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The role of humic acid aggregation on the kinetics of photosensitized singlet
oxygen production and decay†
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The effect of humic acid (HA) aggregate formation on the photosensitized generation and subsequent
quenching of singlet molecular oxygen O2(a1Dg) was investigated. Time-resolved O2(a1Dg)
phosphorescence traces were obtained from (a) bulk samples of HA dispersions and (b)
microscope-based experiments performed upon irradiation of a single HA aggregate. In the bulk
experiments, the dependence of the O2(a1Dg) lifetime on the HA concentration yields a critical
concentration for the formation of micrometric HA aggregates of 0.58 g L-1. This value is consistent
with that obtained using pyrene as a fluorescent probe (0.38 g L-1). Microscope-based experiments were
also performed with HA samples containing added singlet oxygen sensitizers; either the hydrophobic
meso-tetraphenylporphyrin (TPP) or the hydrophilic 5,10,15,20-tetrakis(N-methyl-4-pyridyl)-
21H,23H-porphine (TMPyP). Singlet oxygen phosphorescence could only be detected upon irradiation
of TMPyP, a molecule which localizes on the exterior part of the HA aggregates. The inability to detect
O2(a1Dg) phosphorescence from HA samples containing TPP is consistent with the model that the
O2(a1Dg) produced in the interior of the aggregate was completely quenched by the high local
concentration of HA reactive groups in this environment.

Introduction

In aquatic ecosystems, singlet molecular oxygen, O2(a1Dg), is
considered to be important in the photochemical degradation or
modification of organic pollutants.1 Singlet oxygen is the lowest
excited electronic state of molecular oxygen, and has a unique
chemistry different from that of the triplet ground state of oxygen,
O2(X3R g-).2,3 The formation of O2(a1Dg) in aquatic ecosystems can
be achieved by photosensitization. In this process, a molecule (the
so-called sensitizer) absorbs sunlight to populate an excited state
which, in turn, transfers its energy of excitation to O2(X3R g-) in a
collision-dependent process to produce O2(a1Dg).

In natural waters, humic substances (HS) represent the main
fraction of dissolved organic carbon that absorb solar radi-
ation and, therefore, they play an important role in aquatic
photochemistry.4 In particular, HS act as O2(a1Dg) sensitizers.1,5–7

Photolysis of HS also leads to the formation of other reactive
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species including free radicals and hydrated electrons,8 reactive
triplet states,9,10 hydroxyl radicals,11,12 superoxide,13 and hydro-
gen peroxide,14,15 all of which play a role in aquatic photo-
chemistry.

Detailed knowledge of the molecular sizes of the HS is essential
for understanding their physical-chemical properties and envi-
ronmental role. Traditional concepts which originated from the
supposed observations of large molecular weights,16,17 postulated
that HS were comprised of polymeric macromolecules.18 However,
evidence gathered during the past decade based on a wide range
of techniques provide a new view.19 This alternative perspective
indicates the large molecular weights of HS is only apparent
and results, rather, from self-assembly of relatively small and
heterogeneous humic molecules into large supramolecular species
stabilized by weak dispersive forces.20

The same interactions that promote supramolecular associa-
tion also lead to the formation of micrometric micelle-like HS
aggregates in which intra- or intermolecular organization pro-
duces interior hydrophobic domains separated from the aqueous
surroundings by exterior hydrophilic layers.19,21 Values of the
critical micelle concentration (cmc) depend on parameters such
as pH, temperature, and the nature of the HS itself. It was
recently demonstrated that within the hydrophobic interior of HS,
concentrations of O2(a1Dg) were 2–3 orders of magnitude higher
than that in bulk solution.22 In this line, Hassett proposed that
the chromophoric dissolved organic matter acts as a microreactor
that could enhance the reactivity of a contaminant by bringing it
into close association with photochemically produced O2(a1Dg).23
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In light of such HS aggregate formation and the fact that HS
sensitized O2(a1Dg) production plays an important role in aquatic
photochemistry, it is imperative that one characterize O2(a1Dg)
behavior as a function of HS aggregation over a wide range of HS
concentrations. We thus set out to investigate the extent to which
aggregation of humic acids (HA) influence the kinetics of O2(a1Dg)
formation and deactivation. Studies were performed using (a)
bulk samples contained in a cuvette, and (b) spatially-resolved,
microscope-based experiments. The data obtained indicate that
HS structure indeed influences the behavior of O2(a1Dg).

Experimental

Materials

Aldrich humic acid sodium salt was employed in our experiments.
Although this humic acid has its limitations as a model for
dissolved organic matter present in natural waters,24 we chose
this material because of its relatively high molecular weight,
its close correspondence to soil organic matter, its reported
supramolecular structure in aqueous solution22 and because it
was previously used in fluorescence quenching studies, which have
demonstrated associations between hydrophobic compounds and
macromolecular organic matter.25,26

meso-Tetraphenylporphyrin (TPP) and 5,10,15,20-tetrakis(N-
methyl-4-pyridyl)-21H,23H-porphine (TMPyP), whose structures
are given in the ESI (Fig. S1),† were obtained from Porphyrin
Systems. Deionized water was obtained from a Millipore system.

Instrumentation

Absorption spectra were recorded using a Shimadzu model
3600 UV-Vis-NIR spectrometer. Fluorescence measurements were
made using a Jobin–Yvon SPEX Fluorolog spectrofluorometer
(model FL3-11) equipped with a steady-state Xe lamp as the
excitation source. The fluorescence spectra of pyrene were recorded
from 350 to 550 nm with excitation at 337 nm. The slit widths for
both excitation and emission were set to yield a spectral resolution
of 3 nm.

Microscope images were obtained using an Olympus IX70 in-
verted microscope (60¥ water-immersion objective). Fluorescence
images were performed by irradiating the sample with a steady-
state Xe lamp, using interference filters to select the appropriate
excitation wavelength (lexc = 420 nm). Light emitted by the
sample was detected through interference filters (lem = 650 nm)
using a CCD camera (Evolution QEi controlled by ImagePro
software, Media Cybernetics) placed at the image plane of the
microscope. Bright-field images were recorded using the same
CCD camera, and backlighting was achieved with a tungsten lamp.
The ratiometric images were obtained using ImageJ software.

O2(a1Dg) measurements were performed using instrumentation
that has been described previously.27–31 Briefly, the 840 nm output
of a femtosecond laser was amplified and then frequency-doubled
to 420 nm with a beta barium borate crystal. Experiments with
bulk samples were performed in 1 cm pathlength cuvettes using
the collimated output of the femtosecond laser as the excitation
source. The O2(a1Dg) phosphorescence intensity obtained from
the cuvette was measured by placing a 1275 nm interference filter
in front of a cooled photomultiplier (PMT, Hamamatsu model

R5509-42) which was used in a photon counting mode. The PMT
was cooled to -80 ◦C by a flow of gaseous nitrogen that had been
pumped through a dewar of liquid nitrogen. Experiments were
performed using the unfocused output of the laser (beam diameter
~ 7 mm) operated at a repetition rate of 1 kHz such that 5 mJ pulse-1

were delivered to the sample. In the microscope experiments, the
samples were placed in an atmosphere-controlled chamber that
was mounted on the translation stage of the microscope. The
output of the femtosecond laser system was focused into the
sample using the microscope objective (diameter at the beam
waist was ~1 mm). The O2(a1Dg) phosphorescence emitted was
collected using the microscope objective, spectrally isolated using
an interference filter, and transmitted to the photomultiplier tube
operated in a photon-counting mode. It should be noted that,
although the waist of the focused laser beam at the sample is
~1 mm, singlet oxygen will be generated in a larger spatial domain
due to the scattering of the incident light by the sample.32 The
laser was operated at a repetition rate of 1 kHz with an excitation
energy of 10 nJ pulse-1 delivered to the microscope objective.

Experimental protocols

Determination of cmc using pyrene as a probe. Pyrene was
used as a fluorescent probe to determine the cmc of HA in
aqueous medium. In these experiments, pyrene was first dissolved
in methanol to a concentration of 2.0 mM. This stock solution was
then diluted with deionized water to yield a pyrene concentration
of 2 mM. This latter solution was used as a solvent to prepare
solutions containing different concentrations of HA, CHA, over
the range 0.005–0.9 g L-1. The pH of these solutions ranged from
8.0 to 9.5 depending on CHA. For a solution with a given CHA, the
values of I 1/I 3, representing the ratio of the fluorescence intensity
of the first (I 1, ca. 373 nm) and third (I 3, ca. 384 nm) vibronic
bands of pyrene, were calculated and plotted against the CHA.33

The cmc value was derived from the intercepts of the slopes for
the rapidly varying part and the nearly horizontal part of the
plot.34 Absorption spectra of the samples were used to correct the
I 1/I 3 ratio for both primary and secondary inner filter effects.35

O2(a1Dg) phosphorescence. Cuvette experiments: All the HA
suspensions were made in D2O and sonicated for 20 min. The CHA

range studied was 0.06–1.6 g L-1 and the pD ranged between 8.5
and 10.5. Microscope experiments: Stock solutions of TMPyP in
D2O (A420nm = 1.2), TPP in CH2Cl2 (A420nm > 3.5) and HA in D2O
(2.6 g L-1) were prepared. Then, three different dilutions were
independently performed as follows: (a) the HA suspension was
diluted with D2O to a concentration of 1.3 g L-1. (b) 5 mL of the
TMPyP stock solution was added to 5 mL of the HA suspension.
(c) 20 mL of the TPP stock solution and 5 mL of D2O were added
to 5 mL of the HA suspension. The remaining concentration of
CH2Cl2 (0.2%) in the HA-TPP solutions was considered not to
affect the self-aggregation behavior of HA.

In the three suspensions described above, both the CHA (1.3 g L-1)
and the pD (around 10) were the same. To measure the O2(a1Dg)
phosphorescence in the microscope, 20 mL of each suspension were
dropped onto cover slips coated with poly-D-lysine and they were
left to dry for 3 h at room temperature. Bright-field microscope
images of the HA aggregates showed that 3 h was a sufficient time
to allow fixation of the aggregate to the cover slips. After drying,
60 mL of D2O were added to the sample.
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During the experiments with focused irradiation, the samples
were exposed to an atmosphere of 100% O2(X3R -

g). Due to the
low intensity of the O2(a1Dg) phosphorescence signal, the samples
were irradiated and data accumulated for 1 h. The aggregates
selected to measure O2(a1Dg) phosphorescence were bigger than
5 mm in diameter (recall that the beam waist of the focused laser
was ~1 mm in diameter, vide supra). Bright-field images recorded
before and after the irradiation of the sample were used to assess
the morphology and the position of a given HA aggregate.

Results and Discussion

HA critical micelle concentration

Fig. 1 shows fluorescence spectra of pyrene recorded in H2O
dispersions of HA at different concentrations of HA, CHA.
For this experiment, we rely on the fact that the ratio of the
corrected intensities of the 373 nm and 384 nm bands of pyrene
fluorescence, denoted (I 1/I 3)corr, which is larger in polar media
and decreases with decreasing polarity, can be used to monitor
the microenvironment of pyrene.33 By monitoring this ratio vs.
CHA, it is possible to obtain a value for the HA cmc under our
experimental conditions (see inset of Fig. 1). In this experiment, a
cmc value of 0.38 g L-1 was determined.

Fig. 1 Fluorescence spectra (lexc = 337 nm) of a series of aqueous HA
samples that contain pyrene (2 mM): From top to bottom CHA = 0.013,
0.027, 0.106, 0.440 and 0.810 g L-1. Vertical lines have been superimposed
to identify the bands used to create the ratio I 1/I 3. Inset: Plot of the
corrected ratio I 1/I 3 vs. CHA.

Fig. 1 shows that, at low CHA, the ratio (I 1/I 3)corr = 1.6, while for
CHA > cmc, (I 1/I 3)corr equals 1.06. Saxena et al.36 found a linear
correlation between the ratio I 1/I 3 and the dielectric constant of
the medium. The values of (I 1/I 3)corr = 1.6 and 1.06 correspond to
media with dielectric constants coincident with those of water and
a short chain alcohol, such as ethanol or propanol, respectively.

Although Šmejkalová and Piccolo37 have concluded in an
independent NMR study that some of their HA samples (not
supplied by Aldrich) showed micelle-like behavior with large cmc
values of about 4 g L-1, we show HA aggregation at a much lower
concentration, as also observed by Kučerı́k et al. by high resolution
ultrasonic spectroscopy.38

Bulk O2(a1Dg) experiments

To evaluate the effect of HA aggregation on the O2(a1Dg) lifetime
(tD), time-resolved O2(a1Dg) phosphorescence experiments were
performed using bulk samples in cuvettes over the CHA range
of 0.06–1.6 g L-1. Fig. 2 shows representative 1275 nm O2(a1Dg)
phosphorescence traces obtained upon 420 nm irradiation of HA
in air-saturated D2O dispersions containing different amounts of
HA. Experiments were performed in D2O because the lifetime of
singlet oxygen in this solvent is ~20 times longer than that in H2O
and, as such, it becomes easier to distinguish the kinetics of singlet
oxygen formation from the kinetics of singlet oxygen decay.2

Fig. 2 Time-resolved 1275 nm O2(a1Dg) phosphorescence signals sensi-
tized by HA obtained from air-saturated D2O solutions containing 0.12 g
L-1 (upper trace), 0.40 g L-1 (middle trace), and 1.4 g L-1 (lower trace)
HA. The solid lines show the fitting of the signals using eqn (1). Inset: Plot
of kD vs. the concentration of HA. The error bars represent the standard
deviation of the data obtained in three independent experiments.

In all cases, the time-dependent phosphorescence intensity,
P(t), could be adequately modeled with a difference of two
exponential functions, which is in accordance with the triplet state-
photosensitized production of singlet oxygen (eqn (1)).2,39
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kD = (kq + krxn)[HA] + ksolv[solv] (2)

In eqn (1), K is a scaling parameter that includes the efficiency
of O2(a1Dg) production, kT is the rate constant for all channels of
sensitizer triplet state deactivation, and kD is the rate constant that
accounts for all channels of singlet oxygen deactivation (i.e., kD =
1/tD). In eqn (2) kq and krxn are the rate constants of the physical
quenching and chemical reaction channels, respectively, and ksolv

is the rate constant for O2(a1Dg) deactivation by the solvent.
The lifetime of O2(a1Dg) in neat D2O is ~67 ms.40 At an HA

concentration of 0.12 g L-1, we obtain tD = 47 ms, and at an
HA concentration of 1.4 g L-1, tD = 12 ms (Fig. 2). These data
suggest that the HA-sensitized O2(a1Dg), which we optically detect
is principally located in the aqueous medium and that HA, in turn,
also acts as a quencher of this O2(a1Dg) population.

In a homogeneous solution containing a dissolved O2(a1Dg)
quencher, the magnitude of kD generally increases linearly with
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an increase in the concentration of the quencher.2,41 The inset of
Fig. 2 shows that the dependence of kD on CHA appears to have two
linear regions, one at low CHA and the other at high CHA. These
lines intersect at an HA concentration (CHA = 0.58 g L-1) which,
given the uncertainties in the respective experiments, is close to
the cmc value independently determined using the fluorescence of
pyrene (see above). The difference between the slopes at high and
low HA concentration could be interpreted to indicate that HA
aggregation lowers the quenching rate constant of O2(a1Dg) by HA.
This phenomenon might reflect the fact that, upon aggregation,
fewer HA functional groups are available to interact with O2(a1Dg).
Related observations have been made with proteins; denaturing the
protein exposes reactive functional groups that result in a more
efficient deactivation of O2(a1Dg).42

The slope of each linear region (inset of Fig. 2) equals the
corresponding overall bimolecular rate constant (kq + krxn). The
values obtained are (5.9 ± 0.3)¥104 L g-1 s-1 and (3.8 ± 0.3)¥104 L g-1

s-1 at low and high concentrations of HA, respectively. Assuming a
molecular weight of 4.7 ¥ 103 for HA,43 rate constants for O2(a1Dg)
deactivation of 2.8 ¥ 108 M-1 s-1 and 1.8 ¥ 108 M-1 s-1 are obtained
for the low and high concentration ranges, respectively. In the least,
these data indicate that HA efficiently deactivates and/or reacts
with O2(a1Dg).

From the (42 ± 1)% C obtained for the same batch of HA
employed here,43 it is also possible to express the quenching
constants in units of L mol(C)-1 s-1. Values of 1.6 ¥ 106 L mol(C)-1

s-1 and 1.0 ¥ 106 L mol(C)-1 s-1 were obtained for the low and
high concentration range, respectively. These values are similar
to those reported by Cory et al.44 for solutions of pD = 6–7 of
Suwannee River and Pony Lake fulvic acids (4.1 ¥ 106 and 1.6 ¥
106 L mol(C)-1 s-1, respectively), but larger than those obtained by
Hessler et al.45 for several humic substances with concentrations
lower than 0.2 g L-1 (3–4 ¥ 104 L mol(C)-1 s-1 for solutions of
pD = 9). Cory et al.44 concluded that O2(a1Dg) reacts with humic
substances with rate constants comparable to phenols, naphthols,
or aromatic amines, on a per carbon basis.

Bulk O2(a1Dg) experiments with an added quencher

The hydrophilic salt sodium azide, NaN3, efficiently quenches
O2(a1Dg) with a rate constant of ~3 ¥ 108 s-1 M-1.46 In separate
experiments, this salt was added to our HA solutions and time-
resolved O2(a1Dg) phosphorescence signals were recorded under
conditions where kinetic competition between HA and the added
quencher determine the O2(a1Dg) lifetime.

NaN3 is expected to be localized in the bulk aqueous medium.
Addition of 1.0 mM NaN3 to our HA solutions led to complete
quenching of the O2(a1Dg) phosphorescence for all HA concentra-
tions tested. These results support our suggestion (vide supra) that,
in these cuvette experiments, we are detecting O2(a1Dg) that escapes
from the HA supramolecular structures into the D2O solution.
Our results are consistent with a model in which O2(a1Dg) inside
the HA aggregates is efficiently quenched due to the high local
concentration of reactive groups.

Microscope experiments

In the cuvette experiments, HA itself was used as the sensitizer
to generate O2(a1Dg). Even though the quantum yield of HA-

sensitized O2(a1Dg) production is low (ca. 1–5%),47 an appreciable
O2(a1Dg) phosphorescence signal could nevertheless be readily
obtained (Fig. 2). However, for spatially-resolved microscope
experiments, the irradiated volume of sample is much smaller
and the number of O2(a1Dg) molecules produced per laser pulse is
correspondingly less than in the cuvette experiments. As a result,
with our current microscope instrumentation, it was not possible
to detect the HA-sensitized O2(a1Dg) phosphorescence signal.
Because of this limitation, a series of different experiments were
designed in which efficient O2(a1Dg) sensitizers were added to the
HA dispersions to enhance O2(a1Dg) production. To this end, the
hydrophobic porphyrin TPP and, independently, the hydrophilic
porphyrin TMPyP were used, both of which are known to produce
singlet oxygen in relatively high yield (UD ~ 0.7).41,48

We first studied the extent to which the presence of TPP and
TMPyP influence the aggregation of HA, ascertaining the location
of the porphyrins in the samples. Microscope images of HA
suspensions with and without the added porphyrins show the
presence of irregularly shaped aggregates with average diameters
smaller than 20 mm (Fig. 3). The existence of micrometric humic
acids aggregates was previously reported.49,50 Most importantly,
the presence of TMPyP or TPP in the HA suspensions does not
appear to affect the size of the HA aggregates. Fluorescence images
can be used to help ascertain the extent of porphyrin localiza-
tion on the HA aggregates. The data show that both TMPyP
and TPP are indeed primarily associated with the aggregates
(Fig. 3).

Considering a micelle-like structure for the HA aggregates,
the cationic porphyrin TMPyP is expected to be bound to the
external negatively charged hydrophilic layers of a given aggregate,
whereas the more hydrophobic TPP is expected to be mainly
located in the interior of the aggregate. Additional experiments
were performed to assess this model. HA aggregates to which the
respective porphyrins had been added were fixed to the poly-D-
lysine base of a microscope cover slip. These samples were then
gently washed with neat D2O or with an HA suspension that did
not contain added porphyrin. The washing process was carefully
done to avoid the detachment of the aggregate from the cover slips.
After washing the samples with D2O, the fluorescence emission
from both the TMPyP- and TPP-containing aggregates did not
change (Fig. S2 and S3, ESI†), indicating that the porphyrins
remained associated with the aggregates. However, upon washing
with the HA suspension, complete removal of TMPyP occurred,
whereas TPP remained with the aggregates on the cover slip (Fig.
S4 and S5, ESI†). These results strongly suggest that TMPyP is
indeed localized on the external surface of the aggregates, and that
facile ion exchange with an HA wash can displace these TMPyP
molecules from the HA aggregates fixed to the cover slip. On the
other hand, TPP in the interior of a given aggregate is not as
readily displaced by an HA wash.

A series of microscope-based experiments were performed to
further investigate the role of the aggregates on O2(a1Dg) kinetics.
For this purpose, we employed samples containing one of the
porphyrins and focused the irradiating laser beam either on a
given HA aggregate or, in a control experiment, on the surrounding
bulk phase. The selection of the “correct” aggregate was critical
for obtaining a measurable O2(a1Dg) phosphorescence signal. In
the least, it was necessary to ascertain that the chosen aggregate
remained immobile and fixed to the cover slip throughout the
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Fig. 3 Bright-field (left) and fluorescence (right) images of the HA aggregates: (A) without added porphyrin; (B) with TMPyP; (C) with TPP.

period of irradiation. In some experiments, bright-field images
recorded after the irradiation of the sample revealed a shift of
the aggregate from its initial position (Fig. S6, ESI†). In other
cases, prolonged irradiation of the aggregate resulted in its partial
disaggregation, as shown by the “hole” in the aggregate produced
by the laser beam (Fig. S7, ESI†).

In Fig. 4A, we show representative time-resolved 1275 nm
O2(a1Dg) phosphorescence signals obtained from these
microscope-based experiments in which the irradiating laser beam
was focused on the aggregate. Given the fundamental differences
between this experiment and the cuvette-based experiment, it
is not surprising to see differences in the data obtained. Most
noticeably, the signal decay constants recorded in the microscope-
based experiment are short (i.e., mono-exponential decays with
lifetimes of 7.5 ms and 15.1 ms were recorded for HA aggregates
containing TPP and TMPyP, respectively) and correspond to
those recorded using comparatively high HA concentrations in
the cuvette experiments.

Control experiments were performed to further elucidate as-
pects of the data obtained. With the laser beam focused on the
bulk phase of the HA dispersion (i.e., away from a given HA
aggregate), we recorded a signal with a lifetime of ~ 7 ms that
derives from scattered light-induced detector relaxation (Fig. S8,
ESI†).31 The decay constant obtained from this latter singlet
oxygen independent signal is coincident with that measured in
the TPP experiment with the laser beam focused on the aggregate
(Fig. 4A). Next, HA dispersions containing TPP were irradiated

under a N2-atmosphere with the laser beam focused on single
aggregates. The data obtained were the same as those obtained in
the presence of an oxygen-containing atmosphere (Fig. S9, ESI†).
These control experiments indicate that, under our experimental
conditions, the signal with a lifetime of ~7 ms obtained from
HA aggregates containing TPP corresponds to a light-induced
detector-dependent relaxation and not to O2(a1Dg) phosphores-
cence. In contrast, the time-resolved data obtained from the
TMPyP-containing aggregates indicate that the signal observed
indeed derives from O2(a1Dg) phosphorescence. In particular,
upon the addition of NaN3 to our sample, the comparatively
long-lived transient (t = 15.1 ms) collapses to the shorter-lived
transient (t = 7.4 ms) that we assign to detector relaxation
(Fig. 4B).

In summary, in these microscope-based experiments, O2(a1Dg)
phosphorescence could only be detected from HA aggregates
when TMPyP was used as the added sensitizer. This is consistent
with our model in which TMPyP is principally localized on the
exterior of a given HA aggregate. In this case, an appreciable
population of O2(a1Dg) thus produced can readily diffuse away
from the aggregate into the bulk medium where quenching is
not as pronounced. Our inability to detect O2(a1Dg) phospho-
rescence from samples containing TPP is consistent with our
model in which, in this case, O2(a1Dg) is mainly produced in the
interior of the aggregate and is efficiently quenched/deactivated
due to the high local concentration of reactive groups in this
environment.
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Fig. 4 (A) Comparison between time-resolved O2(a1Dg) phosphorescence
signals recorded upon focused irradiation of an HA aggregate in a
D2O medium containing TMPyP (�) and, independently, TPP (�). (B)
O2(a1Dg) phosphorescence data recorded from an HA aggregate containing
TMPyP in the absence (�) and presence of NaN3 (�). The superimposed
lines represent exponential fittings of the data.

Conclusion

As far as we know, this is thus far the only study where the
effect of the HA micro-aggregation on the singlet oxygen lifetime
has been investigated. Given the relative importance of both HA
aggregation and the O2(a1Dg) lifetime on the photochemistry of
aquatic ecosystems, our results should prove useful from a number
of perspectives.

One key observation in this study is the fact that the overall
rate constant for O2(a1Dg) deactivation (kq + krxn) depends on the
HA concentration. Moreover, the data obtained yield a critical
concentration for the formation of HA aggregates which is in
complete agreement with that determined by monitoring the
fluorescence of an added probe (i.e., pyrene). The differences in
the rate constant for O2(a1Dg) deactivation that depend on the HA
concentration appear to reflect the effects that HA aggregation
have on sequestering reactive functional groups such that they are
less accessible to O2(a1Dg).

Both our cuvette and microscope results are consistent with
a model in which only the O2(a1Dg) molecules which are able to
escape from the HA aggregates contribute to the 1275 nm O2(a1Dg)

phosphorescence signal. We have thus far been unable to provide
evidence for a O2(a1Dg) phosphorescence signal from inside the
aggregates where the O2(a1Dg) lifetime seems to be very short and
the phosphorescence intensity very weak due, presumably, to the
high concentration of reactive groups. This observation suggests
that, in natural environments, hydrophobic compounds localized
inside HA aggregates, should be somewhat protected against direct
photosensitized singlet-oxygen-dependent degradation due to the
kinetically competing processes of O2(a1Dg) deactivation mediated
by the HA itself.
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37 D. Šmejkalová and A. Piccolo, Aggregation and disaggregation of
humic supramolecular assemblies by NMR diffusion ordered spec-
troscopy (DOSY-NMR), Environ. Sci. Technol., 2008, 42, 699–706.
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