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Introduction

Experimental evidence of incomplete fluorescence
quenching of pyrene bound to humic substances:
implications for K, measurementsf

E. A. Shirshin,* G. S. Budylin,® N. Yu. Grechischeva,® V. V. Fadeev® and
l. V. Perminova*“

Fluorescence quenching (FQ) is extensively used for quantitative assessment of partition coefficients
(Koc) of polycyclic aromatic hydrocarbons (PAHSs) to natural organic materials — humic substances (HS).
The presence of bound PAHs with incompletely quenched fluorescence would lead to underestimation
of the Koc values measured by this technique. The goal of this work was to prove the validity of this
assumption using an original experimental setup, which implied FQ measurements upon excitation into
two distinct vibronically coupled electronic states. Pyrene was used as a fluorescent probe, and aquatic
fulvic acid (SRFA) and leonardite humic acid (CHP) were used as the humic materials with low and high
binding affinity for pyrene, respectively. Excitation of pyrene into the forbidden (Sp—S;) and allowed (Sp—
S;) electronic states yielded two pairs of nonidentical FQ curves. This was indicative of incomplete
quenching of the bound pyrene, and the divergence of the two FQ curves was much more pronounced
for CHP as compared to SRFA. The two component model of fluorescence response formation was pro-
posed to estimate the Koc values from the data obtained. The resulting pyrene Koc value for CHP (220 +
20) g L' was a factor 3 higher compared to the Koc value determined with the use of the Stern—Volmer
formalism (68 + 2) g L™ At the same time for aquatic FA the difference in FQ curves was almost negli-
gible, which enables the use of the Stern—Volmer formalism for weakly interacting HS and PAHs.

Stern-Volmer formalism. Still, indications of incomplete
quenching of PAHs in the presence of HS were obtained.®***

Interactions of polycyclic aromatic hydrocarbons (PAHs) with
natural organic matrices, e.g. humic substances (HS), are of
serious environmental concern due to the multiple adverse
effects of these hydrophobic contaminants on living
organisms.' Binding to HS causes an increase in mobility
and a change in the bioavailability and toxicity of PAHs.*® To
quantify and prognosticate these effects, partition coefficients
(Koc) of PAHs to HS are used for geochemical and ecotoxicolo-
gical modeling. To determine Koc, fluorescence quenching
(FQ) of PAHs by HS is widely used.®* Upon determining Koc
from FQ curves, it is commonly assumed that PAHs bound to
HS are completely quenched.” This enables the use of the
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A significant change in the relative intensities of vibronic
peaks in pyrene fluorescence in the presence of HS was
revealed using measurements at room'®'®2* and ultralow"’
temperatures. To explain the observed results, the presence of
weakly bound pyrene with nonzero quantum yield was
suggested.'” A similar suggestion was made to accommodate
results of time-resolved fluorescence measurements of pyrene
bound to dissolved HS: its fluorescence lifetime increased
compared to free pyrene molecules indicating the presence of
different species of pyrene in HS solutions.**

Given that pyrene interacts with HS mostly via hydrophobic
binding, incomplete quenching looks rather feasible.>**° still,
quantitative assessments of this phenomenon are missing.

In this work, we propose an original experimental setup to
acquire FQ measurements, which could enable observation of
pyrene bound to HS. For this purpose we measured FQ curves
of pyrene upon its excitation into two vibronically coupled
states (the forbidden S; state and the allowed S, state). In the
case of static quenching, both FQ curves should be identical. A
difference between the FQ curves is indicative of the presence
of pyrene-HS complexes with a nonzero fluorescence cross
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section. To reveal this phenomenon, we used two HS samples
with a low and high binding affinity for pyrene.

Backgrounds

Fluorescence characteristics of the pyrene-HS system: the two-
component model of the fluorescent response formation

Interactions in the system containing pyrene (Py) and HS can
be schematically represented by the following reaction:

Py + HS < PyHS (1)

The corresponding partition coefficient (Koc) is:

Koo = [YHS] (2)
[Py][HS]

where [PyHS] is the equilibrium concentration of pyrene
bound to HS, [Py] and [HS] are the equilibrium concentrations
of free pyrene and HS species, respectively. If the total concen-
tration of HS (Cys) substantially exceeds [HS], the latter might
be set equal to Cys. Considering that [Py] + [PyHS] = Cpy, where
Cpy is the total concentration of pyrene in solution, the concen-
tration of free pyrene can be expressed from (2) as

Cry
1+ KocCus

[py] = 3)

If fluorescence of the bound pyrene is completely quenched
(static quenching), then residual fluorescence (F) in the system
can be described as:

F ~ X:Iy-[Py] = o-n-Io-[Py] (4)

where X stands for the fluorescence cross-section, which is a
product of the absorption cross-section ¢ and the fluorescence
quantum yield #, and I, is the excitation intensity. Using
eqn (3) and (4), the Stern-Volmer equation can be obtained:

%:%;‘;}: 1+ KocCrs (5)
where Fj is the fluorescence intensity of pyrene in the absence
of HS.

If photophysical parameters of the bound pyrene are
different from those of free pyrene, and its fluorescence
quantum yield is nonzero, then from eqn (3) and (4) the fol-
lowing quenching equation can be obtained:'*'*

EFpr - 1+ KOCCHS (6)

FO /F = -
p[Py] + Zp[PyHS] 1+ RKocCus

where R = X5/%;, X and Xy stand for the fluorescence cross-
sections of bound and free pyrene species, respectively. This
equation becomes identical to eqn (5) in the case of nonfluor-
escent complexes (R = 0). Hereby, the two-component model of
pyrene fluorescence leads to dependence of FQ curves on the
ratio of the photophysical parameters, which determines the
fluorescence efficiency of free and bound pyrene.
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To detect the contribution of the bound pyrene with
nonzero fluorescence quantum yield we exploited the fact that
the Stern-Volmer eqn (5) does not contain the photophysical
parameters of pyrene fluorescence (e.g., o, 1). It means that in
the case of static quenching it should not depend on the exci-
tation wavelength. Then, if a difference between the FQ curves
is detected upon excitation of pyrene into two distinct elec-
tronic states, this can serve as an experimental proof of a fluo-
rescent component other than free pyrene. To justify the
validity of this approach, let us consider the processes, which
underlie pyrene fluorescence when it is excited into two
different electronic states.

Photophysical processes in pyrene upon its excitation into the
S, and S, electronic states

A simplified electronic structure of the pyrene molecule is
presented in Fig. 1. The S, — S; transition is nominally forbid-
den, while the S, — S, transition is allowed.>” The S, and S,
singlet excited states are closely separated with the energy gap
between them, AE;, ~ 2700 cm™", which is comparable to the
energy of one pyrene vibrational mode. As a result, vibronic
coupling between the S; and S, electronic states leads to an
intensity borrowing effect, which is manifested as an enhance-
ment of the weak S, — S; transition intensity by vibrational
coupling to the neighboring S, state due to oscillator strength
exchange.”®

Given that any change in the pyrene microenvironment
polarity leads to alteration in the intensity borrowing degree
and in mixing between its electronic states,>*' it will be
manifested in opposite changes in extinction coefficients of

7'y S>
AE12 k

o Si

So

Fig. 1 Simplified electronic structure of the pyrene molecule. Two-
sided arrows demonstrate the energy scales: hQ is the energy of the
oscillatory mode for pyrene, and AE;; is the difference between the S,
and S, electronic states. For the closely-lying S; and S, states vibronic
coupling takes place, which influences oscillator strength of the corres-
ponding transitions. One-sided arrows indicate the following transitions:
So — S; and So — S, absorption with g3, 60, cross-sections and S, — S;
conversion characterized by the probability 7,;.
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the So — S, and Sy — S; transitions. This is because an
increase in the intensity of S, — S; transition due to oscillator
strength exchange with the S, — S, transition brings about a
decrease in the transition cross-sections ¢°* and ¢°2. Indeed,
the extinction coefficient of the S, — S, transition increases
along with a decrease in the solvent polarity.>'** At the same
time, a lower value of the absorption cross-section ¢°' is
observed in the less polar environments. For instance, a factor
of four decrease was observed in the ¢y, value upon replacing
acetonitrile with cyclohexane.*® The same trend is observed for
other aromatic hydrocarbons with a high degree of symmetry,
which is indicative of the enhancement of weakly allowed
vibronic transitions in polar solvents.**

Hence, pyrene excitation into the S; and S, electronic states
will be accompanied by a change in the ratio of the corres-
ponding fluorescence intensities F*'/F°%, which are connected
to the values of ¢°' and ¢°*. While the polarity of the pyrene
microenvironment is known to decrease upon binding to HS
as compared to water,">"®*%*2>?% we have deduced the follow-
ing changes in the ¢ values for free and bound
pyrene species:

and &%

01 01
25 op I

01
R = = ,
Z‘Fol O-FolrlF

(7a)

02 02, 21 02
ROZ g _ 0B Mg Mg _ OB 1B

xR0 682021, - 52y (7b)
where the indexes “0i” stand for the S, — S; excitation, the
quantum yield of the S, — S; transition is assumed to be unity
(7** = 1), and in both cases fluorescence emission results from
the S; — S, transition.

According to the suggested hypothesis, the S, — S; absorp-
tion cross-section of the bound pyrene species o’" should be
lower than that of the free pyrene species o°". This is because
the pyrene incorporated into the HS matrix has a less polar
microenvironment compared to water.'>'®'*>24 The same
should be true for the ¢3°* and ¢z"* values, which should
change in the opposite direction. As a result, fluorescence
quenching in the pyrene-HS system upon S, — S; excitation
should be more pronounced compared to S, — S, excitation.

This hypothesis can be formalized using the following
inequality:

O.B01 0B02

01 GFOZ ’ (8)

OF

which can be further combined with eqn (7):

R /R* <1 (9)

Table 1 Characteristics of the HS samples used in this study
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Hence, the dissimilarity between the two FQ curves
obtained upon excitation with different wavelengths is a strong
indication of the nonzero quantum yield of the bound pyrene
species. Moreover, the inequality (9) should hold for the para-
meters R°" and R°®> measured at the S, — S; and S, — S, exci-
tations, respectively. This suggestion was experimentally
verified in this work.

Experimental
Reagents and chemicals

Humic materials. A standard sample of aquatic fulvic acids
of the International Humic Substances Society (IHSS) (the
Suwannee River fulvic acid, SRFA), and a sample of the leonar-
dite humic acids (CHP), isolated from commercially available
potassium humate, were used in this study.’” Elemental ana-
lyses (C, H, N) were conducted using a Vario EL analyzer. The
H/C and O/C atomic ratios were calculated as indicators of sat-
uration degree and polarity of HS, respectively.

The distribution of carbon among major structural frag-
ments was determined using "*C NMR spectroscopy.*®” The
samples were prepared for "*C NMR studies by dissolving a
weight of HS (50 mg) in 0.6 mL of 0.3 M NaOD/D,0. The fol-
lowing assignments were made (in ppm):*® 5 to 50—aliphatic C
atoms (Capy), 50 to 108—aliphatic O-substituted C atoms (Caj_o),
108 to 145—aromatic C atoms (C,y, 145 to 165—aromatic
O-substituted C atoms (Car-0), 165 to 187—C atoms of carboxyl
and ester groups (Ccoo-mr), 187 to 220—ketone groups
(Cc—o0)- The corresponding data are summarized in Table 1.

Pyrene was purchased from Sigma-Aldrich 99% pure
(Germany) and used as is. MilliQ-water and acetonitrile (spectro-
photometric grade, >99.5%) were used for sample preparations.

Sample preparation for optical spectroscopy measurements

In the case of SRFA, the stock solution of 500 mg L™" was pre-
pared by dissolution of a solid sample in Milli-Q water. In the
case of CHP, the solid sample was firstly soaked in few micro-
liters of 3 M NaOH, and then diluted to a concentration of
500 mg L™ using MilliQ-water. Pyrene aqueous solutions were
prepared by spiking 1 L of MilliQ-water with 100 pL of pyrene
stock solution in acetonitrile (400 mg L") to make 40 pg L.
For fluorescence measurements, 3 mL of pyrene work solution
were titrated with aliquots (5 pl) of HS stock solution to reach
concentrations of HS from 0 up to 10 mg L™". pH was 5.8.

For fluorescence and absorption measurements the pyrene
concentration was set to 0.8 mg L™,

Atomic ratios

Carbon distribution among major structural groups, % of the total C

HS sample H/C o/C Calk Caiko Car Caro Ccoo Cc—o
SRFA 1.08 0.62 20 20 22 11 20 7
CHP 0.84 0.38 15 7 47 12 13 5
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Fluorescence and absorption measurements

Fluorescence spectra were obtained using a FluoroMax-4
(Horiba Jobin Yvon) spectrofluorometer. For the S, — S,
pyrene excitation, the excitation wavelength (1.,) was 364 nm,
excitation and emission slit widths were 5 and 1 nm, respect-
ively, fluorescence emission was collected in the range from
369 to 600 nm. For the S, — S, excitation, A, was 334 nm,
both slit widths were 1 nm, fluorescence emission was col-
lected in the range from 350 to 600 nm. More details on experi-
mental conditions are given in the ESL{

Absorption spectra were obtained using the Lambda-25
(Perkin-Elmer) spectrophotometer in the 200-700 nm spectral
region.

Fluorescence data treatment

The inner filter effect was accounted for using the corres-
ponding absorption spectra.” All FQ curves for the forbidden
So — S; transition were corrected for HS fluorescence by sub-
traction of the HS signal. The constant shape of the HS fluo-
rescence band was assumed over all concentrations used, and
the following discrepancy was minimized:

2= (S() — a:Spy(A) — B-Sus (%) — Sm,o(4:))”,

i

(10)

where S(1) is the spectrum of the sample under investigation,
Spy(4) is the spectral band shape of aqueous pyrene solution in
the absence of HS, Sys(4) is the fluorescence spectrum of the
aqueous HS solution, Sy o(4) is the spectrum of Raman scatter-
ing of water molecules, and a and f are the coefficients, which
characterize the contribution of pyrene and HS to the overall
fluorescence.

As a result of this spectral decomposition, the coefficients a
and p were obtained for different HS concentrations. The
dependence of # on a number of aliquots added to the pyrene
working solution was used to control the HS concentration in
experimental solutions. Hence, for the S, — S; transition the
dependence of a on the HS concentration was used to obtain
FQ curves: a([HS]) = F/Fy([HS]), and to obtain FQ curves for the
excitation into the S, — S, allowed transition, integral fluo-
rescence intensity in the range of 369-400 nm was used.

Fitting of fluorescence quenching curves either to the
Stern-Volmer equation or to eqn (6) was performed with Origi-
nPro 2015 using the Levenberg-Marquardt algorithm with
instrumental weighting.

Results and discussion

Fluorescence quenching of pyrene bound to HS upon
excitation into the S; and S, electronic states

Two humic materials were used in our studies: the aquatic
fulvic acid (SRFA) with a high content of oxidized polar moi-
eties, and the leonardite humic acid (CHP) with a high content
of poorly-oxidized aromatic and aliphatic moieties (see
Table 1). These humic materials differed greatly in binding
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affinity for pyrene,*® which was low for SRFA and high - for
CHP.

FQ curves were measured for both the humic materials at
excitation into the S; and S, states of pyrene. We suggested
that if the registered FQ curves differ from each other, this
might be indicative of the nonzero quantum yield of the HS-
bound pyrene (see eqn (2)).

Pyrene fluorescence spectra in the presence of 0, 5, and
10 mg L™" of SRFA and CHP are presented in Fig. 2. Excitation
into the allowed S, — S, transition yielded strong pyrene fluo-
rescence (Fig. 2A and C): HS fluorescence background could be
neglected upon calculating fluorescence quenching. Excitation
into the forbidden S, — S; transition yielded a much lower
intensity of pyrene fluorescence, which became comparable to
HS (Fig. 2B and D). The latter implies decomposition of the
spectra to obtain FQ curves. Water Raman scattering (at ca.
420 nm) can be clearly observed in Fig. 2B, while it is negli-
gible in the case of Sy-S, excitation (Fig. 2A and C). A differ-
ence in pyrene fluorescence intensities at these two excitation
regimes exceeds two orders of magnitude. The shape of pyrene
fluorescence spectra in the absence of HS was identical for
both the excitation wavelengths used in our study.

Fig. 3 represents the results of six independent measure-
ments of FQ curves for SRFA and CHP. The amplitude of
pyrene fluorescence quenching in the case of CHP is much
larger as compared to SRFA. These results agree with our pre-
vious data on the significant correlation between HS aromati-
city and PAH binding constants.’®*® CHP contains a
condensed aromatic core, while SRFA is much poorer in aro-
matic carbon (Table 1).

Another important observation is that fluorescence quench-
ing at the Sy — S; excitation is more pronounced as compared
to the Sy, — S, excitation. Hence, the obtained FQ curves are
not identical and the observed difference between (Fy/F)°" and
(Fo/F)°* curves provides experimental evidence of the nonzero
fluorescence quantum yield of the bound pyrene.

This can be explained by the lower ¢°* and the higher 6%
absorption cross-section values for the bound pyrene as com-
pared to free pyrene, which is in agreement with eqn (9).
Pyrene bound to HS has a less polar microenvironment which
results in the opposite changes in absorption cross-sections
for the S, — S; and S, — S, transitions for free and bound
pyrene. The inner filter effect cannot explain these results: it
would lead to an opposite trend ((Fo/F)°" < (Fo/F)°®), while HS
absorption is higher at the smaller wavelengths.

The divergence of FQ curves obtained at pyrene excitation
into two distinct electronic states (S; and S,) has an important
implication for determination of the binding constants using
the Stern-Volmer formalism.! To demonstrate this, we deter-
mined the Ky value from both the FQ curves, obtained at
So — S; and S, — S, excitations using eqn (5), which does not
take into account the fluorescence impact of bound pyrene
(see Fig. S4 in the ESIf). The obtained results, presented in
Table 2, were in agreement with the literature data.’

The obtained Ko values were a factor of 2.1 and 1.4 larger
in the case of CHP and SRFA, respectively. This was a result of

This journal is © The Royal Society of Chemistry and Owner Societies 2016
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Fig. 2 The fluorescence spectra for aqueous solution of pyrene in the presence of different concentrations of SRFA and CHP (in mg L™): 0 (black
curve), 5 (blue curve) and 10 (red curve). The spectra were obtained for the two excitation wavelengths: (A) and (C) the So — S, excitation (Aeyc =
334 nm) for SRFA and CHP: and (B) and (D) Sg — S; excitation (lexc = 364 nm) for SRFA and CHP. The black dashed curves correspond to the

10 mg L™ HS fluorescence. The spectra are corrected for the inner filter effect.
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Fig. 3 Stern—Volmer plots for pyrene fluorescence quenching in the
presence of two structurally different humic materials: aquatic fulvic
acid (SRFA) and leonardite humic acid (CHP). The blue points are for the
So — S, excitation (leye = 334 Nm), and the black ones are for the So — S;
excitation (lexe = 364 nm). The value F was calculated as described in
the Fluorescence data treatment section.

This journal is © The Royal Society of Chemistry and Owner Societies 2016

Table 2 The pyrene Koc values determined under assumption of com-
plete (egn (5)) and incomplete (eqn (6)) FQ by HS

HS sample  Excitation Ko, Lg "' (eqn (5))  Koc, L g™ (eqn (6))
CHP So— Sy 141 +3 220+ 20

So— Sy 68 +2
SRFA So = Sy 38.4+0.6 n/d

So— S, 27.7+0.8

less quenching of the bound pyrene in the case of the (Fo/F)**
curves as compared to the S, — S; excitation. The difference in
the Koc values was more pronounced for CHP, which had a
higher affinity for binding to pyrene.

Both the Stern-Volmer plots for CHP were further fitted to
eqn (6), which takes into account the fluorescence impact of
bound pyrene. This was not meaningful for SRFA, because the
corresponding FQ curves yielded almost straight lines render-
ing determination of nonlinear parameters R impossible (see
eqn (6)). Under the assumption that the Ko¢ values for both
excitation wavelengths are equal, the R values accounted for:
R°' =0.26 + 0.05 and R°®> = 0.59 + 0.03, which are in agreement
with eqn (10). The Ko value determined for CHP using eqn (6)
was 220 + 20 L g”', which is a factor of three larger as com-
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pared to the K,.°* value determined using the Stern Volmer
formalism for static quenching.

Conclusions

The obtained results clearly demonstrate the substantial con-
tribution of the bound pyrene in the measured fluorescence of
the HS-Pyrene system which leads to underestimation of the
K, value measured with the use of the FQ technique. Of par-
ticular importance is that this effect is proportional to the
binding affinity of HS to pyrene reaching its highest contri-
bution for the most hydrophobic and aromatic-rich HS
capable of the strongest binding to PAHs. Hence, particular
caution should be exercised when measuring FQ values of K.
for these humic samples.
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