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Transient absorption spectroscopy is used to study photophysical processes of 1:1 Fe(III) complexes with
all four fluorosalicylic acid isomers (Fe-FSAs) in aqueous solutions. Excited states of Fe-FSAs decay to the
ground electronic state with two time constants. The faster process is interpreted as internal conversion
to the vibrationally hot electronic ground state and the slower one - as a combination of vibrational cool-
ing and solvation of the ground state. The results obtained for Fe-FSAs and other previously investigated
Fe(III) salicylato compounds allow us to reveal the main cause of photochemical stability of the com-
plexes upon charge transfer band excitation.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Application of the results of pure chemistry often requires the
ability to tune purposefully the properties of reacting species. In
photochemistry one usually tunes reaction parameters in order
to increase the integral quantum yield of a photochemical process
[1,2] while the affected elementary processes have pico- or fem-
tosecond timescales. In the case of complexes of transition metals
it is possible to achieve fine tuning by varying the location of sub-
stituents of ligands while preserving the composition of the whole
molecule. Fluorosalicylic acids exist in 4 isomeric forms and there-
fore represent an ideal object for the investigation of tuning of
(photo)chemical properties.

We focus on iron(III) fluorosalicylato complexes due to the fol-
lowing reasons:

(1) Salicylic acid, its derivatives and complexes are used for
many decades as nonsteroidal anti-inflammatory, antipyre-
tic and analgesic drugs [3–6], and therefore investigation
of their chemical properties and biological activity is highly
relevant.

(2) Biological activity of organic drugs can be enhanced through
incorporation of fluorine atom(s) [7–10] allowing simultane-
ous modulation of electronic, lipophilic and steric parame-
ters that define pharmacodynamic and pharmacokinetic
properties of drugs [9]. This observation has led to a gradual
increase of occurrence of fluorine substituents in commer-
cial pharmaceutical compounds from 2% in 1970 to more
than 18% today [10].

(3) It is desirable to determine limitations of tuning and opti-
mization of the photochemical properties of compounds.
Data on photochemical and photophysical processes will
be a valuable addition to the results obtained for the same
complexes in the ground state [11–13], if they are collected
under comparable experimental conditions.

(4) Fe(III) salicylato complexes are present in natural water sys-
tems and are able to modify greatly the efficiency of water
treatment using Fenton and photo-Fenton processes [14,15].

Fluorosalicylic and sulfosalicylic acids have similar structure,
coordination ability and absorption spectra, and their iron(III) com-
plexes probably do not exhibit photoredox reactivity. In our previ-
ous works [16,17] devoted to aquated iron(III) 5-sulfosalicylato
complexes (Fe(SSA)n, n = 1–3) we showed that pumping the
ligand-to-metal charge transfer (LMCT) band by femtosecond laser
pulses results in ultrafast relaxation processes with two time con-
stants: 0.1–0.26 ps and 1.4–1.8 ps. The faster process was inter-
preted as internal conversion to the vibrationally hot electronic
ground state (GS) of FeSSA and the slower one - as vibrational cool-
ing of the GS.

In the present work we investigate the photophysical properties
of aqueous solutions of iron(III) complexes (Fe-FSAs) with all four
fluorosalicylic acid (FSAs) isomers in order to determine the
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Table 1
Properties of 1:1 Fe(III) complexes with fluorosalicylic acid isomers.

Complex kmax (nm) e (M�1 � cm�1)
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spectral and kinetic parameters of the excited states (ES) of the
complexes, as well as to evaluate the influence of the position of
fluoro substituent on deactivation parameters.
Fe-3FSA 526 1500
Fe-4FSA 510 1400
Fe-5FSA 539 1550
Fe-6FSA 518 1500
2. Experimental details

3-Fluorosalicylic acid (3-FSA, 97%, Aldrich), 4-fluorosalicylic
acid (4-FSA, 96+%, Aldrich), 5-fluorosalicylic acid (5-FSA, 97%,
Aldrich), 6-fluorosalicylic acid (6-FSA, 97%, Aldrich) and Fe(III) per-
chlorate hydrate (Aldrich) were used without further purification.
The absorption spectra were recorded using Shimadzu UV 2501
PC and Agilent HP8453 spectrophotometers. Solutions were pre-
pared using doubly distilled water.

Fe-FSAs were prepared adding Fe(III) perchlorate salt to solu-
tions of the corresponding organic acids. The final pH of the solu-
tions was about 2.3, concentrations of Fe(III) and FSAs were in
the range of 3.4–4.8 mM. Under all conditions used in the experi-
ments more than 90% of Fe(III) existed as the corresponding 1:1
Fe-FSA complex (see Figs. S1–S2 and Table S1 in ESI for details).
Typical absorption spectra of Fe-FSAs and FSA ligands are illus-
trated in Fig. 1 using Fe-3FSA and 3-FSA as examples. FSA ligands
exhibit an absorption band with a maximum at �300 nm (p-p⁄

transition [18]) with a moderately high molar absorption coeffi-
cient ((2.5–3.7) � 103 M�1 cm�1). 1:1 Fe-FSAs demonstrate
ligand-to-metal charge transfer (LMCT) bands with absorption
maxima in the range of wavelengths from 510 to 540 nm depend-
ing on the type of organic ligand. It is worth noting that the
obtained position of absorption bands and absorption coefficients
are in good agreement with the corresponding values for other
salicylato iron(III) complexes with similar substituents [15].
The optical properties of Fe-FSAs under study are listed in Table 1.
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Fig. 1. Typical absorption spectra of FSA ligands and Fe-FSAs using 3-FSA as an
example. (1) – 3-FSA, pH 2.8; (2) – Fe-3FSA complex, pH 2.3. The inset shows the
structural formula of the 1:1 Fe-3FSA complex.
Transient absorption spectroscopy was used to identify short-
lived species in the picosecond time domain. The samples were
excited by �100 fs pulses at �400 nm (second harmonic of a Ti:
sapphire generator-amplifier system, Tsunami and Spitfire Pro XP
by Spectra Physics). We used femtosecond pump-probe spectrom-
eter ExciPro (CDP Systems) to record photoinduced absorption
spectra (the details were described elsewhere [19]). The excitation
energy was 5 lJ/pulse, pulse repetition rate - 1 kHz and 300 pulses
were used to record a single photoinduced spectrum. The investi-
gated solutions (total volume of 20 ml) were pumped through a
1 mm cuvette at room temperature to provide uniform irradiation
and to avoid possible degradation due to photochemical reactions.
The experimental data were globally fitted by a three-exponential
model. The fitting program performed corrections of the group
velocity dispersion and calculated the response time of the
instrument.

3. Results and discussion

3.1. Ultrafast processes in Fe-FSAs

All Fe-FSAs exhibit LMCT bands, whose maxima lie in the visible
region and depend on the substitution position of the fluorine
atom (Table 1). The excitation of the Fe-FSAs by a femtosecond
laser pulse (kpump = 400 nm) leads to the formation of a transient
absorption (TA) signal, the evolution of which is presented in
Fig. 2a for the Fe-3FSA complex. Immediately after excitation a
bleaching was observed in the range of 440–590 nm due to the
GS depopulation. The amplitude of bleaching at 526 nm corre-
sponds to about 2.4 � 10�5 M of Fe-3FSA excited by each laser
pulse (the total concentration of the complex is 4.7 � 10�3 M).
The bleaching overlaps with a TA signal in the range of 600–
800 nm, the latter being the manifestation of the ES population.
This absorption exhibits a linear dependence on the excitation
energy (Fig. 3, squares). The GS absorption of the Fe-FSAs is com-
pletely recovered after about 10 ps, that is in good agreement with
the dynamics observed for related Fe(SSA)n complexes [17]. The
long-lived (�300 ps) weak TA with a maximum around 700 nm
that exhibits a clear quadratic dependence on the excitation energy
(Fig. 3, circles) belongs to the hydrated electron [20,21] generated
by the two-photon ionization of the solvent [22,23]. The genera-
tion of hydrated electron was also proved by measuring photoin-
duced dynamics of the pure solvent under the same conditions
(data not shown).

In order to unveil the mechanism of ultrafast processes, TA
decay curves of all Fe-FSAs were fitted globally by the multiexpo-
nential function (1):

DAðk; tÞ ¼
X

i

AiðkÞ expð�t=siÞ ð1Þ

where Ai(k) and si are wavelength-depended amplitudes and life-
times respectively; imax = 2, 3, 4. It was found that the two-
exponential model provides an inappropriate fit of the experimental
kinetic curves and should be ruled out. Both three- and four-
exponential models provide a very good fit of almost identical qual-
ity (see Fig. S3 for details). But the results of fitting using the latter
model contain an exponent with an almost zero amplitude that is
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Fig. 2. Results of the ultrafast kinetic spectroscopy experiments with the Fe-3FSA
complex (4.7 � 10�3 M, pH = 2.3). (a) Evolution of TA spectrum at different delay
times between pump and probe pulses. (b) Kinetic curves of TA change at
characteristic wavelengths. Solid lines: the best three-exponential global fit with
parameters listed in Table 2.

Fig. 3. The dependence of TA amplitude at 720 nm on the pump pulse energy.
Squares and circles correspond to delays of 0.5 (attributed to TA of Fe-3FSA excited
states) and 100 ps (attributed to hydrated electron absorption) between pump and
probe pulses, respectively. Solid curves are the best linear (1) and quadratic (2) fits
of these data.
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not physically relevant. So we conclude that the three-exponential
model adequately describes the observed ultrafast dynamics. For
the Fe-3FSA complex the curves at several selected wavelengths
and their best three-exponent global fit are presented in Fig. 2b.
Delay time points from �300 fs to +300 fs were discarded because
the signal in this time window is affected by the so called coherent
artifact caused by nonlinear interactions between pump and probe
pulses [24]. Similar results were obtained for other Fe-FSAs.

The A1 and A2 amplitudes in Eq. (1) describe ultrafast dynamics
in Fe-FSAs complexes and the A3 amplitude represents the
hydrated electron absorption. By analogy with our previous results
obtained for Fe(SSA)n complexes [17], we propose the sequential
decay of TA (A? B? ground state) as the origin of the observed
ultrafast dynamics of Fe-FSAs. In this case species-associated dif-
ference spectra (SADS) of the individual components (namely
SA(k) and SB(k)) can be calculated using Eqs. (2) and (3) derived
in [25]:

SAðkÞ ¼ A1ðkÞ þ A2ðkÞ ð2Þ

SBðkÞ ¼ A2ðkÞ s2 � s1
s2

ð3Þ

SA(k) and SB(k) components that correspond to the calculated
lifetimes s1 and s2 are shown in Fig. 4a together with the absorp-
tion spectrum of hydrated electron (A3) and the inverted absorp-
tion spectrum of the Fe-3FSA complex. SADS allow one to
construct optical spectra at different delay times (Fig. 4b) corre-
sponding to different ES of the Fe-FSAs. SA(k) corrected for GS
depopulation is the spectrum at zero delay time, SB(k) corrected
for GS depopulation is the spectrum at the end of the first fast pro-
cess (s1 = 0.8 ps in the case of the Fe-3FSA complex). Immediately
after excitation (zero delay time) the transient absorption spec-
trum contains a wide band with a maximum at �670 nm (Fig. 4b,
curve 1). This band is assigned to the Frank-Condon excited state
(F.C.-ES) of the complex. The absorption spectrum of this state
exhibits a significant red shift (�140 nm) relative to the GS absorp-
tion spectra (Fig. 4b, curves 1 and 3, Table 2). This fact indicates the
existence of higher-lying exited states of the Fe-FSAs. After the first
fast process (s1) is finished, the absorption band is blue-shifted and
has a maximum at k � 580 nm (Fig. 4b, curve 2). Similar results
were obtained in pump-probe experiments with aqueous solutions
of other Fe-FSAs (Table 2).

3.2. Mechanism of ES relaxation of the Fe-FSAs

Several main processes can occur in the (sub)picosecond time
scale upon excitation of the charge transfer (CT) band of transition
metal complexes [26,27]:

1. Electronic transition(s) between different ESs (including popu-
lation of the initial GS).

2. Vibrational cooling of GS or ES that manifests itself as a narrow-
ing of the observed TA band.

3. Solvent relaxation that leads to a blue shift of the observed TA
band.

Another important feature of the photophysics of coordination
compounds is the possible coincidence of characteristic times of
physically different processes that appear as a single process in
measured decay traces [27]. In the case of Fe-FSAs a biphasic



450 500 550 600 650 700 750

-3

-2

-1

0

1

2

450 500 550 600 650 700 750
0

1

2

3

4

3
2

Δ
A

bs
or

ba
nc

e 
× 

10
3

Wavelength / nm

1a

b
3, ground state

2, unrelaxed 
ground state

Δ
A

bs
or

ba
nc

e  
× 

10
3

Wavelength / nm

1, F.-C. excited state

hv

F.-C. ES

GS

Fig. 4. Results of the ultrafast kinetic spectroscopy experiments with the Fe-3FSA
complex (4.7 � 10�3 M, pH = 2.3). (a) Species associated difference spectra (SADS)
obtained from the three-exponential global fit (Eq. (1)) of kinetic curves.
(1) – Spectrum at zero delay time, SA(k); (2) – spectrum after the end of the
ultrafast process, SB(k); (3) – absorption spectrum of hydrated electron (A3);
(4) – inverted absorption spectrum of the Fe-3FSA complex. (b) 1 – spectrum of the
F.-C. ES (SA(k) corrected for GS depopulation); 2 – spectrum of the unrelaxed GS
(SB(k) corrected for GS depopulation). The solid curve (3) represents the GS
absorption spectrum of the Fe-3FSA complex (2.4 � 10�5 M). The Jablonski diagram
in the inset demonstrates the photophysics of Fe-FSAs.

Table 2
Lifetimes and absorption maxima of excited states of Fe(III) complexes with
fluorosalicylic acid isomers obtained from the global three-exponential fit of the
experimental data.

Complex s1 (ps) kmax (s1) (nm) s2 (ps) kmax (s2) (nm)

Fe-3FSA 0.8 ± 0.1 670 2.6 ± 0.3 580
Fe-4FSA 0.5 ± 0.1 660 2.0 ± 0.2 580
Fe-5FSA 0.6 ± 0.1 695 2.1 ± 0.2 610
Fe-6FSA 0.9 ± 0.1 645 2.8 ± 0.4 555
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dynamics with characteristic lifetimes of 0.5–0.9 ps and 2.0–2.8 ps
was observed (Table 2). To explain this dynamics both the kinetic
and spectral data should be taken into account. After the end of the
first process a pronounced blue shift of transient absorption spec-
tra by 80–90 nm relative to the absorption spectrum of the F.-C. ES
was observed (Fig. 4b, curves 1 and 2, Table 2). This shift is too
large to be explained by vibrational cooling or solvation of the
F.-C. ES. The fast (<10 ps) recovery of the GS absorption of
Fe-FSAs allows us also to exclude population of a lower-lying ES
that is usually rather long-lived and decays into a GS on the (sub)-
nanosecond time scale [27–29]. We assume that the first process is
an ultrafast back electron transfer (ET) to the vibrationally hot
electronic GS. Indeed, the characteristic time of several hundreds
of femtoseconds is typical for electronic transitions in transition
metal complexes [26,27]. Moreover, this explanation is in agree-
ment with our previous results obtained in experiments with
iron(III) complexes with sulfosalicylic acid [17]. It is worth noting
that the absorption maximum of the hot GS of Fe-FSAs is also
red-shifted relative to the maximum of the thermalized GS and
the width of the former is larger. These facts can be explained by
an incomplete solvent relaxation (characteristic times of
diffusional solvation in water are about 1–2 ps [30,31]) and by
redistribution of vibrational energy of the hot GS among several
vibrational modes.

Thus, the second time constant s2 is attributed to both vibra-
tional cooling and solvation of the GS. The situation when different
processes have similar characteristic times and manifest them-
selves as a single process is frequent in photophysics of coordina-
tion compounds [27]. It is worth noting that characteristic values
of s2 are the same within the limits of experimental error (mean
value � 2.4 ps) for all Fe-FSAs and coincide with the corresponding
times of vibrational cooling obtained for complexes in aqueous
solutions by other scientific groups [32–34] and also with the val-
ues for Fe(SSA)n complexes [17]. The only difference between
ultrafast dynamics of Fe(SSA)n and Fe-FSAs is the shorter time of
back ET in the case of the former species (about 0.2 ps). In order
to explain this fact one needs additional information on the influ-
ence of different substituents in the benzene ring of salicylic acid
derivatives on the GS recovery process.
4. Conclusion

The femtosecond pump-probe technique was applied to inves-
tigate photophysical properties of aqueous solutions of Fe(III) com-
plexes with fluorosalicylic acid isomers. The biphasic dynamics of
GS recovery upon excitation of LMCT bands of Fe-FSAs was
observed. The shorter time constant (s1 = 0.5–0.9 ps) is ascribed
to back ET to the vibrationally hot electronic GS of Fe-FSAs and
the second time constant (s2 = 2.1–2.8 ps) is assigned to vibrational
cooling and solvation of the GS. Obtained results on the photo-
physics of Fe(SSA)n [17] and Fe-FSAs together with the data on
the photochemistry of other Fe(III) salicylato compounds [15,16]
allowed us to conclude that an ultrafast back ET in the Frank–Con-
don excited state is the main cause of the observed photochemical
stability of complexes exposed to the laser light at wavelengths
inside the LMCT band. This fact is important because Fe(III) salicy-
lato complexes are present in natural water systems and can influ-
ence greatly the efficiency of water treatment using Fenton and
photo-Fenton processes [14,15].

In order to establish connection between the position of the flu-
orine atom in fluorosalicylic acids and their ground-state and
excited-state properties a knowledge of quantitative parameters
related to fluorine atoms, hydroxyl and carboxylate groups is nec-
essary. To date no information on XPS spectra, Hammett constants
or other parameters related to the fluorine atom position are avail-
able except the 19F NMR spectra. In order to arrive at conclusions
that will allow purposeful modification of properties of complexes
further experimental data are needed. Making a step in this direc-
tion we have shown in the present study that the spectra and ultra-
fast dynamic of GS recovery in Fe-FSAs are influenced by the
fluorine atom position, but this influence is rather small.
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