeIII com�
plexes (Eqs (10)—(12)). In spite of the small amount of
the MV•+ radical cations, the kinetic curves of their for�
mation and decay are experimentally observed due to
high molar absorption coefficient.

Me•CO + MV2+  CH2CO + MV•+ + H+, (10)

MV•+ + [FeIIIPyr]2+  MV2+ + [FeIIPyr]+, (11)

MV·+ + Fe(OH)2+
aq  MV2+ + Fe2+

aq + OH–. (12)

The full kinetic scheme of photolysis can include the
reactions of the radical complex with the MV2+ radical
and (or) MV•+ radical cation in addition to reactions
(1)—(12).

The kinetic curves of formation and decay of the MV•+

radical cations at λ = 620 nm were detected in order to
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Fig. 7. Kinetic curves upon laser flash photolysis (λ = 355 nm) of
the [FeIIIPyr]2+ complex in the presence of MV2+ (for concen�
trations of the reactants and photolysis conditions, see Fig. 5,
[MV2+] = 1•10–4 mol L–1) obtained at λ = 405 (1), 395 (2) and
600 nm (3).
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Fig. 8. Transient absorption spectra upon laser flash photolysis
(λ = 355 nm) of the [FeIIIPyr]2+ complex in the presence of
MV2+ (for concentrations of the reactants and MV2+ and pho�
tolysis conditions, see Fig. 7) 0.05 (1), 3.2 (2), and 14 μs (3) after
the laser pulse. Inset: initial regions of curves 1—3.
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estimate the rate constants for reactions (10)—(12). The
methyl viologen concentration was varied in the interval
10–5—10–3 mol L–1. These curves are satisfactorily de�
scribed by the simple biexponential model (Eq. (13)) with
close values of coefficients A1 and A2. This model corre�
sponds to the consecutive reactions of formation and de�
cay of MV•+ radical cations.

D(t) = D0 + A1e–kft + A2e–kdt (13)

An example of the kinetic curve with extrapolation by
Eq. (13) is shown in Fig. 9, a. The rate constant for the
formation of radical cations (kf) depends linearly on the
methyl viologen concentration (see Fig. 9, b). Assuming that
the kf value in Eq. (13) is equal to the rate constant k10

from Fig. 9, b, we have k10 = (3.0±0.3)•109 L mol–1 s–1.
Obviously, reaction (7) for the recombination of the acetyl
radicals in the range of high (>10–4 mol L–1) concentra�
tions of the MV2+ cations makes a negligible contribution
to the decay rate of the Me•CO radicals compared to
reaction (10).

The rate constant for MV•+ radical cation decay (kd)
in Eq. (13) is (5±1)•104 s–1 regardless of the concentra�
tion [MV2+]. The decay of the MV•+ radical cations is
determined by reactions (11) and (12). Assuming that the
rate constants for these reactions (k11 and k12) are close
and taking into account the value of the total concentra�
tion of FeIII ions in solution (5•10–4 mol L–1), we can
estimate k11 and k12: 1•108 L mol–1 s–1. However, we were
not aimed at detailed studying the decay of the MV•+

radical cations.
Experiments with the MV2+ cations show that the for�

mation of free radicals Me•CO is a secondary channel of
photolysis of the [FeIIIPyr]2+ complex. The most probable
channel of the process is the formation of a long�lived
complex via reaction (2) followed by the slow decomposi�
tion to the FeII complex and free radical (reaction (3)).
The absorption in the region 580—720 nm (see Figs 5, b
and 6) belongs, most likely, to the radical complex
[FeII...MeC(O)COO•]2+. The estimation of the molar
absorption coefficient of the band give a very low value
(~70 L mol–1 cm–1 at λ = 650 nm).
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Fig. 9. Example of the kinetic curve (a) upon laser flash photoly�
sis (λ = 355 nm) of the [FeIIIPyr]2+ complex in the presence of
MV2+ (for concentrations of the reactants and photolysis con�
ditions, see Fig. 5, [MV2+] = 2.5•10–4 mol L–1) obtained at
λ = 620 nm (solid line is the approximation of the curve by
Eq. (13)) and the dependence of the best kf values (points) on
the MV2+ concentration (b) (straight line is the result of linear
regression).
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Fig. 10. Kinetic curves obtained at λ = 396 nm and initial
concentrations [FeIIIPyr]2+ = 8.0•10–5 (1), 1.6•10–4 (2),
2.7•10–4 (3), 4.8•10–4 (4), and 7.5•10–4 mol L–1 (5) ([NaPyr] =
= 1.5•10–3 mol L–1, [MV2+] = 4.7•10–5 mol L–1, deoxygen�
ated solutions, pH 3.0).
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An indirect argument in favor of the formation of the
radical complex is the dependence of the time of achieve�
ment of the maximum concentration of the MV•+ radical
cations on the concentration of the initial complex
(Fig. 10). The experiment was carried out at the low
(4.7•10–5 mol L–1) initial concentration of methyl viologen.
Since the MV•+ radical cation is oxidized by the initial
complex (reaction (11)), the time of achievement of the
maximum concentration of the radical cations depends
on the initial concentration [FeIIIPyr]2+. The time�delayed
increase in the MV•+ radical cations concentration is ob�
served at the low concentration [FeIIIPyr]2+ (see Fig. 10,
curve 1). The time of achievement of the maximum
MV•+ concentration decreases with an increase in the
[FeIIIPyr]2+ concentration (see Fig. 10, curves 2—5).

The observed effect is explained by the fact that the
MV•+ radical cations are formed during two processes:
the fast process, whose rate depends on the initial con�
centration of the MV2+ cations, and the slow process,
whose rate is independent of the acceptor concentration.
Reaction (10) of the Me•CO radical, formed in the pri�
mary process (1) and subsequent decarboxylation (Eq. (4)),
with methyl viologen is responsible for the fast process.
The additional formation of the MV•+ radical cations at
times longer than 10 μs is due to the interaction of the
MV2+ cations with the Me•CO radical appeared due to
the monomolecular decomposition of the radical com�
plex (reaction (3)).

Photolysis of [FePyr]2+ in the presence of oxygen. As
indicated above, if the system contains dissolved oxygen,
the quantum yield of photolysis of the [FePyr]2+ complex
decreases twofold (see Fig. 4). The qualitative explana�
tion of this fact is based on the formation of peroxy radi�
cals and their subsequent reactions.

Peroxy radicals can be formed from both acetyl radi�
cals Me•CO and products of their hydration (Eq. (8)),
viz., radicals Me•C(OH)2 (see Refs 45, 47)

Me•CO + O2  MeC(O)O2
•, (14)

Me•C(OH)2 + O2  MeC(OH)2O2
•. (15)

The hydrated acetylperoxy radical rapidly decomposes
to give two anions and two protons45

MeC(OH)2O2
•  MeCO2

– + O2
•– + 2 H+. (16)

The superoxide radical anion, being equilibrated with
the HO2

• radical (Eq. (17)), can react with iron com�
plexes of any oxidation state (Eqs (18), (19)). In addition,
FeII in complexes can be oxidized to FeIII with the
acetylperoxy radical (Eq. (20)). Probably, reactions (19)
and (20) result in the twofold decrease in the quantum
yield of photolysis of [FePyr]2+ in oxygen�containing
solutions. In the quantitative study of the photolysis
mechanism one should take into account the reaction

between the acetylperoxy radical and superoxide radical
anion (Eq. (21)), whose rate constant is estimated as
109 L mol–1 s–1 (see Ref. 45).

O2
•– + H+  HO2

•, (17)

O2
•– + [FeIIIPyr]2+  [FeIIPyr]+ + O2,  (18)

HO2
• + [FeIIPyr]+ + H+  [FeIIIPyr]2+ + H2O2, (19)

MeC(O)O2
• + [FeIIPyr]+  MeC(O)O2

– + [FeIIIPyr]2+, (20)

MeC(O)O2
• + O2

•–  MeC(O)O2
– + O2. (21)

In our opinion, the competition of reactions (18)—(21)
is a reason for the decrease in the quantum yield of the
[FeIIIPyr]2+ photolysis in the presence of dissolved oxy�
gen. The characteristic time of re�oxidation of FeII sub�
stantially exceeds 1 ms, due to which no changes in the
concentration of the FeIII complexes are observed in laser
flash photolysis experiments.

***

Thus, it was shown that the primary process in pho�
tolysis of the [FeIIIPyr]2+ complex is the inner�sphere
electron transfer. This result corresponds to the known
concepts on the photochemistry of the FeIII complexes
with carboxylic acids. However, the detailed study of the
process by the laser flash photolysis technique showed
that the escape of the free radicals MeC(O)COO• into the
solvent bulk is a secondary (not more than 2%) photolysis
channel. It is most likely that the main channel is the
formation of the radical complex [FeII...MeC(O)COO•]2+,
whose decomposition results in the final photolysis
products. The formation of the radical complex is indi�
cated by the experimentally detected weak absorption band
at 650 nm.

The formation of the FeII complexes with free radicals
has earlier been found during the photolysis of iron(III)
oxalate.14—16 In the case of photolysis of the FeIII complex
with tartaric acid [FeIIITart]+, the escape of the free radi�
cal into the solvent bulk is also a secondary reaction chan�
nel.17 It is quite probable that the photoexcitation of the
[FeIIITart]+ complex similarly results in the formation of
a radical complex, although its spectral manifestations
were not observed.17 Based on all data listed above, we
may conclude that the formation of radical complexes is a
characteristic feature of photochemistry of the FeIII com�
plexes with carboxylic acids.

This work was financially supported by the Russian
Foundation for Basic Research (Project Nos 08�03�00313,
09�03�00330, 08�03�92205�GFEN, 08�03�90102�Mol,
and 08�03�90425�Ukr), the National Scientific Founda�



Zhang et al.1836 Russ.Chem.Bull., Int.Ed., Vol. 58, No. 9, September, 2009

tion of P. R. China (Grant 40 503 016), and the Siberian
Branch of the Russian Academy of Sciences (Program of
International Integration Projects of the Siberian Branch
of the Russian Academy of Sciences 2009—2011, Project
No. 70).

References

1. Y. Zuo, J. Hoigne, Environ. Sci. Technol., 1992, 26, 1014.
2. Y. Zuo, J. Hoigne, Atmospheric Environment, 1994, 28, 1231.
3. B. C. Faust, R. G. Zepp, Environ. Sci. Technol., 1993, 27,

2517.
4. F. Wu, N. Deng, Chemosphere, 2000, 41, 1137.
5. C. J. Miles, P. L. Brezonik, Environ. Sci. Technol., 1981, 15,

1089.
6. B. Voelker, F. M. M. Morel, B. Sulzberger, Environ. Sci.

Technol., 1997, 31, 1004.
7. H. Gao, R. G. Zepp, Environ. Sci. Technol., 1998, 32, 2940.
8. H. B. Abrahamson, A. B. Rezvani, J. G. Brushmiller, Chim.

Acta, 1994, 226, 117.
9. B. C. Gilbert, J. R. L. Smith, P. MacFaul, P. Tailor,

J. Chem. Soc., Perkin Trans. 2, 1996, 511.
10. A. Safarzadeh�Amiri, J. R. Bolton, S. R. Cater, Solar Energy,

1996, 56, 439.
11. N. Deng, F. Wu, F. Luo, Z. Liu, Chemosphere, 1997, 35,

2697.
12. N. Deng, F. Wu, F. Luo, M. Xiao, Chemosphere, 1998, 36,

3101.
13. J. Shima, J. Makanova, Coord. Chem. Rev., 1997, 160, 161.
14. V. Nadtochenko, J. Kiwi, J. Photochem. Photobiol. A: Chem.,

1996, 99, 145.
15. V. Nadtochenko, J. Kiwi, Chem. Comm., 1997, 41.
16. I. P. Pozdnyakov, O. V. Kel, V. F. Plyusnin, V. P. Grivin,

N. M. Bazhin, J. Phys. Chem. A, 2008, 112, 8316.
17. F. Wu, N. Deng, E. M. Glebov, I. P. Pozdnyakov, V. P.

Grivin, V. F. Plyusnin, N. M. Bazhin, Izv. Akad. Nauk, Ser.
Khim., 2007, 2277 [Russ. Chem. Bull., Int. Ed., 2007, 56, 900].

18. D. Zhou, F. Wu, N. Deng, Chemosphere, 2004, 57, 283.
19. N. Brand, G. Mailhot, M. Sarakha, M. Bolte, J. Photochem.

Photobiol. A: Chem., 2000, 135, 221.
20. I. P. Pozdnyakov, E. M. Glebov, V. F. Plyusnin, V. P. Grivin,

Yu. V. Ivanov, D. Yu. Vorobyev, N. M. Bazhin, Mendeleev
Commun., 2000, 5, 185.

21. I. P. Pozdnyakov, E. M. Glebov, V. F. Plyusnin, V. P. Grivin,
Yu. V. Ivanov, D. Yu. Vorobyev, N. M. Bazhin, Pure Appl.
Chem., 2000, 72, 2187.

22. I. P. Pozdnyakov, Yu. A. Sosedova, V. F. Plyusnin, E. M.
Glebov, V. P. Grivin, D. Yu. Vorobyev, N. M. Bazhin, Int.
J. Photoenergy, 2004, 6, 89.

23. I. P. Pozdnyakov, Yu. A. Sosedova, V. F. Plyusnin, V. P.
Grivin, D. Yu. Vorob´ev, N. M. Bazhin, Izv. Akad. Nauk,
Ser. Khim., 2004, 2605 [Russ. Chem. Bull., Int. Ed., 2004, 53,
2715].

24. P. Wardman, J. Phys. Chem. Ref. Data, 1989, 18, 1637.

25. L. Patterson, R. Small, J. Scaiano, Radiat. Res., 1977, 72,
218.

26. L. Wang, Ch. Zhang, F. Wu, N. Deng, E. M. Glebov, N. M.
Bazhin, React. Kinet. Catal. Lett., 2006, 89, 183.

27. K. C. Kurien, J. Chem. Soc. B, 1971, 2081.
28. I. P. Pozdnyakov, V. F. Plyusnin, V. P. Grivin, D. Yu.

Vorobyev, N. M. Bazhin, E. Vauthey, J. Photochem. Photobiol.,
A: Chem., 2006, 182, 75.

29. M. Ghandour, H. Mansour, E. Abu, H. Moustafa, M. Khodary,
J. Ind. Chem. Soc., 1988, 65, 827.

30. M. Beck, I. Nagypal, in Chemistry of Complex Equilibria,
Academiai Kiado, Budapest, 1989, p. 130.

31. R. J. Knight, R. N. Sylva, J. Inorg. Nucl. Chem., 1975, 37,
779.

32. A. Das, S. Mukhopadhayay, Trans. Metal Chem., 2004, 29,
797.

33. Yu. Yu. Lur´e, in Spravochnik po analiticheskoi khimii
[Manual on Analytical Chemistry], Khimiya, Moscow, 1967,
p. 248 (in Russian).

34. G. G. Duka, D. G. Batyr, L. S. Romanchuk, A. Ya. Sychev,
Koord. Khim., 1990, 16, 93 [Sov. J. Coord. Chem. (Engl.
Transl.), 1990, 16].

35. T. M. Bockman, S. M. Hubig, J. K. Kochi, J. Org. Chem.,
1997, 62, 2210.

36. B. Abei, J. Assmann, M. Buback, C. Grimm, M, Kling,
S. Schmatz, J. Schroeder, T. Witte, J. Phys. Chem. A, 2003,
107, 9499.

37. D. E. Falvey, G. B. Schuster, J. Am. Chem. Soc., 1986, 108,
7419.

38. R. S. Davidson, D. Goodwin, Ph. Fornier De Violet, Chem.
Phys. Lett., 1981, 78, 471.

39. M. I. Guzman, A. J. Colussi, M. R. Hoffmann, J. Phys.
Chem. A, 2006, 110, 931.

40. O. I. Micic, V. Markovich, Int. J. Radiat. Phys. Chem., 1975,
7, 541.

41. M. T. Nenadovich, O. I. Micic, Radiat. Phys. Chem., 1978,
12, 85.

42. B. Rajakumar, J. E. Flad, T. Gierczak, A. R. Ravishankara,
J. B. Burkholder, J. Phys. Chem. A, 2007, 111, 8950.

43. V. S. Chervonenko, V. A. Roginskii, S. Ya. Pshezhetskii,
Khim. Vysokikh Energii [High�Energy Chemistry], 1970, 4,
450 (in Russian).

44. H. Fischer, H. Paul, Acc. Chem. Res., 1987, 20, 200.
45. M. N. Schuchmann, C. von Sonntag, J. Am. Chem. Soc.,

1988, 110, 5698.
46. T. Watanabe, K. Honda, J. Phys. Chem., 1982, 86, 2617.
47. F. Munoz, M. N. Schuchmann, G. Olbrich, C. von Sonntag,

J. Chem. Soc., Perkin Trans. 2, 2000, 655.
48. Q. G. Mulazzani, M. Venturi, M. Z. Hoffman, J. Phys.

Chem., 1985, 89, 722.

Received January 13, 2009


	Experimental
	Results and Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


