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Abstract. The photochemistry of Fe(OH)*" complex and complexes formed by
Fe(IIl) and pyruvic (Pyr), tartaric (Tart), sulfosalycilic (SSA) and oxalic (Ox)
acids in aqueous solutions were studied by means of stationary and nanosecond
laser flash photolysis. The application of different scavengers of transient radicals
has shown that the hydroxyl radical is the primary photochemical species in photo-
chemistry of the FeOH>" complex. In the photochemistry of FePyr*" and FeTart™
complexes a weak absorption was found in the red spectral region which was
attributed to [Fe".. R-COO"*" radical complexes. Laser flash photolysis of FePyr’"
and FeTart” complexes in the presence of methyl viologen (effective scavenger of
different free radicals) gave evidence of MV*" radical cation formation with con-
centration as small as ~2% of Fe(III) complex disappeared. The reaction mechanism
including inner-sphere electron transfer with the formation of [Fe'...R-COO"]*
radical complex and its transformation to the reaction products is proposed. The
main photochemical process for Fe™(C,0,);*> complex in aqueous solutions was
found to be intramolecular electron transfer from the ligand to Fe(III) ion with
the formation of a primary radical complex [(C,04),Fe"(C,0,)]*". The yield of
free radical species (i.e., CO,” and C,0,4") was found to be less then 6% of
Fe"'(C,0,);" disappeared after a laser pulse.

Keywords: photochemical process, Fe (I1I) complexes, organic acid ligands, laser flash
photolysis.

1. Introduction

The most photochemically active spectral region of solar irradiation near 300 nm
(290-310 nm) gives =102 M quanta per year [1] in layer about 10 m of ocean or
river waters. This value exceeds the concentration of many impurities in natural
waters (10~10"° M), and the photochemical reactions can play an important role
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in their transformation. Iron is the most abundant transition metal, typically found
in concentrations of several uM in natural waters. Carboxylic acids are considered
to be one of the dominant classes of organic compounds found in natural waters.
Therefore, the photochemistry of iron hydroxo- and carboxylic complexes has
received considerable attention over the past 50 years.

The literature [2] mechanism of Fe(Ill) hydroxocomplexes photolysis in water
solutions is based on intramolecular electron transfer from the coordinated OH™
anion to the central ion of the excited complex with subsequent escape of a
hydroxyl radical into the bulk. It is assumed that the oxidation of organic compounds
is initiated by the *OH radical. This mechanism was, however, usually based on the
results of analysis of only final products of phototransformations. “OH radical in
water solutions has a weak absorption in the far UV spectrum region (a band with
a maximum at 225 nm and absorption coefficient of about 500 M~ ecm™" [3]) not
easily accessible for recording because of the absorption of initial complexes.
Therefore, in time-resolved photochemical experiments it can be revealed using a
trap, i.e., a molecule that, in reactions with OH radical, forms an intermediate with
a characteristic absorption spectrum.

The presence of carboxylic acids, in the forms of oxalate, citrate ions and so on,
has a significant effect on photoactivity of Fe(III) ions, because they may form sta-
ble complexes with Fe(Ill) ions. The primary photochemical process for Fe(III)
complexes with carboxylic acids was proposed to be an inner-sphere electron
transfer with the formation of Fe(I) complex and an escape of an organic radical
to the solvent bulk followed by its decarboxylation [4]. The secondary radical
formed as the result of decarboxylation could react with the different components
of the reaction system (e.g., Fe(Ill) complexes or molecular oxygen). Reaction
mechanisms put forward on the basis of the nature and content of the final reaction
products should be verified by the experiments on the observation of the proposed
intermediates.

The aim this work was to observe intermediates in the photochemistry of
FeOH”" complex and Fe(IIl) carboxylic complexes with sulfosalycilic (FeSSA),
pyruvic (FePyr®"), tartaric (FeTart") and oxalate (FeOx;>") ions (structures of these
complexes are shown in Fig. 1.1).

For recording of the intermediates, which have no absorption in the suitable
spectral region, one needs to use scavengers. A scavenger should react with the
studied intermediate to form another short-living species, which has a characteris-
tic and intensive absorption in a suitable spectral region. In case of photochemistry
of FeOH*" complex N,N-dimethylformamide (DMFA), benzene, phenol (PhOH)
and nitrobenzene (PhNO,) as the *OH radical scavengers were used. In some other
cases the dication of methyl viologene (MV*") was used as the scavenger of pri-
mary transient radicals. The molar absorption coefficient for the MV*" radical
cation in water is equal to 41,500 M™' cm ™' at 396 nm [5].
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Fig. 1. Structures of Fe(III) carboxylic complexes with sulfosalycilic (FeSSA), pyruvic (FePyr’"),
tartaric (FeTart") and oxalate (FeOxs"") ions.

2. Experimental

A set-up for laser flash photolysis with XeCl (308 nm, 15 ns, 30 mJ) or YAG:Nd
(355 nm, 7 ns, 40 mJ/pulse) laser excitation [6] was used in the experiments. A
steady-state photolysis was performed using irradiation of either a XeCl and
YAG:Nd lasers or a high-pressure mercury lamp with a set of glass filters for the
separating the necessary wavelengths. Electron absorption spectra were recorded
using HP 8354 spectrophotometers. The analysis of the final products of photo-
chemical reactions was performed by HPLC (SP8800-20 “Spectra Physics” chro-
matograph with an UV detector). For the numerical calculations of the kinetic
curves of flash photolysis, the differential equations were solved by means of the
fourth-order Runge-Kutta method.

As a source of Fe(Ill) ions, Fe(ClO,); x H,O (Aldrich) was used. The absorp-
tion spectrum of Fe(OH)*" complex contains charge transfer bands with maxima
at 208 and 300 nm (absorption coefficients at these wavelengths are 4,300 and
1,985 M em™', respectively [2]). All the experiments with FeOH*" complex were
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carried out in solutions with pH = 3. In these conditions, the ions of trivalent iron
form the complexes Fe(OH)*" (90 %) and Fe*"(aq) (10 %) [2]. Since the absorp-
tion coefficient of hydroxo-complex at the wavelength of laser radiation (308 or
355 nm) is much higher than that of Fe*(aq), the only photoactive form in the
experiments was the FeOH*" complex.

The concentration of scavengers was much higher than that of the other sub-
stances, such as Fe(IIl) or ligands and was enough to capture all of transient radi-
cals generated in the photoreaction. In spite of low absorption at 308 and 355
nm, a scavenger does not display any photochemical activity under excitation at
these wavelengths, which is necessary for its application as a trap of transient
radicals. All experiments were performed in oxygen-free samples with double-
distilled water. When preparing samples with Fe(OH)*" complex, the water was
also additionally treated by irradiating Fe(III) perchlorate solution for several hours
with the light of a high-pressure mercury lamp to remove the organic impurities.

3. Results and discussion

3.1. The “OH radical formation in photochemistry of FeOH’*
complex [7-11]

Experiments on the laser flash photolysis of F e(OH)aq2+ in presence of organic
additives (nitrobenzene 10°~10* M, DMFA 10°-102 M and phenol 10°-10"* M)
have demonstrated the formation of an intermediate absorption. A characteristic
time of an increase of the signals reduces with the enhancing the concentration of
organic traps of *OH radical. The intermediate absorption spectra have maxima at
410 and 380 nm in presence of nitrobenzene and DMFA and correspond to the
Ph(*OH)NO; [12] and HCON(CH,")(CH3) [13] radicals. In presence of phenol, the
initial intermediate absorption spectrum has a maximum at 335 nm corresponding
to that of the radical Ph(OH),’ [14]. After formation, the spectrum of Ph(OH)," is
transformed to the new absorption bands with maxima at 380 and 400 nm. These
data coincide with those obtained in [14] (pulse radiolysis of aqueous phenol solu-
tions). It is shown in [28], that the Ph(OH)," radical eliminates a molecule of water
with the formation of phenoxyl (PhO®) radical. PhO® radical has two narrow close-
located absorption bands at 380 and 400 nm and rather poorly absorbs in the
region of A <350 nm [14, 15]. The observation of the kinetic curves of the forma-
tion of organic radicals for all the systems clearly supports the occurrence of these
species in the reactions between *OH radical and organic traps.

The *OH radical can be added to a nitrobenzene molecule in three different
positions to form three isomers. However, the data on the difference between the
optical spectra of isomers are unavailable in the literature. Therefore, their spectra
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are assumed to coincide. The proposed mechanism of reactions is described by
kinetic scheme (1-5) in which the primary reaction (1) is responsible for hydroxyl
radical formation:

Fe(OH)* —hv —» Fe’'(aq) + °OH ¢=02 €))
‘OH + PhNO, — Ph("OH)NO, ky=47x10°M"'s™ 2)
2°0OH — H,0, 2k;=52x10°M"'s™ 3)
2 Ph("OH)NO, —— products 2k;=27x10°M"'s! @)
‘OH + Fe*'(aq) — Fe(OH)*" ks=47x10°M"'s™ (%)

The results of modeling the experimental curves with different concentrations
of nitrobenzene and Ph("OH)NO, radicals (varied by change in laser pulse inten-
sity) allow to get the rate constants of all reactions in scheme (1-5). The absorp-
tion coefficient of the band at 410 nm of Ph("OH)NO, radical was calculated as
£=5660 M "' ecm ™.

3.2. Possible processes of “OH radical formation upon
the excitation of FeOH’" complex [8]

One can suggest the different mechanisms of *OH radical formation in reactions
involving the light-excited [FeOH*']" complex:

M1. The intrasphere electron transfer from hydroxide ion with subsequent es-
cape of "OH radical into the bulk

[FeOH*]" —  [Fe’’("OH)] (6)
[Fe*'(COH)] + H,0 ——> Fe*'(aq)+ °OH (7)

M2. Electron transfer from the second coordination sphere accompanied by
proton transfer into the solvent bulk

Fe(OH)* + H,0 —— Fe*'(OH) + OH + H' 8)
M3. Hydrogen atom transfer from the second to the first coordination sphere
Fe(OH)* + H,0 —— Fe*'(aq) + "OH 9)

It was tried to determine the mechanism of hydroxyl radical formation based on
the temperature dependence of quantum yield. The idea is that when realizing
mechanisms M2 and M3, based on tunneling, the activation energy of quantum

yield should tend to zero. Process M1 includes the reaction of exchange of a
hydroxyl radical to a water molecule in the first coordination sphere of Fe** ion.
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It should possess considerable activation energy typical of the reactions of photo-
aquation (for FeOH”" ion the activation energy of water molecule exchange in the
first coordination sphere is 34.7 kJ mol™' [16]). Thus, in the case of great activation
energy of quantum yield, one could suggest, with great probability, the realization
of mechanism (M1).

The method of laser flash photolysis was used to measure the quantum yield of
hydroxyl radical upon photolysis of FeOH*" complex in the presence of nitroben-
zene. The absolute value of *OH radical quantum yield at 298 K was found to be
0.2, which is in fair agreement with the value of 0.195 obtained upon excitation at
310 nm [2]. However, the activation energy is only 10.0 + 1.3 kJ mol™' and this
low value does not allow one to choose among the different photolysis mecha-
nisms M1, M2, and M3.

3.3. Photochemistry of Fe(III)-Pyr complex

The UV spectrum of FePyr*" complex was reported previously [17]. It exhibits a
charge transfer band with maximum at 323 nm (¢ = 1550 M"' cm') and more
intense bands at shorter wavelengths. The stability constant (pK = 4.83) of
[Fe""Pyr]** was calculated in [18]. Taking into account the dissociation constant of
pyruvic acid (pKa = 2.5 [19]) and the equilibrium constants for Fe(III) hydroxo-
complex [20]), the content of [Fe"'Pyr]*" complex for total concentrations of
Fe(III) and pyruvate anion 5 x 10* M and 1.5 x 10~ M, correspondingly, at pH 3
was about 86%. The quantum yield of [Fe"'Pyr]*" photolysis for deaerated solu-
tions was found to be 1.0 £ 0.1.

In the experiments on laser flash photolysis a weak absorption was found in the
spectral region of 580—720 nm. This absorption was attributed to [Fe'...H;C-C(O)-
COO°]*" radical complex. Laser flash photolysis of [Fe(Pyr)]*" in the presence of
methyl viologen (MV*" dication) gave evidence of MV*" radical cation formation.
Its initial concentration was found to be as small as 2% of [Fe(Pyr)]*" disappeared.
The reaction mechanism including inner-sphere electron transfer with the forma-
tion of [Fe'...H;C-C(0)-COO®]*" radical complex and its transformation to the
reaction products is proposed.

[Fe"Pyr]*" —hv — Fe** + H;C-C(0)-CO0° 2% of total photoreaction ~ (10)
[Fe"Pyr]*" —hv — [Fe"...H;C-C(0)-COO"1* 98% of total photoreaction ~ (11)
[Fe...H;C-C(0)-COO " —— Fe*' + H3C-C(0)-COO° slow (12)
H;C-C(0)-COO° — CH;"CO + CO, fast (0.01-1 ps) (13)
2 CH;°"CO —» (CH;CO), 2%k=2x109 M1 1 (14)
CH;’CO + MV* — CH,CO + MV" + H' k=3x109 M1 51 (15)

MV™ 4 [Fe"Pyr > MV + [Fe'Pyr]’ k=1x108 M5! (16)
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So, the major channel of the [Fe"'Pyr]*" photoreaction seems to be the forma-
tion of the transient [Fe'...H;C-C(0)-COO*]*" radical complex. The formation of a
weak absorption band in the region of 650 nm is a manifestation of the radical
complex. The decay of the radical complex leads to the reaction products.

3.4. Photochemistry of Fe(lIl)-Tart complex [21]

The UV spectrum of Fe(IIl)-Tart complex contains a charge transfer band with
maximum at 345 nm (¢ = 1600 M™' cm™) and more intense bands at shorter wave-
lengths. [Fe"'Tart]” complex was prepared from iron(III) perchlorate (Aldrich) and
tartaric acid (Aldrich). The typical concentrations of the both reagents were
5 x 10" M at pH 3.0. It is evident from the equilibrium constants (g K; = 7.49
and Ig K, = 11.86 [22]) that ca. 86% of Fe(Ill) was forming the [Fe"'Tart]"
complex. The goal of the study was the search of suitable and effective scavenger
for short-living intermediates formed upon the photolysis of [Fe"'Tart]” complex.
To solve the problem, methyl viologen dication (MV*") was used as a scavenger
for the organic radicals.

The photolysis of [Fe"'Tart]" in the absence of MV*" leads only to the instant
bleaching in the region of the absorption band of the initial complex. It means that
the absorption of the intermediates in the region of 300—800 nm, if exists, is weak.
If MV*" is added, the instant decrease in absorption due to the disappearance of
[Fe"Tart]” is superimposed with the formation of new sharp bands of MV*" radi-
cal cation in the region of 370-400 nm and a less intensive band with the maxi-
mum at 605 nm [5]. MV*" radical cation is formed in the reaction of MV*" with an
organic COOH-CHOH-"CHOH radical anion, which is the product of decarboxy-
lation of the primary radical anion ‘COOH-CHOH-CHOH-COO®. The rate of
MV*®" decay was found to increase with the concentration of the initial complex. It
means that the radical anion disappears in the reaction with [Fe'Tart]”. This
mechanism is analogous to the case of photolysis of Fe(III)-Pyr.

[Fe"Tart]" — hv — Fe(Il) + OOC-CHOH-CHOH-COO" 17)
[Fe'"Tart]” — hv — [Fe(II)..."OOC-CHOH-CHOH-COO*]" (18)
[Fe(ll)... OOC-CHOH-CHOH-COO"]" — Fe(Il) + OOC-CHOH-CHOH-COO® slow (19)
“00C-CHOH-CHOH-COO® —> ~0OC-CHOH-"CHOH + CO, fast (20)
2 "00C-CHOH-"CHOH —— products 2k=6x108 M1 51 210
“00C-CHOH-"CHOH + MV** — "00C-CHOH-CHO + MV*" + H"

k=4.4x100 M1 51 (22)

MV + [Fe™(CH(OH)COO ),]" —— MV?" +{Fe"(CH(OH)COO),]
k=18x108 M1 g1 (23)
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Literature does not contain information on the decarboxylation rate constants
for the radical anions like OOC-CHOH-CHOH-COO?®, which have no absorption
in the spectral range convenient for recording. It might be worth to note that the
rate constants of decarboxylation were measured for different aryloxyl radicals,
which have an intensive absorption in the visible spectral region. These rate con-
stants are in the range of 10°— 5 x 107 s [23].

3.5. Photochemistry of FeSSA complex [24, 25]

The spectrum of FeSSA complex contains a charge transfer band with maximum
at 505 nm (g = 1800 M ' cm™") [26]. In the UV region, FeSSA complex displays a
stronger band with A, = 286 nm. The absorption band with a maximum at 297
nm is typical of the free non-coordinated SSA ligand. Concentrations of Fe(III)
ions and SSA were usually about 10 M and 3 x 10~ M, accordingly. All experi-
ments were carried out with oxygen-free samples at pH = 3 and 298 K. The experi-
ments on pump-probe femtosecond spectroscopy were described in [25].

Just after excitation of the complex with a femtosecond pulse (A, = 530 nm), a
bleach of the 505 nm absorption band was observed. The absorption of the com-
plex is almost completely recovered after about 5 ps, which is in fair agreement
with a photochemical stability of the complex under steady state irradiation in the
visible region. The analysis of this time profile by iterative reconvolution of a
biexponential function with the instrument response function gives the time con-
stants t; = 260 fs and 1, = 1.8 ps. Such biphasic dynamics is rather typical for
ultrafast ground state recovery upon CT excitation [27]. Excitation in the CT band
is followed by an ultrafast internal conversion to the vibrationally hot electronic
ground state, which is then thermalized by vibrational cooling. Therefore, the 260
fs component is ascribed to the internal conversion while the 1.8 ps is assigned to
the vibrational cooling.

Although FeSSA complex itself does not exhibit any photochemical activity,
stationary irradiation (excimer XeCl laser, A., = 308 nm) of solutions containing
both complex and free ligand initiates a rather effective disappearance of the
FeSSA complex absorption. The flash excitation (A.x = 308 nm) is followed by the
buildup of the absorption band with a maximum at 440 nm. A study of the spectro-
scopy and photochemistry of SSA aqueous solutions indicates that this band is due
to the absorption of excited triplet state of free ligand ("H,SSA™) [24], which
results from the absorption of light by the free, non-coordinated HSSA®". When
HSSA” is excited into the singlet S, state (308 nm), the triplet state of "HSSA”",
which has a T-T absorption band with a maximum at 470 nm, is populated with a
quantum yield of @r = 0.34 [24]. In acidic solution (pH = 3), the "THSSA?" is rapidly
protonated to form the "H,SSA™, whose band shifts to 440 nm and has an absorp-
tion coefficient of 6.2 x 10° M ™' cm™' [24].
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The absorption of "H,SSA™ decays within about 20 ps with a simultaneous
buildup of a broad bleaching band (negative optical density) at 505 nm caused by
the decreased FeSSA absorption. After the disappearance of "TH,SSA™ (50 us), the
spectrum still contains an absorption band at 400 nm, which belongs to the
HSSA™ " radical [24]. Thus, the quenching of "TH,SSA™ can occur by both electron
transfer (24) leading to FeSSA reduction and energy transfer (25). In the latter case,
the physical quenching causes no changes in the oxidation state of the Fe(III) ion.

FeSSA + "HoSSA™ ——> Fe,,”" + HSSA™ + HSSA™ ky=9x10°M s (24)
FeSSA + "H,SSA™ —> FeSSA + H,SSA™ kua=13x10°M"s" (25)

Thus, when the solution contains both FeSSA and non-coordinated HSSA>
ligand, UV irradiation causes a photo-reduction of the complex. This process is
due to the electron transfer from the non-coordinated ligand in the triplet state to
the FeSSA complex. The energy transfer between these species, which fails to
cause any photochemical reaction, competes with the electron transfer. As applied
to photo-processes in natural water, the data obtained allow us to define one of
the important mechanisms of photo-degradation of organic compounds in anaerobic
conditions, i.c., the photo-reduction of transition metal complexes due to the electron
transfer from the long-lived triplet states of organic aromatic acids.

3.6. Photochemistry of Fe(Ill)-oxalate complex [28]

Among Fe(Ill)-(poly)carboxylate complexes the photochemistry of trioxalate
Fe(II) complex (Fe™(C,04);>) is of intense interest because this species exhibits
high photochemical activity in natural waters under sunlight [29] and is widely used
as stable and sensitive chemical actinometer [30]. The total process of Fe(C,0,);*
photolysis could be presented by reaction (26) [31]

2 Fe™(C,04)5" —hv— 2 Fe(C,07)," + 2C0O, + C,04% (26)

The quantum yield of Fe(Il) formation in reaction (26) is independent on the
excitation wavelength in the range 270-365 nm and equals to 1.24 [30]. There are
two different points of view on the primary photo-process following by excitation
of FeHI(C204)33’. One of them is intramolecular electron transfer from the ligand to
Fe(III) ion. The long-lived excited state, the radical complex [(C,04),Fe"(C,0,)]*
or the C,0," radical are proposed as primary intermediate(s) [32, 33]. Another
mechanism is the sequential cleavage of Fe(III)-O bond (between one oxalate
ligand and Fe(Ill) ion) and the C-C bond of the ligand. Biradical complex
[(C,04),Fe™(CO,),]* [34] or CO,™ radical are assumed as primary intermediate(s)
[35, 36].
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Laser flash photolysis experiments carried out in the wide range of initial para-
meters provide new evidences that intramolecular electron transfer from ligand to
Fe(III) ion is a main photochemical process in Fe"(C,04);> photochemistry. As
primary intermediate the radical complex (C,04),Fe'(C,0,%)* is formed, yield of
organic radicals in the primary photo-process is negligible.

Kinetic scheme of Fe"(C,0,);* photolysis was proposed including formation
of (C204)2FeH(C204')3’ (in ground electronic state), its reversible dissociation on
the oxalate ion and secondary radical complex (C204)FeH(C204')’ and decay of
both radical complexes. In the framework of this scheme absorption spectra and
rate constant of formation and decay of all intermediates were determined.

Fe''(C,04)5 —hv — (C04)oFe" +CO, + CO,™ 6% of total photoreaction (27)
Fe"'(C204);" —hv—  (C204):Fe’(C,0,°)’ Radical Complex1 (RC1) (28)
(C204),Fe™(C2047) «— C0,7 + (C,04)Fe™(C,047  Radical Complex2 (RC2)

Ko =38x10"s"

=36 x10°M" s (29)
RC1 — Fe(C,04) + G0, kp=15x10>s" (30)
RC2 — Fe'(C,04) + G047 k31=2.0%x10"s" 3D
RC2 + Fe"™(C,04)5" — 2Fe(C,04),5 +2CO;  hkyn=1x10°M"'s" (32)

The addition of MV?*" to the solutions containing Fem(C204)33’ leads to forma-
tion and decay of additional transient absorption signal at 396 nm of the MV*"
radical cation. The observed rate constant of the signal formation depends linearly
on MV?*" concentration. The bimolecular rate constant of MV*" formation & ~ 1.2
x 10" M s is close to value of the rate constant of reaction of CO, radical
with MV*" [24]. However, the yield of MV"" radical cation (and CO," radical,
respectively) is lower than 6% of total Fe'"(C,0,);> photo-decay. So, the main
way of photoreaction is the (C,04),Fe'(C,04%)" radical complex (RC1) formation.

4. Conclusions

Mechanisms of primary photochemical processes are revised for several Fe(III)
complexes with organic acids ligands. Intramolecular electron transfer from ligand
to Fe(Ill) ion with the formation of transient radical complex is the main photo-
chemical process for Fe(Ill) complexes with carboxylic acids. Spectral and kinetic
parameters of transient species, such as free radicals and radical complexes, are
determined.
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