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A B S T R A C T

The photochemistry of a series of 1:1 Fe(III) complexes with salicylic acid derivatives (SADs) in aqueous
solution has been investigated, using the following model compounds: salicylic acid (SA), 5-sulfoSA (5SSA),
4-hydroxySA (2HSA), 6-hydroxySA (6HSA), 4-nitroSA (4NSA) and 5-nitroSA (5NSA). The results of optical
spectroscopy, steady-state and nanosecond laser flash photolysis experiments show that all Fe(III)–SAD
complexes exhibit good photochemical stability upon 355 nm excitation (quantum yields of photolysis do
not exceed 0.01). No evidence of hydroxyl radical formation was observed in laser flash experiments.
Therefore, the primary photoprocess was assumed to be an electron transfer from coordinated SAD to the Fe
(III) ion in the excited complex, leading to the formation of Fe(II) and the corresponding SAD� phenoxy
radical. SADs containing electron-withdrawing groups (4NSA, 5NSA, 5SSA) exhibit the smallest quantum
yields of photolysis of the series, whereas the highest values were observed for SA and SADs containing
electron-donating groups (4HSA, 6HSA). Therefore, in contrast to Fe(III)-complexes with aliphatic
carboxylates, sunlight photolysis of Fe(III)–SAD complexes cannot be an effective way for the degradation
of SADs in natural water systems.
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1. Introduction

Organic acids (R-CO2H) represent a class of compounds
abundant in natural waters [1] and are able to form complexes
with a variety of transition metals (including Fe(III)). These
complexes absorb radiation in the UV and visible spectral regions
and their photochemistry can contribute substantially to the
balance of dissolved organic matter in water [2–4]. Among organic
acids, salicylic acid (SA) and its derivatives (SADs) are common
compounds, widely present in natural waters and many industrial
waste streams [5,6]. They are also highly relevant pollutants
because of their toxicity and relatively low biodegradability [7].
Moreover, advanced oxidation techniques for water treatment
based on the use of ferrous/ferric salts and hydrogen peroxide
(Fenton-like and photo-Fenton processes, see e.g., [8]) could be
adversely affected by the presence of SADs. Indeed, their ability to
form stable complexes with Fe(III) could lead to increased
treatment times and hydrogen peroxide consumption [6,9].
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This behavior is strikingly different from that reported for
aliphatic carboxylates (oxalate, citrate, etc.) and catecholates. In
these cases, complex formation with Fe(III) was found to improve
both accessible pH range and efficiency of photo-Fenton treatment
due to a better solubilization of the Fe(III) ions, the enhancement of
the UV–vis absorption and the generation of active oxygen species
by excitation of the ligand-to-metal charge transfer (LMCT) bands
[10–12].

SADs are considered representative of the functional groups
able to complex metal ions in humic substances contained in
natural waters [13] and can serve as model compounds for
investigating the photochemical properties of natural organic
matter (NOM). Therefore, the study of the photochemistry of SADs
and Fe(III)–SAD complexes is also of environmental interest.

In our previously published work [14–16], we have studied the
photochemistry of 5-sulfosalicylic acid (5SSA) and its complexes
with Fe(III) (Fe(5SSA)n, n = 1–3) in aqueous solutions. The excitation
of the Fe(5SSA)n complexes in the absorption region of the LMCT
bands (lex = 400 and 530 nm) is followed by an ultrafast relaxation
to the ground electronic state which is the reason for the observed
photochemical stability of the complexes under near UV and visible
irradiation [16]. When the solution contains both Fe(III)–5SSA and
the free HSSA2� ligand, UV irradiation (308 nm) results in the
reduction of Fe(III) to Fe(II), due tothe electron transfer from the free
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Table 1
Spectroscopic data on SADs and Fe(III)–SAD complexes: wavelengths of maximum
absorption and corresponding molar absorption coefficients.a

SADs lL
abs

eL lFeL
abs

eFeL

nm M�1 cm�1 nm M�1 cm�1

SA 296 3500 525 1600, 1500 [19]
5SSA 298 2800 505 1700, 1800 [19,20]
4HSA 292 4600 520 1400
6HSA 307 3000 560 1500
4NSA 347 2600 495 1450
5NSA 315 9300 495 2000

a Superscripts FeL and L stand for the 1:1 complex and the monoanionic form of
SADs, respectively.
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ligand in its triplet state (THSSA2�, fT = 0.34) to the Fe(III)(5SSA)
complex [15]. The energy transfer between THSSA2� and Fe(III)
(5SSA) competes with the electron transfer, but does not cause any
chemical change. The photoreduction of transition metal com-
plexes by electron transfer from the long-lived triplet states of
aromatic carboxylates could be one of the possible mechanisms of
photodegradation of organic compounds in natural waters under
anaerobic conditions.

Very recently a new mechanism was postulated for the
photochemical reaction of selected Fe(III)–SAD complexes upon
polychromatic irradiation in the 300–400 nm wavelength range:
electron transfer from coordinated water molecules to the metal
center was proposed to yield Fe(II) and the hydroxyl radical (HO�)
that escapes to the bulk [17]:

[Fe(III)(SAD)(H2O)n]+—hv! [Fe(II)(H2O)n�1]2+ + SAD + H+ + HO�(1)

Evidence in favor of Reaction (1) was obtained from steady-
state photolysis experiments, by trapping HO� with benzene in
large excess and monitoring Fe(II) by optical spectroscopy using o-
phenanthroline as complexing agent. Although quantum yields of
Reaction (1) were not determined, it was shown that the
efficiencies were significantly lower than those observed for the
Fe(III) aqua complex.

In the present work, we have investigated the photochemical
properties of a series of Fe(III)–SAD complexes. The following
model compounds bearing different substituents on the aromatic
ring have been selected: salicylic acid (SA), 5-sulfoSA (5SSA),
4-hydroxySA (4HSA), 6-hydroxySA (6HSA), 4-nitroSA (4NSA) and
5-nitroSA (5NSA). Using optical spectroscopy, steady-state
and nanosecond laser flash photolysis (further LFP), the origin
of the primary intermediates and their spectral and kinetic
characteristics has been determined. Formation of hydroxyl
radicals upon excitation of the aforesaid complexes in the near
UV region (355 nm) has been carefully investigated on a short
time scale. Based on these results, the efficiency of the photolysis
of Fe(III)–SAD complexes under sunlight UV irradiation could be
evaluated.

2. Experimental

Sodium salicylate (99.5+%, Fluka), 5-sulfosalicylic acid (99+%,
Aldrich), 2-hydroxysalicylic acid (98+%, Fluka), 6-hydroxysalicylic
acid (98%, Aldrich), 4-nitrosalicylic acid (98%, Fluka), 5-nitrosalicylic
acid (99%, Aldrich) and Fe(III) perchlorate hydrate (Aldrich) were
employed without further purification. Typical concentrations of
SADs and Fe(III) for optical measurements, determination of
complex formation (stability) constants and photochemical experi-
ments were [1–6] � 10�4M and [0–6] � 10�4M, respectively. Stock
solutions of Fe(III) (5 �10�3M) at pH 2 and SADs ((1–2) � 10�3M)
were used for the preparation of the working solutions. HClO4

(chemically pure) and NaHCO3 (chemically pure) were used for pH
adjustment. Unless otherwise specified, all photochemical experi-
ments were performed in a 1 cm quartz cell in air-equilibrated or
argon-saturated solutions at initial pH 2.8–3.3, temperature 298 K
and atmospheric pressure. Double distilled water was used in all
experiments.

The absorption spectra were recorded using an Agilent
HP8453 spectrophotometer. Molar absorption coefficients of SADs
and Fe(III)–SAD complexes were determined from three indepen-
dent runs with a precision better than 10%.

The LPF experiments were carried out using the third harmonic
(355 nm) of a Nd:YAG laser (LS-2137U, Solar, Belarus) as an excitation
source (pulse duration 6 ns, pulse energy 0.5–10 mJ/pulse) [14]. The
time resolution of the set up was 50 ns. For steady-state photolysis, a
high pressure mercury lamp DRSH-500 combined with a set of glass
filters (UFS8 and BS7) for selecting the 365 nmwavelength was used.
Stability studies were also performed under prolonged pulsed
irradiation using the Nd:YAG laser (third harmonic, 355 nm).

Quantum yields of Fe(III)–SAD disappearance were determined
in air-equilibrated solutions under different conditions. LPF
experiments at times shorter than 50 ms were performed for
evaluating the initial quantum yields (FiLFP355): they were
calculated from the amplitude of instant bleaching at the
absorption maximum of the LMCT band of the Fe(III)–SAD complex
in the visible spectral region. Quantum yields of Fe(III)–SAD
disappearance were also determined from the bleaching of the
LMCT band under continuous irradiation with the DRSH-500 lamp
(FCI365) and under prolonged irradiation with repeated laser
pulses (FRLP355). Fe(II) concentration during photolysis was
measured spectrophotometrically by formation of the colored
o-phenanthroline complex [18]. For calculation of quantum yields
(mean errors � 20–30%), laser and lamp intensities were measured
by means of a SOLO 2 power meter (Gentec EO).

3. Results and discussion

3.1. Absorption spectra of SADs and Fe(III)–SAD complexes [1:1]

The main spectral parameters of the various forms of the SADs
and the equilibrium constants of the acid-base dissociation of the
��COOH and ��OH groups are listed in Tables 1 and 2. All forms of
SADs exhibit a long-wave absorption band with a maximum at
300–350 nm (p–p* transition [32]) and a moderately high molar
absorption coefficient ((2.6–9.3) � 103M�1 cm�1). These results are
in good agreement with literature data [17].

Addition of Fe(III) ions at acidic pH (<4) leads to the formation
of 1:1 complexes exhibiting ligand-to-metal charge transfer
(LMCT) bands with an absorption maximum in the 495–560 nm
wavelength range depending on the organic ligand type (Figs.1 and
2 and Fig. 1S in ESI, Tables 1 and 2). Absorption coefficients of the
complexes ((1.4–2.0) � 103M�1 cm�1) were determined from both
the linear dependence of the complex absorbance as a function of
the organic ligand (L = SAD) concentration at low Fe(III)/L ratio and
from the constant value of the absorbance at high Fe(III)/L ratio
(Insets in Figs. 1 and 2). Both methods give the same values of the
molar absorption coefficients within experimental error (�10%).
The stability constants (Kst) of 1:1 complex formation were
determined from the variation of the complex absorbance as a
function of the pH (see ESI for details). Obtained values are in
agreement with literature data within experimental error (Table 2).
It is worth noting that the absorption spectra of the Fe–SAD species
are rather complex and contain intra-ligand transitions in the UV
and different LMCT transitions in the UV and visible spectral
regions. Fig. 2 shows the absorption spectrum of the Fe–4HSA
complex, in comparison with the spectra of 4HSA and the ferrous

aqua complex (FeOH2þ
aq ). The decomposition of the Fe–4HSA



Table 2
Equilibrium constants of the acid–base dissociation of SADs and stability constants
of the Fe(III)–SAD complexes (1:1 stoichiometry).

SADs pKa1 (��COOH) pKa2 (��OH) pKst

SA 3.0 [21–23] 13.4 [23,24] 16.4 [24]
5SSA 2.6 [24] 11.7 [24] 14.6 [24]
4HSA 3.3 [21,22] 8.8 [25,26] 12.5a, 13.2 [24]
6HSA 1.2 [27] 12.9 [23] 16.1a, 16.2 [28]
4NSA 2.3 [29] 10.2 [30] 13.8a

5NSA 2.0 [23,26] 10 [23,26] 13.4a, 12.8 [23], 13.9 [31]

a This work.
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Fig. 2. Absorption spectra of Fe(III) perchlorate (1), 4HSA (2) and the Fe(III)–4HSA
complex (3) in aqueous solution. Concentration of all species was 1.8 � 10�4M, pH
3. Inset: absorption spectrum of the Fe(III)–4HSA complex (bold dotted line) and its
decomposition into 6 Gaussian functions (solid lines).
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spectrum into six Gaussian functions is presented in the inset of
Fig. 2. Although this decomposition is purely descriptive, it may be
used to underline the complexity of the Fe–SAD absorption
spectra. In the 200–350 nm spectral region, the absorption of the
complex results from both SAD intra-ligand transitions and
transitions due to charge transfer from coordinated hydroxide
(HO�) and H2O ligands to the Fe(III) ion (denoted as “water-to-
iron” CT bands below). In the 300–800 nm spectral region, the very
broad and moderately intense absorption is traditionally assigned
to electronic transitions from the coordinated SAD ligand to Fe(III)
(denoted as “SAD-to-iron” CT bands below). It is clearly seen (Fig. 2,
Inset) that this absorption cannot be described by a single
transition and at least three Gaussian functions are needed to
provide an adequate fit. Two Gaussians in the visible region surely
belong to the “SAD-to-iron” CT bands. But absorption in the 300–
400 nm region could be assigned to different types of transitions
including both “SAD-to-iron” and “water-to-iron” CT bands [17].
Additional spectroscopic studies supported by quantum-chemical
calculations would be needed for more precise assignments but
such investigations were out of scope of this work.

3.2. Thermal and photochemical stability of SADs and Fe(III)–SAD
complexes

In the absence of Fe(III) ions, SADs in acidic aqueous solutions
demonstrate an excellent stability both in the dark at room
temperature and under irradiation at 355 nm. In the latter case, the
photolysis quantum yields were determined to be lower than 10�4.

Fe(III) complexes with SA and 5-SSA also showed a good
thermal stability, but all of the other complexes were slowly
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Fig. 1. Absorption spectra of 4NSA (2.1 �10�4M) in the presence of Fe(III) ions in
aqueous solution. Spectra 1–9: 0, 0.6, 1.2, 1.8 2.3, 2.9, 3.4, 3.9 and 4.4 �10�4M Fe(III),
respectively. During Fe(III) addition, the pH of the solution gradually decreased
from 3.9 to 2.9. Inset: dependence of the absorbance at 495 nm on the metal to
ligand molar ratio.
decomposed in the dark (conversion rates of 9–33% after 190 h,
Table 3). Irradiation of the Fe(III)–SAD complexes using a laser
(accumulation of pulses at 355 nm) or a mercury lamp combined
with filters (365 nm) resulted in the progressive disappearance of
the visible LMCT band of the Fe(III)–SAD complexes (Figs 3 and 4).
Whatever the irradiation means (laser or lamp), the same quantum
yields of Fe(III)–SAD complex photolysis in air-equilibrated
solutions were obtained within experimental error (FRLP355,
FCI365, Table 3). This result indicates that monophotonic photore-
duction is the main photochemical process under both excitation
conditions.

The quantum yields of photoreduction of the Fe(III)–SAD
complexes investigated are rather low ((1–11) � 10�3) in compari-
son with those of complexes of Fe(III) with aliphatic carboxylates
(0.2–1.2 [33]). The reason for this result is discussed in Section 3.3.
It is worth noting that SADs containing electron-withdrawing
groups (4-NSA, 5-NSA, 5-SSA) exhibit smaller photolysis quantum
yields than those of the SA and SADs containing electron-donating
groups (4-HSA, 6-HSA). A similar trend was reported in [17], based
on measurements of relative efficiencies of Fe(II) production upon
photolysis of selected Fe–SAD complexes.

3.3. Mechanism of the photolysis of Fe(III)–SAD complexes

As discussed in Section 1, the excitation of Fe(III)–SAD
complexes in the near UV (300–400 nm) region could be followed
by inner-sphere electron transfer either from the coordinated
water molecules or from the SAD ligand, depending on the excited
LMCT bond. In the former case, the formation of the hydroxyl
radical (HO�, Reaction (1)) would result, whereas, in the latter case,
the SAD ligand would be oxidized to a SAD phenoxyl type radical
(SAD�, Reaction (2)).

[Fe(III)SAD(H2O)n]+—hv! [Fe(II)(H2O)n]+ + SAD� (2)

To discriminate between the two possible pathways (Reaction
(1) or (2)), we have investigated the reaction of HO� with the Fe
(III)–SA complex by LPF. Solutions containing 6 � 10�4M Fe(III)
perchlorate and (0.3–3.0) � 10�4M SA at pH 3 were excited at
355 nm. Due to the excess of Fe(III) ions practically all the SA ligand
was bound to the iron center in the complex. Under these
conditions, the main photochemically active form of Fe(III) in

solution is the aqua complex FeOH2þ
aq which generates HO�

(Reaction (3)) with a quantum yield of 0.096 (value determined
in this work and close to the literature value of 0.085 [34]).



Table 3
Thermal and photochemical stability of Fe(III)–SAD complexes in air-equilibrated
aqueous solutions: percent of the Fe(III)–SAD complex decomposed in the dark
(D[Fe(III)–SAD]) and quantum yields of photolysis (F) under different irradiation
conditions.

SAD D[Fe(III)–SAD] %a after 18, 90, 190 h in
the dark

FiLFP355 FRLP355 FCI365nm

SA Stable 0.008 0.008 0.011
5SSA Stable 0.0033 0.0039 0.0036
4HSA 2, 5, 9 0.003 0.0082 0.01
6HSA 8, 21, 33 0.0036 0.006 0.0042
4NSA 4, 7, 10 <0.001b 0.0021 0.0023
5NSA 2, 5, 10 <0.001b 0.0009 0.0009

a The change in complex concentration was calculated from the relative decrease
of the absorbance at the absorption maximum of the LMCT band in the visible range
after 18, 90 and 190 h in the dark.

b Transient signal was too weak to measure the exact value of the quantum yield.

Fig. 4. Steady-state photolysis of the Fe(III)–5NSA complex (1.25 �10�4M) at
355 nm. Absorption spectra 1–6: 0, 50, 100, 150, 200 and 250 laser pulses with an
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FeOH2þ
aq —hv, 355 nm! Fe(II)aq + HO� (3)

ExcitationofFeOH2þ
aq leads to the disappearance of the Fe(III)–SA

complex, a direct evidence of its reaction with HO� (Fig. 5, Reaction
(4)).

Fe(III)–SA + HO�—k4! Fe(III)–(SA� � �HO�)
—(fast)! Fe(II) + SA��OH (4)

It may be assumed that adduct of HO� to SA is oxidized rapidly
in the coordination sphere of Fe(III). Therefore, the limiting step of
the process (4) is the reaction of HO� with the Fe(III)–SA complex.
The value of k4 (3.5 � 0.5) � 109M�1 s�1 was calculated from the
linear dependence of the observed rate constant of Fe(III)–SA

disappearance at 530 nm (k530 nm
obs ) on its concentration. This value

is three times lower than the rate constant of the HO� reaction with
Fig. 3. Steady-state photolysis of the Fe(III)–6HSA complex (2 � 10�4M) at 365 nm.
Absorption spectra 1–5: 0, 4, 9, 14 and 20 min of irradiation with an incident energy
of 0.45 J/min. Sample volume: 1 ml, air-equilibrated solution. Inset: dependence of
the absorbance changes at 560 nm on the energy absorbed.

incident energy of 2.3 mJ/pulse. Sample volume: 1 ml, air-equilibrated solution.
Inset: dependence of the absorbance changes at 495 nm on the energy absorbed.
SA (k = 1.2 � 1010M�1 s�1 [35]). This result could be explained by
both steric factors and a decrease of the diffusion mobility of SA
upon complexation. Nevertheless, the value of k4 remains close to
the values typical for diffusion controlled reactions.

Consequently, if Reaction (1) would be responsible for the
photolysis of the Fe(III)–SAD complexes, instant bleaching in the
spectral region of the Fe(III)–SAD LMCT band should be observed in
LPF experiments due to the primary process (1), followed by
additional bleaching due to Reaction (4). Indeed, the excitation of
Fig. 5. LPF of Fe(III) perchlorate (6 � 10�4M) at 355 nm (excitation energy 5 mJ/
pulse) in the presence of SA at different concentrations. Kinetic decay curve
observed at 530 nm with the best monoexponential fit (solid line); concentration of
Fe(III)–SA: 9 � 10�5M. Inset: dependence of the observed rate constant of Fe(III)–SA

disappearance at 530 nm (k530 nm
obs ) on its concentration.



Fig. 6. Flash photolysis of the Fe(III)–SA complex (6 � 10�4M) at 355 nm (excitation
energy 5.5 mJ/pulse). Dots: differential spectrum of transient absorption recorded
50 ns after excitation. Solid bold curves: absorption spectrum of the HSA phenoxy
radical taken from [36] and inverted absorption spectrum of the Fe(III)–SA complex,
respectively. Inset: kinetic curves of transient absorption decay at characteristic
wavelengths.
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the Fe(III)–SA complex was followed by the instant (time scale
<50 ns) formation of an absorption band with a maximum at
�390 nm and bleaching at � 530 nm (LMCT band involving Fe(III)
and SA) (Fig. 6). But no evidence of additional bleaching kinetics
due to Reaction (4) was observed (under the experimental
conditions used, the characteristic time of the reaction of HO�

with the Fe(III)–SA complex is estimated to be 0.5 ms). No
characteristic absorption of the SA triplet excited state (lmax =
450 nm [36]) was observed either (Fig. 6). It should be noted that,
assuming the predominance of Reaction (1), no instant (<50 ns)
formation of absorption at 390 nm would be expected. On the
contrary, the bleaching due to the disappearance of the [Fe(III)
(SAD)(H2O)n]+ complex should be observed at this wavelength and
this is not the case.

The absorption spectrum of the intermediate with a maximum at
390 nm is very close to that of the salicylic acid phenoxy radical
(HSA�) [36]. The quantum yields of HSA� formation (if this species is
assumed to be formed in the primary photochemical process) and of
Fe(III)–SA disappearance have the same value of 0.008, within
experimental error (Table 3). Therefore, all findings presented above
are in favor of Reaction (2) rather than Reaction (1).

To obtain additional evidence of the absence of HO� formation
upon excitation of the Fe(III)–SA complex under our experimental
conditions, LPF experiments at 355 nm were performed in the
presence of 1.2 �10�2M phenol. It is known that phenol reacts
rapidly with HO� (value of rate constant of 1.4 �1010M�1 s�1) with
formation of the long-lived phenoxy radical (C6H5O) which is
rather stable in the presence of Fe(III) ions [37]. It was found
(Fig. 3S) that addition of phenol influences the transient signal
amplitude, neither at 530 nm (disappearance of the Fe(III)–SA
complex), nor at 400 nm (characteristic absorption of C6H5O�).
Therefore, direct LPF experiments give strong evidence that
radiation at 355 nm is primarily absorbed by the “SAD-to-iron”
CT band (or the corresponding excited state is effectively populated
during processes of excitation energy relaxation). Subsequently,
electron transfer from the coordinated ligand to the central ion
(Reaction (2)) takes place with the formation of Fe(II) and of the
corresponding SAD� phenoxy radical. Lower quantum yields of
photoreduction of the investigated Fe(III)–SAD complexes in
comparison with complexes of Fe(III) with aliphatic carboxylates
could be explained by fast internal conversion of the correspond-
ing “SAD-to-iron” excited state to the ground state [16,38]. This
process prevents formation of the long lived radical pair as
observed for aliphatic carboxylates [33].

Finally, It is worth noting that quantum yields of disappearance
of Fe(III)–SAD complexes (FRLP355, FCI365, Table 3) measured at
longer irradiation times (i.e., after all fast processes came to an end)
are higher than the primary ones measured by LPF experiments
(FLFP355, Table 3). This fact indicates the existence of a reaction
between SAD� and the initial complex occurring at time scales
>50 ms and leading to additional formation of Fe(II) and oxidized
ligand (SADox):

SAD� + Fe(III)–SAD ! Fe(II) + SAD + SADox (5)

It is also probable that SADox can in turn react with Fe(III) ions
leading to additional Fe(II) production. Several Fe(III) reducing
intermediates of SAD oxidation have been identified by HPLC and
LC–MS analyses [17]. Indeed, taking into account concentrations of
SAD� (�10�6M) and Fe(III)–SAD (�5�10�4M) in flash experiments
and typical rate constants of radical self-reaction (�109M�1 s�1

[36,37]) and reaction with Fe(III) ions (�107M�1 s�1 [37]), it can be
estimated that more than 80% of SAD� could decay in Reaction (5)
with a characteristic lifetime of about 200 ms.

Our findings in favor of the predominance of Reaction (2)
appear to be in contradiction with the results recently published
[17] indicating that HO� formation occurred upon excitation of
the “water-to-iron” CT band of Fe(III)–SAD complexes under
polychromatic irradiation at l > 300 nm (Reaction (1)). The
different conclusions reached in the two studies could result
from the different irradiation conditions, polychromatic irradia-
tion at l > 300 nm in [17] and monochromatic excitation at
355 nm in this work. It is indeed highly probable that the
“water-to-iron” CT band overlaps with the “SAD-to-iron” CT band

in the spectral region 300–400 nm (note that both FeOH2þ
aq and

Fe3þaq complexes exhibit a tail of LMCT absorption band at
l > 300 nm [34]). Therefore, the contribution of shorter irradiation
wavelengths when using a polychromatic light source [17] could be
favorable to the excitation of the “water-to-iron” CT band and to
HO� formation.

3.4. Environmental meaning of direct excitation of Fe(III)–SADs
complexes

Our results demonstrate that irradiation of 1:1 Fe(III)–SAD
complexes in the UV–A spectral region in aqueous solution at pH
3 leads to rather ineffective photolysis with the generation of
Fe(II) and corresponding SAD radicals. This is in good agreement
with published results [6,9], demonstrating mostly negative
effects of SAD complexation on photo-Fenton processes due to a
lower efficiency of Fe(III) photoreduction in comparison with
ferric aqua complexes. Under environmentally relevant conditions
(pH 6–8, low Fe(III) content), pH would affect complex formation
and, depending on the relative concentrations of Fe(III) and SADs,
complexes of higher stoichiometries (1:2 or 1:3) might be formed.
The photochemistry of these complexes could differ from that
observed for ferric complexes with 1:1 stoichiometry. Another
important factor affecting the efficiency of the photolysis of
Fe(III)–SAD complexes is the excitation wavelength. The decrease
of the quantum yield of Fe(III) photoreduction with increasing
irradiation wavelength is a rather typical feature of Fe(III)-
complexes photochemistry [39]. It was shown in particular
that Fe(III)–SAD complexes are inert upon excitation of the LMCT
bands involving the organic ligand, i.e., upon irradiation in the
visible spectral region that represents most of the solar spectrum
[17]. Moreover, different CT bands of the complexes (“water-to-
iron” or/and “SAD-to-iron”) may be excited depending on the
irradiation wavelength in the UV spectral region. Albeit by



14 I.P. Pozdnyakov et al. / Journal of Photochemistry and Photobiology A: Chemistry 307 (2015) 9–15
different mechanisms, both excitation processes would lead to Fe
(II) production and SAD oxidation products in the presence of
molecular oxygen. However, excitation into the “water-to-iron” CT
band produces HO�, a highly efficient oxidizing species that
initiates the degradation of most organic compounds.

Further systematic studies of the influence of the
excitation wavelength, ligand to metal molar ratio and oxygen
content on the quantum yields of Fe(II) and HO� formation and on
the nature of the SAD oxidation products, combined with
quantum-chemistry calculations of the properties of possible Fe
(III)–SAD excited states, are needed to clarify the photochemistry
of these environmentally important compounds. However, from
the results obtained in this work and previously published data, it
may be concluded that sunlight photolysis of Fe(III)–SAD com-
plexes cannot be an effective way for degradation of SADs in
natural water systems.

4. Conclusions

Fe(III) complexes with salicylic acid (SA) derivatives of 1:1
stoichiometry (Fe(III)–SAD) exhibit good photochemical stability
upon 355 nm excitation. No evidence of hydroxyl radical (HO�)
formation was observed in LPF experiments so that the primary
photoprocess in the excited complex was assumed to be an
electron transfer from coordinated SAD to the Fe(III) ion leading
to formation of Fe(II) and the corresponding SAD� radical.
Quantum yields of photolysis for all complexes are rather low
and do not exceed 0.01, in agreement with the low quantum
yields of phenoxy radicals formation observed in LPF studies.
SADs containing electron-withdrawing groups (4-NSA, 5-NSA, 5-
SSA) exhibited the smallest photolysis quantum yields, whereas
the highest values were observed for SA and SADs containing
electron-donating groups (4-HSA, 6-HSA). These findings are in
agreement with ultrafast back electron transfer observed in
femtosecond experiments with Fe(III)–SADs complexes [16,38].
Hence, sunlight photolysis of Fe(III)–SAD complexes can only
represent a very minor pathway of oxidative degradation of SADs
in natural water systems. Probably, enhancement of SADs
degradation could be obtained: (i) by direct excitation of SADs
in the presence of Fe(III) ions, resulting in a redox process due to
electron transfer from the triplet excited states of SADs to the Fe
(III)–SAD complexes [14] or (ii) by HO� formation resulting from
excitation of the “water-to-iron” CT band at short enough
wavelength in the UV [17].
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