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a  b  s  t  r  a  c  t

The  photo-degradation  of metal  complexes  of  caffeic  acid was  compared  to the photo-degradation  of free
caffeic  acid  by  using  UV–vis  spectroscopy  and  HPLC–ESI-mass  spectrometry.  This  article  reports  first  the
determination  of  the products  that are  formed  from  the  photo-degradation  of trans-caffeic  acid  in aqueous
solution  and  the  investigation  of the  mechanism  by  a kinetic  approach.  The  good  fit between  the  model
and  the  experimental  concentration  profiles  confirms  the  photo-isomerization  route  of the  molecule  to
cis-caffeic  acid  which  then  undergoes  a cyclization  to form  the  esculetin  photo-product.  In addition,  it
affeic acid
umic substances
hoto-degradation
etal complex
echanism

inetics

reveals,  for  the first  time,  another  route  of major  importance  leading  to  the  product  vinylcatechol.  The
presence  of  oxygen  leads  to an increase  of the photo-isomerization  rate.  Then  we  report  that  metallic
cations  such  as Al(III),  Pb(II)  and  Cu(II)  can influence  the  rate  and  mechanism  of  caffeic  acid  photo-
degradation.  Al(III)  ions  slow  down  the  photo-degradation  whereas  Pb(II)  and  Cu(II)  ions  have  a promoter
effect  on  the  production  of  esculetin.  In all cases,  the  photo-isomerization  is reduced  by the presence  of
metal ions  and  the  formation  of vinylcatechol  does  not  occur.
. Introduction

The organic matter of soils is formed from the degradation of
lants and animals and is mainly composed of humic substances.
hese are aromatic and aliphatic macromolecules constituting a
eterogeneous and complex system [1,2] and playing an impor-
ant role in the retention and transport of many metal ions in
oils [3]. Most of metal ions are known to be toxic, in particu-
ar if they are in free form, and their accumulation is responsible
or many environmental concerns [4]. In general, their toxicity
nd availability diminish with their retention in soils [5]. To reach

 better understanding of the interactions between metal ions
nd humic substances (HS), the approach chosen for few years
n our research group consists in studying model systems of HS,
ecause of the complexity and the poly-functionality of these
ubstances. One possible model molecule is caffeic acid (trans-3-
3,4-dihydroxyphenyl)prop-2-enoic acid), naturally omnipresent
n plant kingdom. When plants degradation occurs, this compound

s released and constitutes a precursor of HS [6]. Indeed, this

olecule exhibits two competing metal coordination sites, the car-
oxylic and the catechol groups that are typical functions in HS.

∗ Corresponding author. Tel.: +33 3 20 43 49 14.
E-mail address: annaig.le-person@univ-lille1.fr (A. Le Person).

010-6030/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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© 2013 Elsevier B.V. All rights reserved.

This molecule also displays antioxidant properties [7] and is used
as photo-protective substance in preparations and sun-creams [8].

The complexation of metal ions such as Al(III) and Pb(II) by
caffeic acid has already been investigated by a double approach
combining spectroscopic measurements and quantum chemical
calculations [9–13]. The structures and stoichiometries of the
complexes and their equilibrium constants were obtained. The
complexation in solution of Al(III) [10] shows that the 1:1 complex,
formed via the catecholate group, largely predominates at pH = 5
for low amount of metal. Small quantities of metal ions also allow
the formation of a minor 2:1 binuclear complex, for which the two
sites (catechol and carboxylic functions) are involved. At pH = 6.5,
only the catecholate site coordinates to Al(III) leading to the for-
mation of 1:2 and 1:3 complexes. Thus, it was concluded that the
catechol group presents a chelating power which is higher than
that of carboxylic or carboxylate functions toward Al(III) ions. The
trend is different with Pb(II) since these ions coordinate first with
the carboxylate function [12].

Humic substances are also sensitive to solar light, leading to a
potential photo-degradation, as previously reported in the litera-
ture [14–17]. However little is known about the photochemistry

of their association with metal ions. To our knowledge, we can
only report few studies devoted to the photo-degradation of metal
complexes of organic molecules [18–20]. This paper focuses on the
photo-degradation of caffeic acid and on the influence of metal

dx.doi.org/10.1016/j.jphotochem.2013.05.004
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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ons on this process. Previous studies already suggested that solar
r UV irradiation could modify the behavior of this molecule in
he environment [21,22]. Depending on the experimental condi-
ions, different products and mechanisms were proposed for the
hoto-degradation of caffeic acid but they are not all in accor-
ance. On the one hand, most of the authors [23–28] reported
is-caffeic acid and esculetin (6,7-dihydroxy-2H-1-benzopyran-2-
ne) species as products of the degradation. Despite they suggest
ifferent intermediates, they agree about a mechanism based on
he initial isomerization of trans-caffeic to cis-caffeic acid which
hen undergoes a cyclization to form esculetin. Nevertheless, this

echanism was not confirmed by a kinetic study. On the other
and, some authors [29,30] provided evidence of the formation
f various compounds such as 3,4-dihydroxybenzaldehyde, 3,4-
ihydroxybenzoic acid (or protocatechuic acid), maleic acid and
xalic acid that do not support the previous mechanism.

In that context, the aim of this work is first to assess the products
hat are formed from the photo-degradation of caffeic acid in water
ithout any added substance. Based on these products, a mecha-
ism and a kinetic model will be proposed. A good fit between the
alculated (with the kinetic model) and the experimental concen-
ration profiles will allow the validation of this mechanism.

Borges and Pinto [26] showed previously the accelerator role of
xygen for the caffeic acid photo-degradation in ethanol. Conse-
uently, we propose to check this parameter in our experimental
onditions. Then the influence of the coordination to metal ions
uch as Al(III), Pb(II) and Cu(II) on the photo-degradation of caffeic
cid is investigated. Both electronic spectroscopies and HPLC–ESI-
S analyses are used to reach all these objectives.

. Methods

.1. Chemicals

Trans-caffeic acid ((E)-3-(3,4-dihydroxyphenyl)prop-2-enoic
cid) was obtained from Sigma Aldrich (99%) and used as received
ithout any purification. Complexes were formed by mixing caf-

eic acid and hexahydrated aluminum chloride (AlCl3(H2O)6), lead
hloride (PbCl2) or copper chloride (CuCl2) in deionized water at a
iven molar ratio (R = [metal]/[ligand]). Initial concentrations of caf-
eic acid before irradiation and/or complexation were in the range
f 5.0–5.6 × 10−5 M and the pH before irradiation was fixed at 5 or
.5, depending on the experiments.

.2. Irradiation setup

The solutions of trans-caffeic acid or metal-caffeic acid com-
lexes were placed into a cell (Suprasil Quartz) also aimed at
pectroscopic measurements and were kept under stirring upon
rradiation. The main source used for irradiation is a 200 W

ercury–xenon lamp (LC8 Hamamatsu) connected with a light
uide and directed toward the cell. Band-pass filters were used
n order to get a light beam centered at 312 ± 10 nm and with a
10 �W power at the sample. The cell was irradiated directly in

he UV–vis spectrometer. A more powerful lamp (1000 W Xenon
rom Oriel) equipped with a monochromator (wavelength fixed at
12 nm)  was also used for one experiment to get a faster kinetic.
PLC–ESI-MS analyses (see next section) were performed by samp-

ing a small volume (100 �L) of the solution directly inside the
ell.
.3. Instrumentation

UV–vis spectra were recorded using a double-beam spectrom-
ter (Cary 100-Varian), in the 200–700 nm region with cells of
hotobiology A: Chemistry 265 (2013) 10– 19 11

1 cm path length. Fluorescence spectra were acquired using a Fluo-
rolog (Jobin-Yvon) spectrofluorimeter with slit width varying from
2 to 4 nm.  This apparatus is equipped with multichannel detector
that allows the limitation of the recording times and consequently
of the illumination times. Three-dimensional spectra were also
acquired to obtain excitation–emission matrix (EEM) plots, where
the excitation wavelengths are plotted on the y-axis, the emission
wavelengths on the x-axis and the third dimension represents the
relative intensity.

HPLC–ESI-MS analyses were performed on a triple quadrupole
mass spectrometer (Quattro II Micromass-Waters) equipped with
an electrospray ionization source (ESI) coupled with high pressure
liquid chromatography (HPLC) system (HP1100 Agilent). Separa-
tions were achieved on a 250 mm × 2.0 mm i.d. column packed with
5 �m Kromasil C18 stationary phase (Interchim) protected by a
10 mm  × 2.0 mm C18 precolumn (Interchim) and heated to 25 ◦C.
The flow rate was  set at 150 �L/min and the injected volume was
20 �L. The mobile phase was  a mixture of solvent A (0.5% formic
acid in water) and solvent B (acetonitrile). The proportion of solvent
B was increased linearly from 10% to 43% in 25 min, then 43% to 90%
in 5 min. After each injection the column was allowed to reequili-
brate with 10% solvent B for 13 min. The column eluent was first
directed to a UV detector set at 280 nm and then without splitting
to the electrospray interface. The mass spectrometer was operated
in negative ion mode. For phenolic compounds, this mode leads to
a better sensitivity and lower background noise than the positive
mode [31,32]. The source parameters were the following: capillary
voltage of – 3 kV, cone voltage of – 25 V, source temperature of
120 ◦C. Nitrogen was used as nebulization and drying gas at flow
rates of 10–15 and 250–300 L/h respectively. Data were acquired
in full scan MS  mode over the range m/z 220–500 in 2 s.

2.4. Calculations

Calculations were performed at the density functional level
of theory with the PBEO global hybrid functional [33,34], using
the Gaussian (G09) program package [35]. Geometry optimiza-
tions were carried out without any symmetry constraints using the
6–311++G(d,p) basis set. Vibrational frequency calculation was per-
formed to ensure that the optimized structure corresponds to an
energy minimum. The low-lying excited states were treated within
the adiabatic approximation of time dependent density functional
theory (TD-DFT) [36] with the PBEO hybrid functional. Vertical exci-
tation energies were computed for the first 50 singlet excited states,
in order to estimate the UV–vis spectra of the molecule. As it is well
known that UV–vis spectra are very sensitive to the solvent effects,
these latter were introduced by the SCRF method, via the polar-
ized continuum model (PCM) [37,38] implemented in the Gaussian
program.

3. Results and discussion

3.1. Photo-degradation of trans-caffeic acid followed by
electronic spectroscopies

3.1.1. Absorption spectra
The photo-degradation of trans-caffeic acid was followed by

UV–vis absorption spectroscopy. As seen in Fig. 1a, trans-caffeic
acid at pH = 6.5 absorbs light below 350 nm and presents two
absorption bands centered at 285 and 312 nm. Upon irradiation, the
band intensity decrease clearly shows that caffeic acid is degraded.

This consumption is also accompanied by a hypsochromic shift.
The UV spectrum after 196 min  of irradiation exhibits an absorption
band at 280 nm,  higher than the small contribution around 312 nm.
In parallel to this feature, the baseline in the 350–450 nm range is
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ig. 1. (a) UV–vis spectra (pH = 6.5) obtained for various times of irradiation (0, 2, 5
.0  × 10−5 M)  and UV–vis spectrum obtained after a longer time of irradiation of tr
sculetin in water (concentration of 5.7 × 10−5 M)  at various pH.

ot equal to zero and a zoom on the spectral part shows a very weak
bsorbance. For this reason, the solution has been irradiated with a
uch more intense source (1000 W)  and an absorption band with

 maximum around 385 nm (Fig. 1a) is clearly observed. Based on
he UV–vis spectra of pure solutions of esculetin acquired at differ-
nt pH (Fig. 1b), this absorption can be attributed to this product at
H ∼8, indicating an increase of the pH upon photo-degradation. A
ne unity pH increase was also directly measured in the solution.
his increase in absorption in the visible range was also observed
y Cilliers and Singleton [39] for the oxidation of caffeic acid but the
roduct was not identified. Thus our spectral data let us suggest that
sculetin formation is due to trans-caffeic acid photo-degradation.
nfortunately, it is not possible to quantify the concentrations of
sculetin in our irradiation conditions by UV–vis spectroscopy. Fur-
hermore, the determination of cis-caffeic acid concentrations from
hese spectra was not possible for two main reasons: (i) due to
ery close structures, trans and cis caffeic acids have very similar
bsorption spectra so it is hard to discriminate them, (ii) the band
bserved at 280 nm could be partially assigned to this isomer but
lso to esculetin and to other eventual photo-products.

.1.2. Fluorescence measurements
Fluorescence spectroscopy is a more sensitive technique than

V–vis spectroscopy. For this reason, fluorescence measurements
ere performed in order to highlight the different species involved

n the mechanism of trans-caffeic acid photo-degradation.

.1.2.1. Excitation emission matrix. Three-dimensional spectra also
alled excitation emission matrix (EEM) were acquired by varying
he excitation and the emission wavelengths. Before photo-
egradation (t = 0), a fluorescence band detected at 312/415 nm
�ex/�em) is characteristic of trans-caffeic acid (Fig. 2). After

 min  of irradiation, the additional fluorescence which appears at
85/468 nm is attributed to esculetin, with respect to the spectral
ata obtained by UV–vis absorption. Then, the emission of trans-
affeic acid continues to decrease while that of esculetin increases
rom 6 to 180 min. By comparison with the UV spectra where the
bsorbance related to the formation of esculetin is relatively low,
he quantum yield of esculetin fluorescence is assumed to be high,
ince it was detected in the first minutes of photo-degradation. On

he contrary, cis-caffeic acid which is known to be formed from
rans-caffeic acid in the first step of the mechanism could not be
bserved on the EEM since no other fluorescence band appeared
n the first minutes of photo-degradation. One can conclude that
2 and 196 min) of trans-caffeic acid with the Hg–Xe lamp (initial concentration of
ffeic acid from the 1000 W Xe light source; (b) UV–vis spectra of pure solutions of

fluorescence emission features of cis- and trans-caffeic acid are too
close to be discriminated, as previously observed for absorption.
Another fluorescence band also appears at 280/310 nm (56 min
of irradiation). This feature could be assigned to protocatechuic
acid because the matrix obtained from pure protocatechuic acid is
closed to this broad band (Fig. 2). However the fluorescence of this
compound does not wholly reproduce the band shape observed
in the photo-degradation process. The presence of vinylcatechol
product could be another hypothesis. Unfortunately, no experi-
mental proof of its presence could be given since this compound
is not available from chemical suppliers. Nevertheless, we  have
been able to calculate the absorption and fluorescence spectra of
this molecule by TD-DFT/PBEO/6-311+G(d,p)/PCM. The theoreti-
cal wavelengths of vinylcatechol are found to be 225, 253 and
284 nm for the absorption electronic transitions and 340 nm for the
fluorescence emission. The spectroscopic properties of this com-
pound are thus also close to the broad band observed from the
photo-degradation of caffeic acid. Both protocatechuic acid and
vinylcatechol were identified by using mass spectrometry (see Sec-
tion 2.2).

3.1.2.2. Fluorescence spectra. Emission fluorescence spectra (Fig. 3)
were recorded by exciting the reactant mixture at the maximum
absorption wavelengths of the different species (312, 385 and
280 nm)  and for different times of irradiation. By exciting at 312 nm,
we clearly show the intensity decrease of trans-isomer fluorescence
band at 415 nm with the irradiation time (Fig. 3a). Concomitantly,
a fluorescence band at 468 nm (Fig. 3a) due to esculetin formation
grows, despite the low absorption of this product at 312 nm.  This
puts forward the high fluorescence quantum yield of esculetin. As
expected, the fluorescence band observed at 468 nm is enhanced by
exciting at the maximum absorption band of esculetin (385 nm), as
seen in Fig. 3b. According to the data previously obtained from exci-
tation emission matrixes, the emission spectra recorded with an
excitation at 280 nm (Fig. 3c) exhibit a fluorescence band around
310 nm which was  previously suggested to be due to the forma-
tion of protocatechuic acid and/or vinylcatechol. The continuous
increase of this fluorescence with irradiation time confirms that
it cannot be attributed to cis-caffeic acid. This isomer can still
not be detected here. Profiles of fluorescence intensities (Fig. 3d)

were extracted at 415, 468 and 310 nm from the three emis-
sion fluorescence spectra. The fluorescence intensity evolutions
are directly linked to the concentrations of the different species.
The rapid decrease of the fluorescence intensity of trans-caffeic
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ig. 2. Excitation emission matrix (EEM) obtained at different times of irradiation
EM  of pure protocatechuic acid (concentration of 2.0 × 10−5 M).

bserved in the first 2 min  can be connected to the fast conversion
o the cis-isomer. At 200 min, trans-caffeic acid is almost completely
onsumed whereas the concentration of esculetin reaches a max-
mum.  On the contrary, the emission at 310 nm does not show
he same behavior since it seems to reach a plateau value after
50 min. Consequently, the formation pathways of the different
bserved photo-products are not linked and then protocatechuic
cid and/or vinylcatechol are not formed from esculetin degrada-
ion, as expected.

.2. Kinetic investigation of the photo-degradation by mass
pectrometry

High performance liquid chromatography coupled to mass spec-
rometry was used to separate the different species involved in
he mechanism, in order to get information about the kinetics
nd the mechanism of the photo-degradation. The trans-caffeic
cid solution was analyzed by HPLC–ESI-MS for different irradi-
tion times with the mercury–xenon lamp. The initial extracted
on chromatogram (Fig. 4) obtained in the absence of irradia-
ion underlines the main occurrence of trans-isomer of caffeic
cid and a very small contribution detected at the same mass
M = 180 g mol−1) attributed to cis-isomer. Upon irradiation, trans-
affeic acid is consumed while cis-caffeic acid (M = 180 g mol−1) is
ormed and reaches a maximum concentration after ∼5 min  under

hese experimental conditions. Then, its concentration decreases
nd is followed by the formation of esculetin (M = 178 g mol−1)
hich is detected after 20 min  of irradiation. The presence of pro-

ocatechuic acid was confirmed here from the standard compound.
16, 56 and 80 min) of trans-caffeic acid (initial concentration of 5.0 × 10−5 M) and

Vinylcatechol is also proposed since a peak was detected at its cor-
responding M = 136 g mol−1. The concentration of protocatechuic
acid cannot be obtained because it remains too low during the
degradation process to be quantified. The concentration of vinyl-
catechol cannot be determined as well since this compound is not
commercially available. Nevertheless, it can be noted that their
concentrations both increase upon photo-degradation.

The concentration profiles of trans-caffeic acid, cis-caffeic acid
and esculetin and the estimated or calculated concentration pro-
files of protocatechuic acid and vinylcatechol are reported in Fig. 5.
These data were compared to the model mechanism presented
in Fig. 6. This model takes into account (i) the reversible trans/cis
isomerization characterized by the kinetic parameters k1 and k−1,
(ii) the formation of esculetin from cis-isomer with a rate con-
stant k2 and (iii) the two  other routes leading to vinylcatechol
and protocatechuic from trans-caffeic acid and characterized by
two independent rate constants k′

1 and k′′
1, respectively. Although

the concentration of vinylcatechol remains unknown all along the
degradation process, the areas of the peaks related to this product
are available and proportional to the concentrations. The k′

1 rate
constant was  then adjusted in order to get the same trend between
the experimental areas profile and the calculated concentration
profile, i.e. in considering a constant ratio between the experi-
mental and calculated profiles. Then a scale factor was applied to
the experimental data to obtain the real concentrations of vinyl-

catechol. Furthermore, the concentrations of protocatechuic acid
are also not precisely determined but they are below the quan-
tification limit of 1 × 10−6 mol  L−1. This limit was obtained from
HPLC–ESI-MS measurements of protocatechuic acid standard and
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Fig. 3. Emission fluorescence spectra obtained at different times of irradiation of trans-caffeic acid from 0 to 5 h by using the spectrofluorimeter as the source of irradiation
(initial concentration of 5.6 × 10−5 M).  (a) Excitation at 312 nm and slit width of 4 nm;  (b)
of  2 nm;  (d) profiles of fluorescence obtained from the emission spectra a, b and c.

Fig. 4. Extracted ion chromatograms obtained before irradiation and at 196 min  of
irradiation of trans-caffeic acid (initial concentration of 5.0 × 10−5 M)  by using the
mercury–xenon lamp.
 excitation at 385 nm and slit width of 2 nm; (c) excitation at 280 nm and slit width

corresponds to the concentration for which the ratio between
the height of the corresponding peak and the noise is 10. An
upper limit of the k′′

1 rate constant was thus estimated in order
to get a maximum concentration of this product below this limit.
With the hypothesis of pseudo-first order reactions, the simulated
data fit well with experimental ones (Fig. 5) by optimizing the
kinetic parameters to the following values: k1 = 3.8 ± 0.1 × 10−3 s−1,
k−1 = 7.0 ± 0.1 × 10−3 s−1, k2 = 1.5 ± 0.1 × 10−5 s−1, k′

1 = 1.5 ± 0.1 ×
10−4 s−1 and k′′

1 = 2.5 ± 0.1 × 10−6 s−1. The pseudo-first order rates
are in disagreement with the work of Carlotti et al. [21] who
observed a degradation of caffeic acid in aqueous solutions upon
UV irradiation following a pseudo-zero order kinetic. It can then be
noticed that the sum of the concentrations of the species present
at a given time are roughly equal to the initial concentration of
caffeic acid (5 × 10−5 mol  L−1). This means that possible other prod-
ucts that could not be detected might have lower concentrations.
The values of rate constants depend on experimental conditions
and notably on irradiation wavelength range. The most important

results of this study rely on the mechanistic aspect of the caffeic acid
photo-degradation. We  show that the photo-isomerization and the
intramolecular cyclization really occur but are not the major routes,
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ince the formation of vinylcatechol seems to be important. So far,
his latter compound was never detected as a product of caffeic
cid photo-degradation. We  can just mention that Grimes et al. [29]
bserved an increase of the total amount of carbon dioxide upon
hoto-degradation. This could be linked to the loss of the caffeic
cid carboxylic group, thus leading to the formation of vinylcate-
hol species. It was also shown that this compound can be formed
y thermal decarboxylation of caffeic acid [40–42] and it was also
etected in roasted coffee [43]. Finally, the pathway leading to the
rotocatechuic acid product, also observed by Grimes et al. [29] and
mat et al. [30], is minor.

.3. Influence of oxygen on the photo-degradation of trans-caffeic
cid
The results presented above were obtained from solutions con-
aining air. Complementary experiments were carried out to test
he real influence of oxygen in our experimental conditions by

Fig. 6. Proposed mechanism of the photo
Fig. 7. Comparison between the compositions of the oxygen containing solution
and the deoxygenated solution (trans-caffeic acid, cis-caffeic acid and esculetin con-
centrations in arbitrary units obtained from extracted ion chromatograms).

using two  cells: one containing air and the other deoxygenated
by degassing 30 min  with a slow Ar stream before irradiation. The
concentrations of trans-caffeic acid and cis-caffeic acid were then
compared for similar irradiation times (5 and 70 min), as seen in
Fig. 7. The decrease of trans to cis conversion in the presence of
Ar compared to oxygen is clear. One can thus conclude that the
photo-isomerization rate is higher in the presence of air. Borges
and Pinto [26] showed that the production of esculetin decreases in
deoxygenated solutions. This formation that occurs in the absence
of oxygen was  explained by an auto-oxidation as suggested by these
authors. In our experiments, the concentrations of esculetin are
similar in both conditions but the very low content of this prod-
uct for the studied irradiation time does not permit to conclude.
Nevertheless, the results reported by Borges and Pinto [26] are
also consistent with an increase of the photo-isomerization. We
underline the fact that the concentrations of vinycatechol and pro-
tocatechuic acid are equal in both conditions.
-degradation of trans-caffeic acid.

3.4. Influence of the complexation on the photo-degradation

Photo-degradation of metal complexes of caffeic acid was  com-
pared to the photo-degradation of free caffeic acid using the
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ame experimental conditions. Samples were first analyzed before
egradation: the extracted ion chromatograms obtained from a
etal–caffeic acid complex are similar to those obtained from free

affeic acid, in terms of retention time (17.7 min) and peak area,

howing that complexes dissociate in the HPLC device (Fig. 8).
herefore, the peaks observed at this retention time are due to the
otal contribution of free and complexed caffeic acid. HPLC–ESI-MS
an still be used for the photochemical study of complexed caffeic

ig. 9. (a) UV–vis spectra (pH = 6.5) obtained at different times of irradiation (0–180 min)
btained from the complexation of Pb(II) ions by esculetin (molar ratio R = Pb(II)]/[escule
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Photobiology A: Chemistry 265 (2013) 10– 19

acid since the photo-degradation is prior to analysis. The compar-
ison with the photo-degradation of free caffeic acid is based on
HPLC–ESI-MS and UV–vis results. Vinylcatechol and protocatechuic
acid were not detected upon irradiation of metal complexes.

3.4.1. Influence of Pb(II) ions
Caffeic acid is known to complex Pb(II) ions [12]. These ions

first coordinate with the carboxylate function to form a complex
of 1:1 stoichiometry. Then both carboxylate and catechol func-
tions are naturally involved in the 2:1 complex [13]. However,
the complexation of caffeic acid is not complete for molar ratio
below 3, preventing the precipitation of lead hydroxide. UV–vis
spectra of Pb(II)/caffeic acid solution were recorded during the
photo-degradation at pH = 6.5 (Fig. 9a), in the same conditions as
the photo-degradation of the free molecule (Fig. 1a). The UV  absorp-
tion bands observed in the 260–360 nm spectral range before
irradiation are linked to the simultaneous presence of free and
complexed (1:1 and 2:1) forms of caffeic acid for a molar ratio of
R = 2 [13]. Thus the decrease of the absorption bands upon irra-
diation is due to the photo-degradation of the free molecule and
of the two  possible complexed forms. Despite the apparent diffi-
culty to distinguish between the three processes, it appears that
this decrease is accompanied by the formation of a neat absorption
band at 390 nm which can be attributed to the complex formed
between esculetin and Pb(II) ions (Fig. 9b). The intensity of this
band is much higher than the absorbance measured in the same

conditions for the photo-degradation of the free form (Fig. 1a),
showing that the formation of esculetin is enhanced by the pres-
ence of Pb(II) ions. These results are confirmed by HPLC–ESI-MS
measurements. Indeed, the esculetin concentration reached in the

 of Pb(II)/caffeic acid complexes (molar ratio of R = 2); (b) UV–vis spectra (pH = 6.5)
tin] from 0 to 3); (c) photo-degradation (pH = 6.5) of free caffeic acid compared to

 time of irradiation (60 and 180 min) obtained from extracted ion chromatograms.
nd esculetin.
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Fig. 10. UV–vis spectra (pH = 5) obtained at different times of irradiation (0–180 min) of (a) free caffeic acid (b) Al(III)/caffeic acid complexes (molar ratio of R = 10); (c)
UV–vis  spectra (pH = 5) obtained from the complexation of Al(III) ions by esculetin (molar ratio R = [Al(III)]/[esculetin] from 0 to 2); (d) photo-degradation (pH = 5) of free
c lar ra
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affeic  acid compared to the photo-degradation of Al(III)/caffeic acid complexes (mo
hromatograms. The y-axis represents the areas of the peaks related to trans-caffei

resence of the complex is higher than with the free molecule,
or a similar irradiation time (Fig. 9c). As this photo-product is
ormed from cis-caffeic acid, this partly explains that the concen-
ration of the latter isomer is lower in the presence of Pb(II) than in
he absence of these ions (Fig. 9c). One can conclude that the rate
onstant k2, related to the formation of esculetin from cis-isomer,
ncreases in the presence of Pb(II) ions (Fig. 6). As for trans-caffeic
cid, its concentration is higher with metal ions at 60 min  of irra-
iation but is lower at 180 min. It implies that the isomerization
eaction is also modified by the complexation process. For low
imes of irradiation such as 60 min, the decrease of the conver-
ion from the trans form to the cis form in the presence of Pb(II)
ons can account for a decrease of the k1/k−1 ratio, where k1 and
−1 are the rate constants corresponding to the isomerization pro-
ess. In contrast, the k2 rate constant enhancement explains that
he amount of caffeic acid that reacted becomes higher after a
iven irradiation time. Thus we confirm the promoter effect of
b(II) ions on the caffeic acid photo-degradation leading to the
ormation of esculetin. This effect is probably linked to the coor-
ination of Pb(II) ions on the carboxylate function of caffeic acid
13].

.4.2. Influence of Al(III) ions
The complexation of Al(III) ions by caffeic acid was  previously

tudied [10]. Unlike Pb(II) ions, Al(III) ions are known to coordinate
referentially to the catechol function. The optimal conditions to
each a complete complexation of Al(III) ions by caffeic acid con-

ist in working at pH = 5 and with a [Al(III)]/[caffeic acid] molar
atio (R) higher than 10 [10]. By this way, the concentration of free
affeic acid can be considered as negligible compared to the concen-
rations of the complexes. The photo-degradation of Al(III)/caffeic
tio of R = 10) for the same time of irradiation (180 min) obtained from extracted ion
 cis-caffeic acid and esculetin.

acid complex was followed by UV–vis spectroscopy (Fig. 10b) and
compared to the photo-degradation of the free molecule at pH = 5
(Fig. 10a). The UV–vis spectrum (Fig. 10b) recorded before irradi-
ation in the presence of Al(III) ions presents an absorption band
at 345 nm which fits well with the maxima at 335 and 347 nm of
the 1:1 and 2:1 complexes, respectively [10]. Upon irradiation, the
decrease of this band is slow (less than 8% after 180 min) and no shift
or new absorption band is observed. Moreover, since no absorption
band at 350 or 390 nm,  corresponding to free or complexed forms
of esculetin (Fig. 10c), respectively, is detected, we can assume that
the presence of Al(III) ions does not enhance the photo-degradation.
The decrease of the photo-degradation of caffeic acid in the pres-
ence of Al(III) ions is confirmed by the HPLC–ESI-MS results. The
areas of the peaks obtained from the extracted ion chromatograms
and related to the concentrations of trans-caffeic acid, cis-caffeic
acid and esculetin are presented on Fig. 10d. Three observations can
be deduced from this figure: (i) the degradation rate of trans-caffeic
acid is much higher in the absence (∼40%) than in the presence (less
than 2%) of Al(III), after the same irradiation time (180 min). (ii)
Conversion to cis-isomer is also hampered by the presence of Al(III)
ions. (iii) The photo-product (esculetin) is observed by irradiation
of free caffeic acid but not by irradiation of the complexes. Thus it is
clear that the presence of Al(III) ions inhibits the photo-degradation
of the molecule. This behavior can be explained by the preferential
fixation site of Al(III) ions on the catechol function of caffeic acid,
this function being also involved in the photo-degradation mech-
anism [23,27,28]. If this latter is blocked by Al(III) ions, the best

stability of the molecule toward photo-degradation can be easily
understood. It is interesting to note that the isomerization is also
inhibited by the presence of this metal ion coordinated to catechol
site.
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.4.3. Influence of Cu(II) ions
The study of the photo-degradation of the Cu(II)/caffeic acid

ystem has been carried out in the same conditions as those used
or Al(III) ions (pH = 5). The photo-degradation of Cu(II)/caffeic acid
omplex (Fig. 11a) was compared to the photo-degradation of the
ree molecule (Fig. 10a). The absorption spectra of Cu(II)/caffeic acid
omplex and free caffeic acid (dotted line in Fig. 11a) are very sim-
lar. Only a slight shoulder appears at approximately 350 nm.  Upon
rradiation, the UV–vis spectra (Fig. 11a) highlight the growth of an
bsorption band in the 350–450 nm range, which can be attributed
o the formation of the complexed form of esculetin (Fig. 11b).
ompared to lead ions, cupric ions have a similar and even more
arked influence on the photo-degradation of caffeic acid. Indeed,
PLC–ESI-MS results (Fig. 11c) show that the formation of the
hoto-product is 20 times larger in the presence of Cu(II) ions than

n its absence whereas it was only 4 times larger in the presence of
b(II) ions. For an irradiation time of 60 min, the cis-isomer formed
as almost completely consumed in the presence of Cu(II) ions

ontrary to the degradation of the free molecule (Fig. 11c). The
onsumption of this isomer is more pronounced than what was
bserved with Pb(II) solutions.

To our knowledge, the coordination site of Cu(II) ions on caffeic
cid has not been identified yet. However, the similar influences
f Pb(II) and Cu(II) ions on the photo-degradation of caffeic acid
ould be explained by a common site of fixation of metal ions on
he molecule such as the carboxylate function.
. Conclusion

This study corroborates the first route of trans-caffeic acid
hoto-degradation already proposed by several authors. This one
 (a) Cu(II)/caffeic acid complexes (molar ratio of R = 2); (b) UV–vis spectra (pH = 5)
letin] from 0 to 5); (c) photo-degradation (pH = 5) of free caffeic acid compared to
ime of irradiation (60 min) obtained from extracted ion chromatograms. The y-axis
n.

is based on the photo-isomerization of the molecule followed by
a cyclization to form esculetin as photo-product. However, this
report reveals the occurrence of another route of major impor-
tance leading to the likely formation of vinylcatechol which was
never observed up to now. As shown previously [29,30], protoca-
techuic acid is also formed but in small amounts. As expected, the
presence of oxygen leads to an increase of the photo-isomerization
rate. This study provides also clear evidence of the influence of com-
plexation to metal ions on caffeic acid photo-degradation. Note that
complexation process with the metal ions was  also observed on
esculetin when this photo-product is formed. In all cases, the photo-
isomerization is reduced by the presence of Pb(II), Al(III) and Cu(II)
ions. In addition, the metal type was  shown to play a significant
role for the esculetin formation. Indeed, the presence of Al(III) ions
leads to a very photo-stable complex and inhibits the formation
of esculetin, whereas Pb(II) and Cu(II) ions enhance the produc-
tion of this compound. This phenomenon might be explained by
the different coordination sites of the metal ions to the ligand: the
preferential fixation site of Al(III) ions is the catechol function and
since this function is involved in the photo-degradation mecha-
nism, the complexation blocks the reaction. On the contrary, the
coordination of Pb(II) ions on the carboxylate function promotes
the formation of esculetin. Finally, one can conclude that, in soils
polluted by heavy metals, the possibility of formation of metal com-
plexes with humic substances contributes to significantly change
the photo-degradation of these substances.
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