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Abstract In this study, the association behavior of pyrene
with different dissolved humic materials (DHM) was
investigated utilizing the recently developed segmented
frequency-domain fluorescence lifetime method. The hu-
mic materials involved in this study consisted of three
commercially available International Humic Substances
Society standards (Suwannee River fulvic acid reference,
SRFAR, Leonardite humic acid standard, LHAS, and
Florida peat humic acid standard, FPHAS), the peat
derived Amherst humic acid (AHA), and a chemically
bleached Ambherst humic acid (BAHA). It was found that
the three commercial humic materials displayed three
lifetime components, while both Amherst samples displayed
only two lifetime components. In addition, it was found that
the chemical bleaching procedure preferentially removed
red wavelength emitting fluorophores from AHA. In regards
to pyrene association with the DHM, different behavior was
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found for all commercially available humics, while AHA
and BAHA, which displayed strikingly similar behavior in
terms of fluorescence lifetimes. It was also found that there
was an enhancement of pyrene’s measured lifetime (com-
bined with a decrease in pyrene emission) in the presence of
FPHAS. The implications of this long lifetime are discussed
in terms of (1) quenching mechanism and (2) use of the
fluorescence quenching method used to determine the
binding of compounds to DHM.

Keywords Time-resolved fluorescence - Environment -
Hydrophobic organic compound - Static - Dynamic -
Stern—Volmer - Curvature - Data analysis

Introduction

Humic materials (HM) are omnipresent within the environ-
ment [1, 2] and play a range of functions, including
impacting the fate and transport of hydrophobic organic
compounds (HOC). This has led to a great amount of
interest in how HOC interact with HM. Various models
have been proposed, but no one model has been universally
accepted, as exemplified by the vigorous discussion of the
“glassy/rubber” (hard/soft or condensed/non-condensed)
model in the literature [3—8]. Even the once almost
universally agreed upon concept that HOC sorb into
aromatic domains within HM [9-15], has recently been
questioned [16—18]. Thus, the seemingly simple questions
in regards to how HM associate with HOC are still open.
At the root of this apparent confusion is the complex,
heterogeneous, polydisperse and molecular assembly nature
of HM [1, 19]. Due to the nature of HM, the association of
HOC with DHM should be studied (1) by as non-intrusive
analytical method as possible, (2) at as close to “in-situ”
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conditions as possible, and (3) at as close to environmen-
tally relevant concentrations as possible. Many fluorescence
methods, some prominent in bioanalytical chemistry [20],
are also highly amenable to studying dissolved humic
materials (DHM). Gauthier et al. [21] introduced the use of
fluorescence probe quenching (FQ) to determine equilibri-
um constants for the association of fluorescent HOC with
DHM via Stern—Volmer plots. Though extremely common,
the FQ method is not without limitations and controversy.
The major bone of contention is that this technique assumes
a complete static quenching of the fluorescence probe when
it associates with the DHM. A large body of evidence is
beginning to emerge which questions this assumption, such
as: (1) the positive curvature in Stern—Volmer plots [22—
26]; (2) the observation that the FQ method yields higher
association constants than other methods [23-25, 27]; (3)
the use of pyrene to study the polarity of humic substances
[28, 29], and (4) evidence for a partial quenching of
fluorescence probes by HM [30]. These four points are
consistent with a combination of static and dynamic quench-
ing, rather than the assumed dark static quenching mecha-
nism. Other limitations of the FQ technique include: (A) the
assumption that the probe’s fluorescence is linearly dependent
on DHM concentrations [26], (B) a possibility of an
unaccounted for quenching due to the presence of oxygen
[31], and (C) photobleaching of the observed probe’s
fluorescence [21, 24, 31]. In one such example, Tiller and
Jones [31] have indicated that oxygen and long exposure to
radiation can overestimate association constants of HOC
with DHM. To a certain level, these limitations can be
overcome by: (i) keeping the concentration of the DHM
constant [26]; (ii) thoroughly degassing the solution under
study with an inert gas such nitrogen or argon, and (iii)
controlling the fluence level of the excitation source.

The question as to whether the quenching mechanism of
HOC by DHM is static, dynamic, or a combination, can be
investigated by: (a) exploring the abovementioned upward
curvature with Stern—Volmer plots; (b) studying temperature
dependence of fluorescence (however, due to the assembly
nature of HM, the validity of this method is questionable);
and (c¢) fluorescence lifetime measurements. While the
fluorescence lifetime measurements constitute the method
of choice, they are sometimes prone to photobleaching, thus
complicating data analysis and interpretation for complex
systems such as mixtures of HOC with DHM [32]. This
factor may explain the conflicting fluorescence lifetime
results that support either a very minor [33, 34] or a
significant [15, 35] influence of dynamic quenching in the
fluorescence quenching of HOC by DHM. Thus, whether
the quenching mechanism of HOC with DHM is static,
dynamic, or both is still an open question.

In the present study, frequency-domain fluorescence
lifetime measurements via frequency segmentation and
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recombination were applied to examine the chemical effect
of DHM on the association behavior with pyrene—a
common fluorescence probe and model HOC. This newly
developed technique has been shown to address photo-
bleaching effects [32], as shutter control is not an option for
minimizing them in lifetime-based measurement. In addi-
tion, experimental considerations—such as the effect of
oxygen and wall adsorption—were addressed in order to
carefully quantify recovered lifetimes and fractional inten-
sity contributions (i.e. the portion of fluorescence signal
from the mixture resulting from either pyrene or humic).

Experimental section

Materials Suwannee River fulvic acid reference (SRFAR),
Leonardite humic acid standard (LHAS), and Florida peat
humic acid standard (FPHAS), were purchased from the
International Humic Substances Society (IHSS), Depart-
ment of Soil, Water, and Climate, University of Minnesota
(St. Paul, MN). The Ambherst humic acid (AHA) and a
chemically bleached Amherst humic acid (BAHA) follow-
ing the method of Gunasekara et al. [36] where peat
derived. Pyrene (=99%) was obtained from Sigma-Aldrich
(Milwaukee, WI, USA) and used as received.

Sample preparation Standard reference solutions of 12, 16,
20, and 24 ppm DHM as well as a standard reference
solution of 0.1 ppm pyrene (below its water solubility limit)
were prepared in 18.2 MQ-cm distilled deionized water.
Pyrene and DHM mixtures containing 0.04 ppm pyrene and
12, 16, 20, and 24 ppm DHM were prepared at the same
experimental conditions of the standard reference solutions
and stored in the dark at 4 °C. Mixtures were allowed to
equilibrate in the dark for at least seven days. The pH of the
solution was adjusted to 5 to create hydrophobic domains
within the DHM to associate with pyrene, using dilute
NaOH and HCI solutions. All solutions were also allowed
to equilibrate overnight in a quartz fluorometer cell
equipped with a septum cap, and rinsed with fresh solutions
prior to fluorescence measurements. Pyrene, DHM and
their mixture solutions were purged using argon gas for
exactly 15 min, followed by 5 min equilibration time in the
sample compartment with a flow of argon gas over the
course of fluorescence measurements. Fluorescence lifetime
measurements were also collected for air-equilibrated
samples of 24 ppm LHAS to evaluate the effect of oxygen
on the recovered fractional intensity contributions and
lifetimes of DHM.

Methods The concentration of DHM was verified by total
carbon (TC) content analysis using a Shimadzu model
TOC-5050A analyzer with an ASI-5000A autosampler
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(Kyoto, Japan). Fluorescence measurements were acquired
using a Spex Fluorolog-3 spectrofluorometer (model FL3—
22TAU3; HORIBA Jobin Yvon, Edison, NJ, USA) equipped
with a 450-W xenon lamp and R928P photomultiplier tube
(PMT) detector. Fluorescence measurements were made at
room temperature in a 10 mm quartz fluorescence cell
equipped with a septum cap. The excitation wavelengths
were 333 nm for pyrene, DHM, and their mixtures. For
characterization of AHA and BAHA, three-dimensional
excitation—emission matrices (EEM) fluorescence spectra
were collected. The bandwidths for both excitation and
emission were 4 nm with integration time of 0.2 s. The
excitation (Ex) wavelength was varied from 250 to 550 nm
in 5 nm intervals, while the emission (Em) spectra were
collected to 600 nm in 1 nm intervals. In addition, absorption
spectra were collected and used for correction of both
primary and secondary inner-filter effects [20]. Absorbance
measurements were performed using the UV-3101PC (UV-
VIS-NIR) scanning spectrophotometer (Shimadzu, Colum-
bia, MD, USA).

Frequency-domain fluorescence signals were passed
through a 370 nm long-pass filter. Fluorescence lifetime
measurements of pyrene and DHM individual components
were performed as single long runs, in which the frequency
range was 0.5 up to 275.4 MHz, the number of frequencies
was 39, and the integration time was 15 s. The frequency
segmentation and recombination method consisted of four
individual segments, with a fresh solution used for each
segment, and was applied to pyrene with DHM mixtures.
The number of frequencies for segments 1, 2, 3, and 4 is 13
(4.3-233.3 MHz), 12 (0.5-19.3 MHz), 6 (0.6-3.1 MHz),
and 8 (26.9-275.4 MHz), respectively. The integration
times were 15 s for segments 1 and 2, 30 s for segment 3,
and 7.5 s for segment 4. The data from four segments were
recombined onto a single frequency-domain data set for
analysis. The number of averages for both long and
combined runs was 5, and was calculated using the
interleave function, such that an average was generated
each time the automated sample turret rotated. The
experimental details of both long and combined runs, and
the criteria for their selection, were fully described
elsewhere by Marwani et al. [32]. Frequency-domain
lifetime measurements were collected for all solutions
versus ludox—a scatter reference solution—with a lifetime
of zero. Frequency-domain phase and modulation decay
profiles were analyzed using the Globals software package
developed at the Laboratory for Fluorescence Dynamics at
the University of Illinois at Urbana-Champaign [37, 38].
Several initial guesses for Nonlinear Least Squares (NLLS)
parameters were implemented to evaluate the stability of
minimization and avoid local minima in the % surface.
Phase and modulation data sets were well fit by appropriate
models, and the quality of the fit was judged by visual

inspection of residual plots as well as by 7’ statistics.
Recovered lifetime parameters (lifetimes and fractional
intensity contributions) were not strongly dependent upon
the choice of errors in the data analyses. Therefore, as is
commonly practiced, constant errors of 0.5° and 0.005 were
used in analyses for consistency and ease of day-to-day
data interpretation [20].

A valid model should usually provide a x* value between
1 and 2 if the constant errors used in the analyses match
exactly the degree of error found in the experimental data.
However, in the case of difficult/dim samples it may not be
possible to obtain x* values within this range. In such cases,
spurious %> values alone cannot be used to statistically
reject a model and residuals must be taken into consider-
ation in model discrimination. Data fitting details are
provided in Marwani et al. [32] and in the “Results and
discussion” section below.

Results and discussion
Lifetime measurements of DHM

Though not fully understood, the exact sorption mechanism
between HOC and DHM is likely to involve weak
associations—such as hydrophobic interactions—between
HOC and DHM. Because of the complex molecular
assembly nature of DHM it is important to first gain a
better understanding of the DHM itself. Therefore, both
recovered fractional contributions and lifetimes of DHM
were first evaluated using fluorescence lifetime measure-
ments (Figs. 1 and 2). In this study, the effect of DHM
concentration on the recovered fractional contributions and
lifetimes was also investigated for argon degassed aqueous
solutions of all DHM at different concentrations with the
exception of BAHA. The BAHA was obtained by chemi-
cally bleaching the AHA using hypochlorous acid (HOCI),
resulting in the removal of a large percentage of rigid
aromatic moieties and retaining the aliphatic species [36].
Therefore, BAHA is less fluorescent as compared to other
DHM (~20% of unbleached AHA), and its fluorescence
lifetime measurements were performed at the highest
concentration.

A three component model has consistently emerged as
the best model for a wide range of DHM and concentrations
[39—42]. Consequently, the DHM within our study were
expected to each yield three lifetime components. The
results for our NLLS analyses were obtained by allowing
both the fractional intensity contributions and lifetimes to
vary but linking (L) the lifetimes at different concentrations
for each humic acid. In this study, the triple-exponential
decay (DDD) model was found to be consistent with multi-
exponential lifetimes of the commercial (SRFAR, LHAS,
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and FPHAS) DHM (Fig. 1, Table 1 —Rows 2-4).
However, a two-exponential decay (DD) model was found
to be more stable and robust, as well as to provide the best
fitting parameters for AHA (Fig. 2a, Table 1—Row 5). (See
Supplementary information (SI) for a side-by-side compar-
ison of Fig. la—c and Fig. 2a fits and residuals including 12
ppm data, Fig. 1S). The DD model was also found to be the
most appropriate when fitting the data for 24 ppm BAHA
(Fig. 2b, Table 1 —Row 6). The instability of the DDD
model for both AHA and BAHA is further confirmed by
the breadth of the x* surfaces from the NLLS analyses for
the DDD model (See SI, Fig. 2S). Addition of the third
component did not significantly improve the %> values. It
should be noted that due to nature of HM, great care must
be taken when interpreting the parameters from these fits,

Lifctime (ns)

Horizontal solid lines: 1 SD from the minima of the x> surface.
Corresponding fitting parameters are tabulated in Table 1

as they are only operationally defined [42]. In the case of
many DHM, a three component model has been required to
adequately fit the experimental data. However, in the case
of AHA and BAHA, two components appear to be
sufficient.

The effect of concentration The suitability of DDD and DD
models for argon degassed aqueous solution of the commer-
cial and Amherst DHM, respectively, are also supported by
the ¢ surfaces of NLLS analyses (See SI, Fig. 3S) at various
concentrations. From the %> surfaces, it can be seen that both
models are stable (relatively narrow surfaces converging to
distinct minima) at all concentrations of each humic acid.
Similar fractional contributions were obtained for all humic
acid concentrations, except for 12 ppm, suggesting that both
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Table 1 Recovered fluorescence lifetimes and fractional contributions obtained from NLLS analyses of pyrene, DHM, and their mixture

Model [DHM] (ppm) Set OpHM o T1 (ns) 2% T2 (ns) o3 T3 (ns) Qg T4 (ns) X2

D 0 Pyrene - .00 193.74 - - - - - - 0.72
DD DL 162024 SRFAR - 030 0.58 046 3.36 0.24 1098 — — 2.76
D DD 16-20-24 LHAS - 0.24  0.70 0.52 332 0.24 10.59 - — 2.25
DD Dr. 16-20-24 FPHAS - 0.38 095 0.53 436 0.09 16.61 — — 2.52
DiD. 16-20-24 AHA - 0.53 1.09 047 6.54 - — — — 5.78
DD 24 BAHA - 0.59 1.51 0.41 7.51 - - — — 6.38
(D + D+ D)D 16 PyreneSRFAR  0.41 0.30 0.58 0.46 3.36 0.24 10.98 0.59 185.95 2.27
(D+D+ DD 20 - 0.46 0.30 0.58 0.46 3.36 0.24 10.98 0.54 192.73 2.93
(D+D+D)D 24 - 0.73 0.30 0.58 0.46 3.36 0.24 10.98 0.27 178.38  3.33
(D +D + D)gD 16 PyreneLHAS 0.75 024 0.70 0.52 332 0.24 10.59 0.25 20459 3.63
(D+D+D)D 20 — 0.74 0.24 0.70 0.52 3.32 0.24 10.59 0.26 189.14 234
(D+D+D)yD 24 - 0.80 0.24 0.70 0.52 332 0.24 10.59 0.20 19097  3.71
(D + D+ D)D 16 PyreneFPHAS  0.65 0.38 0.95 0.53 4.36 0.09 16.61 0.35 223.03 5.46
MD+D+D)yD 20 - 0.71 0.38 0.95 0.53 4.36 0.09 16.61 029  226.63 4.22
(MD+D+D)yD 24 - 0.77 0.38 0.95 0.53 4.36 0.09 16.61 0.23 207.11 4.08
(D + D+ D)D 16 PyreneAHA 0.36 0.53 1.09 0.47 6.54 - - 0.64 190.11 7.40
(D+D+ DD 20 - 0.43 0.53 1.09 0.47 6.54 - - 0.57 190.47 4.62
(D+D+D)D 24 — 0.54 0.53 1.09 047 6.54 - — 0.46 193.80  3.80
(D + D+ D)D 16 PyreneBAHA 0.14 0.59 1.51 0.41 7.51 - — 0.86 192.88  7.17
(MD+D+D)yD 20 - 0.17 0.59 1.51 0.41 7.51 - - 0.83 192.41 7.65
(MD+D+D)yD 24 - 0.20 0.59 1.51 0.41 7.51 - — 0.80 194.94 5.93

The L subscripts correspond to the fits where both DHM fractional intensity contributions and lifetimes were linked during NLLS analyses. The F
subscripts denote the fits where both the DHM fractional intensity contributions and lifetimes were fixed during NLLS analyses. Bolded black

parameters are fixed values.

the nature and concentration of DHM influence their
behavior and possibly their ultimate association with HOC.
Rows 2-5 in Table 1 as well as x> surfaces in Figs. 1 and 2
are global fits to data collected at 16, 20, and 24 ppm.
Because a relatively stable state appears to be established for
the concentration range between 16 to 24 ppm, data
collected at 12 ppm were not included in the global analyses.
In this examination, both the fractional contributions and
lifetimes were allowed to vary but all parameters were linked
for all three remaining concentrations of DHM individual
components.

These findings are consistent with (1) previous reports
that dissolved humic material assemblies are expanded and
stretched sheet-like structures at low concentrations, and are
folded and twisted at high concentrations [43, 44], and (2)
the idea that exciplexes explain a large amount the
fluorescence exhibited by humic materials [45].

The effect of oxygen In this study, frequency-domain lifetime
measurements were also obtained for air-equilibrated as well
as argon de-gassed 24 ppm LHAS, used as a model of DHM,
to evaluate the effect of oxygen on the recovered fractional
contributions and lifetimes of DHM (See SI, Fig. 4S). The i
surfaces of the NLLS analyses were also performed by
allowing all parameters to vary. Only a small variation in the
first and third lifetime components can be noted between the
two samples. However, the highest probability of both
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fractional intensity contributions and lifetimes are very
similar for both the air-saturated and argon degassed LHAS
solutions, as seen from the minima of the x* surfaces. These
findings are consistent with the fluorophores within the
DHM being protected from the quenching effects of oxygen,
and hence, proposed to be in the interior of the DHM
assemblies.

The effect of chemical bleaching AHA was chemically
bleached (to create BAHA) in an attempt to remove a large
fraction of the aromatic entities [36]. The EEM spectra for the
two samples are shown in Fig. 3. Analysis revealed that, per
unit concentration, the BAHA was 80% less fluorescent as
compared to the AHA sample. This was expected as a large
fraction of the fluorescent aromatic moieties have been
removed when AHA was bleached to yield BAHA [36].
Close inspection reveals that the chemical bleaching process
preferentially removes longer wavelength emitting fluoro-
phores. It has recently been proposed that the majority of the
fluorescence is due to exciplexes of quinone moieties [45—
47]. If this is that case then the results in Fig. 3¢ indicate that

Fig. 3 EEM spectra of a AHA normalized at its fluorescence P>
maximum and b BAHA normalized at the maximum fluorescence of
AHA EEM spectra. ¢ The difference of AHA and BAHA EEM
spectra estimated by subtracting the BAHA from AHA normalized
EEM spectra at their individual emission maximum. Solid and dash
lines represent positive and negative differences, respectively
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the bleaching process removes either the more conjugated
quinone moieties or quinone moieties in a less polar
environment. The EEM spectra support the notion of the
bleached quinone moieties being more conjugated, as a red
shift is observed for both the n—7" and the 7—7" excitation
transitions, while arguing against these moieties being in
different polar environments [48]. Also consistent with this
view is the fact that the red shifted quinone moieties were
bleached, and hence, were in a polar environment.

The data in Table 1 also hint that the bleaching process
removes less of the ~ 1 ns lifetime fluorophore population.
The combined EEM and lifetime results suggest that the
less conjugated quinone population has shorter lifetimes
than the more conjugated quinone population within AHA.
Due to the unique fluorescence characteristics of the AHA
sample (i.e.: two versus three lifetime components), it

a 1.0 tPyreneSRFAR OPyreneLHAS
: B PyrencFPHAS B PyrenecAHA
0.91 o PyreneBAHA

0.8
0.71

g
N

0.51

Fracttional Contribution
© o oo
—_— N W N

0.0

b [DHM] ppm

[DHM] ppm

Fig. 4 Recovered pyrene a fractional contributions and b fluores-
cence lifetimes obtained from NLLS analyses for the (D + D + D)gD
model of pyrene and DHM mixture. The black solid line indicates the
measured pyrene lifetime in the absence of DHM. Corresponding
fitting parameters are tabulated in Table 1
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Pyreneg

Mechanism A

Pyrene,
Mechanism D

Pyrene  Mechanism  Observed Change Observed Change in
Pathway inPyrene Lifetime  Pyrene Quantum Yield
(Atpyrene) (A(D)
Pyrenegg A no change no change
Pyreneg B no change N
Pyrenep, C {
Pyrene,- D T 0

Fig. 5 Proposed model illustrating possible quenching mechanisms
of pyrene in the presence of DHM. The subscript BS indicates the bulk
solvent, SQ refers to static quenching, DQ is dynamic quenching, and
IC denotes inclusion couple. The symbol | indicates decrease, 1
denotes an increase, and J is decrease or increase

seems unwise to extrapolate this finding to natural organic
matter as a whole, although it is interesting to note that a
similar trend of short lifetimes being associated with shorter
emission wavelengths has been previously reported for
humic materials [39, 40].

Lifetime measurements of pyrene and DHM mixture

A range of measures were undertaken to greatly reduce or
eliminate the effects of oxygen, HOC adsorption to cell
walls, and concentration. The elimination of these factors
greatly simplifies fluorescence measurements on systems as
complex as DHM and their mixtures with HOC. Photo-
bleaching within complex multi-component mixtures may
also severely complicate data analysis and interpretation.
This concern has traditionally not been addressed. Its
omission may be valid for a single component (pyrene
only) or if all components photobleach at the same rate.
However, for systems such as pyrene with DHM, it was
found that photobleaching needs to be accounted for and
eliminated. This can be accomplished through specialized
multi-harmonic-frequency (MHF) instrumentation such as
the SLM-Amico 48,000 MHF which is no longer commer-
cially available, or to a certain level via recent hardware
improvements. For example, a variation of MHF instru-
mentation, the HORIBA Jobin Yvon MFZ, is capable
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reducing sample exposure by collecting data at a high rate.
However, a more practical solution for many laboratories
uses more common, conventional, phase-modulation in-
strumentation while taking advantage of the frequency
segmentation and recombination method previously de-
scribed by Marwani et al. [32]. This is the method
employed in this report.

Models for fitting data Pyrene and the commercial DHM
mixtures are expected to show a minimum of four lifetimes
(three for DHM and one pyrene). The (D + D + D)gD
model was found here and previously [32] to be the most
stable and robust model for the pyrene and the commercial
DHM mixtures. In this model, both DHM fractions and
lifetimes are fixed (F) at values determined from analysis of
the individual DHM within the sum of three-exponential
decays (D + D + D)g, and pyrene fraction and lifetime is
allowed to vary as a discrete (D) component model. A
detailed discussion of the (D + D + D)rD model has been
given by Marwani et al. [32]. The same logic was used as the
basis for a (D + D)gD model for the pyrene and AHA or
BAHA mixtures, as it was found that AHA and BAHA were
best modeled by two components fits, as discussed above.
These two models were then applied to analyze the segmented
and re-combined (i.e. combined run) data from the pyrene/
DHM mixtures for DHM ranging from 16-24 ppm. Recall
that the confirmation of DHM may be concentration depen-
dent (vide supra). Therefore, pyrene/DHM mixtures with
DHM concentration of 12 ppm were not included in the
analysis. Results are reported in Table 1—Rows 7-21.

Recovered pyrene fractional contribution Results of the
recovered pyrene fractional contributions and lifetimes are
provided graphically in Fig. 4. The x> surfaces via NLLS
analyses of pyrene and DHM mixtures were also evaluated
in order to assess the range of statistically valid values for
both the recovered pyrene fractional contributions and
lifetimes (See SI, Fig. 5S). In general, for mixtures of
pyrene with DHM, a decrease in the recovered fractional
contributions of pyrene was observed with an increase in
DHM concentration. This decrease was the most pro-
nounced in the presence of LHAS, as compared to those
with other DHM, which is indicative of the highest carbon
and aromatic content of LHAS. The decrease in the
recovered pyrene fractions was also found to be consistent
with steady-state measurements (See SI, Figs. 6S and 7S),
further supporting the model used to fit fluorescence lifetime
data. It is of interest to note that the AHA recovered
fractional contributions of pyrene were affected to a greater
extent than those for BAHA, which is consistent with the
higher aromatic content of AHA versus BAHA and suggests
that there are specific aromatic moieties within the HM that
quench pyrene fluorescence [10].
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Fluorescence lifetime components The lifetime components
of the fluorescence measurements allow for insight into the
quenching mechanism from a different point of view than
the steady-state data. The lifetime data for the systems
under study in this report (pyrene, DHM and DHM/pyrene
mixtures) are presented in Table 1, with the data related to
pyrene mixtures over the DHM concentration range of 16—
24 ppm for all five HM studied (Table 1—Rows 7-21)
presented graphically in Fig. 4. See SI, Fig. 5S for i’
surfaces. From these data it can be seen that the DHM
concentration appears to influence the lifetime of pyrene.
The lifetimes of pyrene in the presence of 16 to 20 ppm
SRFAR are very close to those of neat pyrene (~194 ns).
However, for 24 pm, an appreciably shorter lifetime is
found. These data are consistent with static quenching
dominating at the two lower concentrations, and dynamic
quenching becoming an appreciable quenching mechanism
at a concentration of 24 ppm SRFAR. For both AHA and
BAHA, the pyrene lifetime is found to be very close to that
of pyrene in the absence of DHM, which is consistent with
static quenching being the dominant quenching mechanism
at work in the studied concentration range of AHA and
BAHA. A very different picture emerges when the lifetime
data for pyrene in the presence of FPHAS are considered.
These data show that the lifetime of pyrene has increased to
223,227, and 207 ns in the presence of 16, 20, and 24 ppm
FPHAS, respectively. These lifetimes are appreciably
greater than those found for pyrene in the absence of
DHM. This enhancement of pyrene’s lifetimes is not
consistent with either static or dynamic quenching. Recall
that the fractional contributions and supporting information
(SI Fig. 6S) discussed above show a decrease in pyrene
fluorescence with increasing FPHAS concentration. This
increase in measured pyrene lifetime combined with a
decrease pyrene emission means that a new mechanism
appears to be at work, and is indicative of pyrene
movement toward different microenvironments within
DHM. The 16 ppm data for SRFAR also hint at an
enhancement of pyrene’s lifetime. An inclusion ‘couple’
between the pyrene and FPHAS may explain the longer
lifetimes, akin to the inclusion complex found for the
association of pyrene with y-cyclodextrin [49]. Nelson et
al. [49] argued that due to the complexation y-cyclodextrin
protected pyrene from a number of fluorescence deactiva-
tion pathways, shielded pyrene from the bulk aqueous
environment, and increased the rigidity of pyrene.

Implications This finding means that the modeling of the
fluorescence characteristics of pyrene, and quite possibly,
also of a range of other polyaromatic compounds—when in
association with DHM, must be amended, as illustrated in
Fig. 5. Traditionally, pyrene fluorescence in the presence of
DHM was modeled to reflect a complete quenching of the

fluorescence of the pyrene associated with the DHM, as
illustrated in Fig. 5 by mechanisms A (no quenching;
pyrene in bulk solvent) and B (traditional static quenching).
More recently [15, 35], a fraction of the observed decrease
in pyrene fluorescence has been assigned to dynamic
quenching processes, mechanism C in Fig. 5. None of
these mechanisms account for the decreased pyrene
intensity combined with enhanced fluorescence lifetimes
observed in this study. This has led to the incorporation of
an additional mechanism in the proposed model. This
mechanism involves an inclusion ‘couple’ between pyrene
and DHM, mechanism D in Fig. 5. This inclusion ‘couple’
increases the measured lifetime of pyrene, while traditional
static and dynamic quenching (mechanisms B and C)
decrease the intensity of pyrene. It is therefore possible all
mechanisms are at play, counteracting each other, thus
making the measured pyrene lifetime no longer represen-
tative of any single mechanism or pyrene population. Stated
in another way, there is a “tug of war” between mechanisms
C and D in terms of pyrene measured lifetime, decreasing
the probability of detecting either mechanism via lifetime
measurements. These different quenching mechanisms are
also consistent with a range of microenvironments within
the DHM, which is consistent with the complex, heteroge-
neous, polydisperse and molecular assembly nature of
humic materials.

Implications for the FQ method As stated above, the FQ
method, used to determine the association constants for
HOC with DHM, assumes a dark, statically quenched state
for any pyrene associated with DHM. It has been argued
that the same lifetimes obtained for pyrene in the presence
and absence of DHM constitute a definitive proof of this
assumption. The results presented here show how such
lifetime data can be explained by a combination of
mechanisms (e.g. mechanisms B-D in Fig. 5). This combi-
nation of mechanisms can also explain: (1) the positive
curvature in Stern—Volmer plots (due to the previously
unaccounted for dynamically quenched pyrene); (2) the fact
that the binding constants afforded by the FQ method are
consistently higher than those obtained by other methods
(again, due to the previously unaccounted for dynamic
quenching), and (3) the use of pyrene to monitor the polarity
of DHM (e.g. the unaccounted for pyrene inclusion ‘couple’
is sensitive to its environment, thus changing its band
structure) discussed in the Introduction above.

Conclusions

By studying a range of dissolved humic materials at
different concentrations and their association with pyrene
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by steady-state and time resolved fluorescence methods, the
following was found:

1) The three IHSS humic samples were fitted by three
lifetime components, consistent with previous findings.
However, the AHA and BAHA samples were best
fitted by a two lifetime component model.

2) The chemical bleaching of AHA to yield BAHA
removed long wavelength emitting fluorophores, which
appear to be more conjugated quinone moieties.

3) Each of the humic acids caused unique fluorescence
quenching of pyrene, except for AHA and BAHA.
Therefore proposed quenching mechanisms cannot be
generalized to all DHM.

4) There is evidence of dissolved SRFAR dynamically
quenching pyrene, as evidenced by the appreciable
shorter lifetime (~178 ns) found in the presence of
SRFAR compared to that found in the absence of DHM
(~194 ns).

5) For pyrene associated with FPHAS, the measured
lifetime was longer (>220 ns) than that for pyrene in
the bulk solution, and was proposed to be due to the
hydrophobic microenvironment provided by this humic
material.

The FQ technique used to monitor polyaromatic hydro-
carbon association with DHM, and its central assumption of
a dark static quenching of pyrene when it associates with
DHM, is inconsistent with the enhancement of pyrene
lifetime seen here for FPHAS and the shorter pyrene
lifetime found for pyrene with SRFAR. This leads to the
suggestion that the FQ method be approached with great
caution. In addition, the different fluorescence behavior for
the different DHM studied here lead to the suggestion that,
given the range of quenching mechanisms that are possible
in the presence of DHM, the validity of the FQ method be
confirmed for each DHM to be studied.
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