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A B S T R A C T

Laser flash-photolysis experiments (lexc = 355 nm) performed with aqueous solutions of Pony Lake and
Waskish Peat fulvic acids at pH = 2 showed formation of transient species with absorption maxima at
470–480 nm with O2-independent lifetimes of 600–700 ms, which were assigned to a phenoxyl radicals.
Formation of these radicals occurs after photoionization of the fulvic acids followed by fast deprotonation
process. Photoacoustic experiments at the same excitation wavelength yielded the O2-independent
fraction of energy stored at times longer than 135 ns. DFT calculations were performed to estimate the
absorption spectra and energy content of the phenoxyl radicals and triplet excited state of the Buffle’s
model of the fulvic acid. Combination of the DFT and photoacoustic data yielded the photoionization
quantum yields of both FA, which were compared to reported values obtained by steady-state and time-
resolved techniques.
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1. Introduction

The light absorbing fraction of dissolved organic matter is
named the chromophoric dissolved organic matter (CDOM), which
can originate from both aquatic microbial sources and terrestrial
sources such as degraded lignin [1]. The chromophoric properties
of CDOM come predominantly from humic substances (HS), which
are widely spread materials in soils and waters where they are
generated during the microbiological and abiotic degradation of
animals and plants [2]. HS are complex, acidic, and amorphous
organic polyelectrolytes, which have a yellow to black appearance.
Their chemical composition and functional structure are strongly
dependent on the geological and environmental conditions
existing during their generation. Typically, HS are classified by
their aqueous solubility. Humic acids (HA) comprise the fraction of
HS only soluble at pH > 2 with average molecular weight between 3
and 5 kDa. Fulvic acids (FA) are soluble under all pH conditions and
present lower average molecular weight, e.g. <1–2 kDa. Finally, the
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completely insoluble fraction at all pH is called humin, which is an
important component of the soil [3]. Therefore, both HA and FA are
the main natural organic macromolecules found in surface waters,
where sunlight absorption has important environmental and
biological consequences [1].

The UV–visible absorption spectra of HS decreases almost
exponentially with the wavelength [4,5], as expected due to the
presence of multi-aliphatic and aromatic moieties in the CDOM.
Thus, the larger UV absorbing capability of CDOM provides to
aquatic organisms a natural UV screening effect from sunlight.
Nevertheless, this protection from UV radiation can also induce the
formation of excited states species in the CDOM allowing direct
and indirect photochemical reactions [6]. In fact, the involvement
of triplet excited states of HS, i.e. 3HS* in energy transfer,
H-abstraction and electron transfer reactions is well documented
[6–8]. Previously, it has been demonstrated the participation of
3HS* in the photosensitized degradation of organic pollutants in
natural waters or in solutions, e.g. monuron [8], bisphenol A [9,10],
sulfa drugs [11], and 2,4,6-trimethylphenol [12]. Later, Chen et al.
[13] investigated the photodegradation of amine drugs in the
presence of HS under simulated sunlight. They showed that the
3HS* were the main reactive species in the photochemical
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degradation of the amine drug through an electron-transfer
mechanism [13]. Canonica et al. showed that CDOM and aromatic
carbonyls, which are well-known photosensitizers, exhibited
strong kinetic analogies in their photosensitizing properties
toward phenols and phenylurea herbicides [14–17], suggesting
that carbonyls groups in HS play a role in photosensitized
reactions.

Flash-Photolysis studies performed by Fischer et al. [18] with
excitation at 350 nm employing HS from different origin showed
transient absorption bands with maximum absorbance at 475 nm
and lifetime in the microseconds range and another at 700 nm,
attributed to the solvated electron. Power et al. [19] excited at
355 nm Mossy Point (Armdale) FA and identified up to four
transient signals at pH = 7. One of them with lmax = 675 nm and
lifetime �1 ms was assigned to the solvated electron. The second
component with lmax = 475 nm and a lifetime of 1–10 ms was
assigned to a radical cation on the basis of its concurrent
appearance with the solvated electron within 20 ps. The third
component with a featureless transient absorption and a lifetime
>100 ms was assigned to the triplet states of FA, while the fourth
transient absorption signal with a lifetime �50 ns remained
unidentified. Later, Sul’timova et al. [20] employed the laser
excitation at lexc = 337 nm to investigate the transient species
formed upon irradiation of peat FA solutions under alkaline
conditions. These authors detected several short-lived intermedi-
ates that are efficiently quenched by molecular oxygen, and thus
were assigned to triplet states.

In addition, Bruccoleri et al. [21,22] employed magnetic circular
dichroism and photoacoustic techniques to determine triplet state
energies and quantum yields of Mossy Point (Armdale) and
Laurentian FAs in the pH range of 2.5–9.0. The measured triplet
energies were in the range from 170 to 190 kJ mol�1 with singlet-
triplet splitting DEST� 29 kJ mol�1 and intersystem crossing
quantum yields between 0.3 and 0.8.

Considering the complex nature of HS, given by origins and
geological processes, exhaustive transient species characterization
is needed. In this work, we present a combined laser-flash
photolysis and photoacoustic study of FA derived from two classes
of precursor organic material [23], i.e., decomposed plant material
and soils of terrestrial (allochthonous) origin, e.g. Waskish Peat
(WPFA); and from organic material produced by algae and bacteria
(autochthonous), e.g. Pony Lake (PLFA). UV-A pulsed laser at
lexc = 355 nm was used for excitation of the FA solutions at pH < 2,
Fig. 1. Schematic drawing of the Buffle’s model for fulvic acids. Black, red and white circle
bonded to oxygen atoms are shown. Letters indicate the OH groups involved in the fo
identification of dihedral angles. (For interpretation of the references to colour in this 
to assure full protonation of the carboxylic acid residuals present in
the FA allowing the comparison of the transient absorption spectra
with those obtained from theoretical calculations with the
protonated Buffle’s model [24,25].

Density functional theory (DFT) calculations were carried out
on the singlet (ground-state) and excited triplet electronic states of
the Buffle’s model [26] of fulvic acids, as well as on the phenoxyl
radicals that can be formed from it. Their conformational space was
examined in a systematic way in the search of lower-energy
structures. For the lowest-energy conformations of the triplet
electronic state and the phenoxyl radicals the absorption spectra
were also calculated to aid in the interpretation of experimental
results.

2. Materials and methods

2.1. Materials

Waskish Peat (WPFA) and Pony Lake (PLFA) fulvic acids were
from International Humic Substances Society (IHSS) and used as
received. The pH of the solutions was adjusted by addition of stock
solutions of HClO4 or NaOH, both reagents from Merck. Deionized
water (>18 MV cm, <20 ppb of organic carbon) was obtained from
a Millipore system (Bedford, MA).

2.2. Laser flash photolysis (LFP) experiments

LFP experiments were performed by excitation with the third
harmonic of a Nd:YAG Litron laser (2 ns FWHM) at 355 nm. The
analysis light from a 150 W Xe arc lamp, was passed through a
monochromator (PTI 1695) and detected by a 1P28 PTM photo-
multiplier. A 10 mm- pathlength cuvette was employed. Decays
typically represented the average of 64 pulses and were taken by
and stored in a 500 MHz Agilent Infiniium oscilloscope.

2.3. Photoacoustic measurements

Photoacoustic measurements were performed by using a set-up
already described [27]. A Q-Switched Nd:YAG laser (7 ns FWHM)
operating at 355 nm, was used as excitation source (1 mm diameter
in the cell). A home-made ceramic piezoelectric (4 � 4 mm)
transducer with an appropriate amplifier was used to detect the
acoustic signals. A rectangular slit of 1 mm width was placed in
s represent carbon, oxygen and hydrogen atoms, respectively. Only hydrogen atoms
rmation of the phenoxyl radical. Selected carbon atoms are numbered to ease the
figure legend, the reader is referred to the web version of this article.)
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front of the sample holder in order to obtain an acoustic transit
time of ta = 675 ns. Under this condition, all transient species with
lifetimes longer than 135 ns (i.e. ta/5) can be considered as energy-
storing species for the photoacoustic experiment [28]. Measure-
ments were performed by averaging the acoustic signals generated
by 64 laser shots for better signal to noise ratio. The laser was
operated at a repetition rate of 2 Hz. Comparison of the absorption
spectra of the solutions before and after each set of laser shots
showed that for all the samples no photobleaching neither
photoproducts were observed under the experimental conditions
[29]. New Coccine (NC) was used as calorimetric reference [30].
Sample and reference solution concentrations were matched
within 2% to absorbance values between 0.08 and 0.22 at the laser
excitation wavelength. The experiments were performed either
under N2 or O2 saturation, bubbling for 20 min with solvent-
saturated gas previous to the measurements.

2.4. Fluorescence experiments

Fluorescence spectra were measured with a Hitachi F-2500
(Hitachi High-Technologies Corp., Kyoto, Japan) instrument using
excitation and emission slit width of 5 nm. Fluorescence quantum
yields (Ff) of the HS in aqueous solutions with excitation
wavelength at 355 nm were determined by actinometry using as
reference quinine sulfate (QS, from Fluka) in 0.5 M H2SO4 [31],
Eq. (1).

Ff
S ¼ Ff

R GradS
=GradR

� �
hS

2=hR
2� � ð1Þ

Where, hR and hS are the refractive indices of the sample and
reference solutions, respectively. Ff

R = 0.546 corresponds to the
fluorescence quantum yield of QS [31], and Ff

S is the fluorescence
quantum yield for the sample. GradS and GradR are the slopes of the
plots representing fluorescence integrated area vs absorbance at
355 nm for the sample and reference, respectively (Fig. S1
Supplementary material).

2.5. Computational details

The fulvic acid (FA) was represented by the Buffle’s model [32],
see Fig. 1. The conformational space of FA was explored using the
Self Consistent Charge Density Functional Tight Binding method
[33] as implemented in the dftb+ program [34]. The mio-1-1
parameter set was used for the calculations [33]. Several starting
structures of FA were generated by selected modifications of
dihedral angles of the longer side branches. As low-lying triplet
electronic states as well as the phenoxyl radical of FA are also of
Fig. 2. Transient absorption spectra of the intermediates formed from Ar-saturated (�
(18.8 mg L�1, right) solutions of pH = 2.0 generated in LFP at the excitation wavelength of 3
indicated.
interest, starting geometries were generated for those states. The
OH groups labeled with letters a and b in Fig. 1 were taken into
account to generate the phenoxyl radical. Thus, about 1200 starting
structures generated for the four species described were optimized
at the SCC-DFTB level of theory and the geometries were analyzed
to discard duplicated structures.

The resulting geometries were further optimized using the
hybrid GGA exchange-correlation functional PBE0 [35] with the
Def2-TZVP basis set for all atoms [36]. To alleviate the computa-
tional cost the resolution of the identity in its RIJCOSX version was
used [37].

After optimization, the Hessian matrix of the energy with
respect to the nuclear coordinates was constructed and diagonal-
ized and its eigenvalues were used to verify whether the
geometries are local minima or saddle points on the potential
energy surface of the molecules. Only those conformers lying up to
8.4 kJ mol�1 above the corresponding ground state were consid-
ered for further investigation.

The absorption spectra of the stable conformers of the triplet
state and the phenoxyl radical of FA were calculated within the
framework of the time-dependent density functional theory [38].
The same density functional and basis sets that were employed for
geometry optimization are used to that end.

Solvent effects (water) were considered implicitly through the
Conductor-like Screening Model [39] both for geometry optimi-
zations and for the absorption spectra to include electrostatic
contributions to the total electronic energy. All the calculations
were carried out with the ORCA package [40]. All figures were
produced with the aid of the Avogadro program [41].

3. Results and discussion

3.1. Transient species of PLFA and WPFA

Fig. 2 shows the transient absorption spectra of both FA samples
observed immediately after the laser pulsed excitation of either
both Ar- or O2-satured solutions. The experimental error bars are
the standard deviation for triplicate experiments of the differential
transient absorption value (DA) after 10 ms of the excitation pulse,
obtained by single exponential fitting of the decay curve (inset of
Fig. 2). In all cases, the decays fall to DA1 = 0, accordingly with the
lack of photobleaching after irradiation. Within the experimental
error, both the transient spectra and lifetimes of each species were
independent of the presence of O2, e.g. tAr = 610 � 20 ms and
tO2 = 600 � 20 ms for PLFA, and tAr = 690 � 20 ms and tO2 = 660
� 20 ms for WPFA. This result suggests that the transient band
observed with maximum at �480 nm should not be assigned to
) and O2-saturated (�) solutions of Pony Lake (9.8 mg L�1, left) and Waskish Peat
55 nm. The insets show the transient decays at 480 nm under Ar and O2 saturation as
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triplet species, but to radical species of the FA samples as described
below.

At the excitation wavelength of our experiments (355 nm) all
quinones absorb [42]. The excited states of quinones are better
electron acceptors than their ground-states. A plausible explana-
tion of our results includes the postulation of a charge-transfer
process from a donor group of FA, such as a polyphenol, to a more
oxidized acceptor (A*) such as a triplet state of a quinone to yield a
radical cation of the phenolic moiety (PhOH+) and the radical anion
of the quinine (A�) (reaction (2)). In fact, De Laurentiis et al. [43]
proposed this mechanism to account for the phototransformation
of phenol upon excitation of a quinone sensitizer at 355 nm.

PhOH + A* ! PhOH�++ A� (2)

PhOH+ + H2O ? PhO� + H3O+ (3)

However, due to the negative pKa values of the radical cations of
phenols, in the presence of small amounts of water, reaction (3)
takes place and the phenoxyl radical is the only observed transient
in photosensitized electron transfer processes [44]. Phenoxyl
radicals of phenols with electron withdrawing substituents
present absorption in the 400–500 nm wavelength range
[44,45], in agreement with our data. This mechanism is supported
by the physical model proposed for CDOM, in which charge-
transfer interactions between electron donating and accepting
chromophores within the CDOM control their optical and photo-
physical properties [1].

The signals intensity at the shortest time measured (10 ms) in
the LFP was independent of the concentration of molecular oxygen
(Fig. 2). This fact is against the charge-transfer mechanism for the
formation of the phenoxyl radicals because in the presence of
oxygen the fraction of the precursor triplet states A* scavenged by
PhOH (reaction (2)) should decrease because of the competitive
energy transfer from A* to molecular oxygen to yield singlet
oxygen.

A plausible pathway leading to formation of phenoxyl radicals
upon 355 nm excitation of CDOM is photoionization (reaction (4))
[46] followed by deprotonation (reaction (3)).

PhOH + hn ! PhOH+ + e� (aq) (4)

Unfortunately, the low sensitivity of our photomultiplier in the
region of 700 nm close to the maximum absorbance of the solvated
electron [47] precluded detection of this species. However, the
generation of the radical species by reaction (4) is supported by the
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Fig. 3. Photoacoustic signals of New coccine (NC, solid line: Air) and PLFA (dashed
line: saturated in O2, dotted line: in N2) measured in water solutions of matched
absorbance (0.105 � 0.001) at 25 	C.
works of Fischer et al. [18] and Power et al. [19]. These authors
observed formation of the solvated electrons and the transient
species with absorption maxima at 475 nm.

In order to further corroborate whether the photoionization
route is the responsible for the formation of the phenoxyl radicals,
photoacoustic measurements were done to determine the fraction
of energy released to the medium as prompt heat in N2- and O2-
saturated solutions.

3.2. Photoacoustic measurements

Fig. 3 shows the laser energy-normalized photoacoustic signals
for the reference NC (solid line), and the sample PLFA in N2- (dotted
line) and O2- (dashed line) saturated aqueous solutions of the same
absorbance at 355 nm.

In all cases, the photoacoustic signals of both FA samples were
in phase with that of the calorimetric reference NC. As it has been
well discussed [31,48,49], this type of photoacoustic behavior
corresponds to a relaxation process of the excited states much
faster that the integration time of the piezoelectric transducer, e.g.
ta/5 �135 ns, where ta is the transit acoustic time of the
experiment (675 ns). Under this condition, all transient species
with lifetimes longer than 135 ns can be considered as energy-
storing species for the photoacoustic experiment [28].

In the case of the acoustic signal for NC, a dye without
photochemistry and formation of long-lived excited species [30],
all the deactivation processes take place in a time <<ta/5 by non-
radiative relaxation and it can be considered as 100% of prompt
heat released to the solution without volume contribution to the
acoustic signal [48]. Then, the acoustic signal of the sample
accounts for the prompt formation of long-lived storing-energy
species such as the phenoxyl radical of the FA (t �650 ms) (see LFP
experiments). In this case, the peak to peak amplitude of the first
acoustic pulse (H) was used to measure the prompt heat (a)
released to the medium by the sample within the time resolution
of the experiment (Amplitude method) [50]. Plots of H as a
function of the excitation fluence (F) for the reference NC and for
the FA samples in the presence of N2 or O2, show linear
relationships and excellent reproducibility at different absorban-
ces for laser fluences lower than 30 J m�2. These results can be
interpreted by using Eq. (5) [49],

H
F
¼ Ka 1 � 10�A355

� �
ð5Þ
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Fig. 4. Amplitude of the fluence-normalized photoacoustic signals as a function of
the fraction of absorbed energy for aqueous solutions of PLFA in O2 (squares), N2

(triangles) and NC (circles).



Table 1
Photophysical data of fulvic acids in aqueous solutions, determined in this work.

Humic Substance El= aEl + EfFf + EstFst

aFA� 0.09 aEl
(a) (kJ mol�1) EfFf

(b) (kJ mol�1) EstFst
(c) (kJ mol�1) Fst� 0.02 Fst

LL(d)

PLFA pH 2 / N2 0.94 317 3.30 16.94 0.06 0.05
PLFA pH 2 / O2 0.92 312 2.93 22.47 0.08 0.07
WPFA pH 2 / N2 0.94 316 1.43 19.42 0.07 0.06
WPFA pH 2 / O2 0.94 317 1.34 18.90 0.07 0.06

Experimental errors: (a) �10%, (b) �5%, (c) �15%. (d) Lower limit of Fst obtained taking Est = 337 kJ mol�1.

Fig. 5. Stable conformations of the Buffle’s model for fulvic acids in its singlet electronic state. Black, red and white circles represent carbon, oxygen and hydrogen atoms,
respectively. Conformer 2 is 5.06 kJ mol�1 higher in energy than conformer 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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where K is an experimental constant containing the thermoelastic
properties of the solution and instrumental factors, A355 is the
sample absorbance at the excitation wavelength (355 nm), and a is
the fraction of energy released to the medium as prompt heat.
Fig. 4 shows linear plots of H/F as a function of the fraction of
absorbed energy for reference and PLFA in solutions with O2 and
with A355 between 0.08 and 0.22. The H/F values for each solution
were obtained from the corresponding linear plots of H vs F.

Taking into account that aNC = 1 for NC and that the measure-
ments for sample and reference were performed under the same
experimental conditions, the slope ratio between the plots of Fig. 4
for FA and NC yielded the aFA values of FA (Table 1). Hence, the
ig. 6. Stable conformations of the Buffle’s model for fulvic acids in its triplet electronic st
xygen and hydrogen atoms, respectively. The arrow indicates the location of the H atom
ferences to colour in this figure legend, the reader is referred to the web version of th
energy balance is given by Eq. (6),

El ¼ aFAEl þ FfEf þ FstEst ð6Þ
where; El is the energy of the excitation laser (
337 kJ mol�1); Ef is
the energy level of the lowest singlet excited state and Ff is the
fluorescence quantum yield in N2-saturated solutions; while Fst

and Est are the formation quantum yield and the energy content of
the long-lived state, respectively. The Ef value for each FA was
estimated by overlapping energy between the normalized excita-
tion and emission spectra of the FA (Fig. S2 Supplementary
material).
ate (T) and as phenoxyl radical (R). Black, red and white circles represent carbon,
 removed for the generation of the phenoxyl radical. (For interpretation of the

is article.)
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The independence of the aFA values of the concentration of
molecular oxygen further supports the assignment of the transient
to the phenoxyl radical of FA.

3.3. Theoretical calculations

In order make sure whether it is reasonable that the species
observed in the LFP experiments is a phenoxyl radical formed by
reactions (4) and (3), DFT theoretical calculations of the absorption
spectra and energy content of the triplet state and phenoxyl
radicals of the Buffle’s model were performed. For completeness,
the singlet ground state corresponding to the Buffle’s model was
also investigated.

Results of the conformational search on the ground state singlet
electronic state of the Buffle’s model in the solvent phase (water)
show two stable conformations (1 and 2) within the threshold of
8.4 kJ mol�1. Conformer 2 is only 5.1 kJ mol�1 above conformer 1.
The most important differences between the two conformations
lie in the shorter side branch, see Fig. 5 and Table S1 in the
Supplementary material, which shows some selected dihedral
angles.

In the case of the triplet electronic state of the Buffle’s model in
water, one conformation is favored with respect to the others in
more than 25 kJ mol�1, thus that conformation, T from now on, is
considered for further investigation, see Fig. 6. Selected geometri-
cal parameters of the most stable triplet state are shown in
Table S1. It can be seen from the table that the triplet electronic
state undergoes appreciable conformational changes when it is
formed from the singlet electronic state of the Buffle’s model.

Conformer T is found to be 150.7 kJ mol�1 higher in energy than
conformer 1, whereas it is 145.6 kJ mol�1 above conformer 2. These
values are in very good agreement with data obtained for FA from
photoacoustic experiments and magnetic circular dichroism
spectra, which are in the range 170–190 kJ mol�1 [21,22].

The phenoxyl radical is formed allowing the removal of H-atom
from the OH groups labeled a and b in Fig. 1. Interestingly, a
conformer obtained by removing the H-atom from the a site
becomes the more stable phenoxyl radical found in the present
work, it will be called R from now on. Another stable phenoxyl
radical obtained from site a is found to be about 29 kJ mol�1 above
conformer R. On the other hand, the most stable phenoxyl radical
Fig. 7. Simulated spectra for conformers of the Buffle’s model for fulvic acids in its triple
references to colour in this figure legend, the reader is referred to the web version of t
obtained from site b is more than 50 kJ mol�1 higher in energy than
conformer R. Selected geometrical parameters of the most stable
phenoxyl radical, R, are listed in Table S1 and Fig. 6 shows its
optimized structure. Further studies are carried out on that
conformation.

On the other hand, addition of reactions (4) and (3)
(photoionization followed by deprotonation of the radical cation)
yield reaction (7).

R-OH + H2O + hn ! R-O� + H3O+ + e�(aq) (7)

The reaction energies for the above equation were calculated for
the conversion of conformers 1 and 2 into the phenoxyl radical R.
The reaction energies are 278.3 and 272.7 kJ mol�1 when R-OH is
conformer 1 and conformer 2, respectively. For the calculation it
was assumed that the thermal corrections to convert the total
electronic energy to Gibbs free energy cancel when the R-OH + H2O
contribution is subtracted from the R-O� + H3O+ contribution. For
the Gibbs free energy of the solvated electron the experimental
value of �307 kJ mol�1 is considered [51]. The above reaction
energies correspond to wavelengths of 430 and 438 nm, respec-
tively, which suggest that the phenoxyl radical could be formed by
irradiating the singlet electronic states of the Buffle's model with
light of 355 nm.

Absorption spectra are calculated for conformers T and R
(Fig. 7). From the comparison of Figs. 2 and 7, it can be seen that
there is good agreement between experimental and calculated
spectra. The shape of the calculated spectra is very similar to
experimental ones. It is also evident from the figure that calculated
spectra are blue-shifted by about 100 nm. The absorption maxima
of conformers T and R are found at about 320 and 350 nm,
respectively. Despite the shift to low wavelengths, the theoretical
results clearly suggest that both the triplet electronic state and the
phenoxyl radical could account for the experimental transient
spectra shown in Fig. 2. However, experimental LFP and photo-
acoustic data support the assignment to the phenoxyl radical.

3.4. Calculation of the quantum yield of reaction (7)

The good agreement between the triplet energy content
calculated here for the Buffle’s model and reported photoacoustic
data [21,22] encouraged us to calculate the quantum yield of
t electronic state T (black) and as phenoxyl radical R (red). (For interpretation of the
his article.)
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reaction (7) from the values of EstFst measured here for the FA and
our theoretical value of energy content of reaction (7) as Est.
Considering conformers 1 and 2 and the phenoxyl radical R,
Est = 278.3 kJ mol�1, and the values of Fst listed in Table 1 are
obtained. These photoionization quantum yields are on the order
of those obtained for FA and CDOM by LFP [21,52]. However, it is
now accepted from steady-state measurements that the photo-
ionization quantum yields of humic substances vary from
approximately 10�5 to 10�4 over the wavelength range 300–
400 nm [53]. To account for this discrepancy, it was argued that the
higher values obtained in LFP experiments are due to multiphoton
ionization [52].

It could be possible that when high laser fluences are employed,
multiphoton excitation occurs in LFP experiments. However, this is
not the case of the photoacoustic experiments, where <100 mJ per
pulse after the rectangular slit was measured. Under these
conditions the linear plots shown in Fig. 4 guarantees the
single-photon conditions for the photoacoustic experiments.
Considering the upper limit for Est, which is the excitation energy
of 337 kJ mol�1, the calculated lower limit for Fst, i.e. Fst

LL, is
obtained (Table 1). These values are almost coincident with those
obtained when the calculated energy of reaction (7) is employed
(compare the last two columns of the table). All these results seem
to indicate that multiphotonic irradiation is not the reason for the
discrepancy between the steady-state and time-resolved
photoionization quantum yields of humic substances or CDOM.

4. Conclusion

We present here experimental and theoretical evidence for the
formation of phenoxyl radicals of fulvic acids upon irradiation in
the UV-A region. The generation of this type of radicals was
previously shown by EPR measurements with humic acids
solutions exposed to UV and visible light [54]. Formation of
CDOM phenoxyl radicals was also inferred from accelerated
sensitized photolysis observed when probe compound concen-
trations decrease below approximately 1 mM [1].

Given the low efficiencies of formation in natural waters and
the fact that other components such as tryptophan (free or in
combined form) generate solvated electrons upon irradiation, it is
unlikely that CDOM-derived e�aq has a significant environmental
impact [52]. However, phenoxyl radicals can be formed not only
upon photoionization, but also as a result of charge-transfer
processes (see reactions (4) and (3)). Although the importance of
charge-transfer interactions in the photophysics and photochem-
istry of CDOM is recognized [1], the role of the phenoxyl radicals as
photooxidants able to react with a huge variety of compounds [55]
in the degradation of contaminants in natural waters is dis-
regarded.
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