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Fluorescence quenching of fluorescein with
molecular oxygen in solution
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Abstract

The fluorescence quenching of fluorescein (FL) with molecular oxygen in alkali solution and in different solvents was investigated by
steady-state absorption and fluorescence spectroscopy techniques. Fluorescence quantum yield (Φf ), radiative rate constant (kr), fluorescence
lifetime (τ f ), and non-radiative rate constant (knr) values were determined. Stern–Volmer equation was employed to calculate bimolecular
quenching rate constants (kq) and, then, Smoluchowski equation was used for the determination of diffusion-controlled rate constants (kdiff )
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o compare with the experimentalkq values. The temperature, quencher concentration, and solvent viscosity were experimental pa
o understand fluorescence quenching process of fluorescein with molecular oxygen in solution. Experimental findings indicat
echanism of fluorescence quenching is diffusive in nature.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Fluorescein (FL) that is a highly fluorescent molecule and
type of xanthene dyes was firstly synthesized by Von Bayer

n 1871[1]. Fluorescein is widely used as a photosensitizer
ompound for the chemical reactions and non-linear opti-
al media (this property of FL has been observed in boric
cid glass thin films and gelatin)[2], as a quantum counter

n dye lasers[3], and in the conversion and storage of solar
nergy[4–6]. Another use of FL is to label proteins in fluo-
escence microscopy[7]. All these applications require that
ow much of fluorescence intensity of FL is affected by the
olvating environment. Therefore, the basic understanding
f photophysical features of these dyes depending on solvent
roperties, for instance; solvent viscosity, solvent polarity,
nd pH of media etc., is very important for the use of these
yes in various applications[8].

Fluorescence quenching has been widely studied in both
s a fundamental phenomenon and in the application of fluo-
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rescence to biochemical problems[7]. Quenching process
frequently used in protein and membrane systems to e
ine their structural and functional properties. Molecular o
gen is an important quencher for many fluorophores bec
of its high solubility in aqueous solutions and organic
vents[9–12]. Fluorescence quenching by molecular oxy
is usually a diffusion-controlled mechanism as mentione
previous studies in the literature[10,13–16].

In general, the mechanism of fluorescence quenchin
be followed by either dynamic or static but in some ca
both. The dynamic quenching mechanism results from
fusive encounters between fluorophore and quencher d
the lifetime of the excited state. This type of fluoresce
quenching is described by Stern–Volmer equation[7]:

Io

I
= 1 + τokq[Q] (1)

whereIo andI are the fluorescence intensities in the abs
and presence of quencher, respectively,τo is the fluorescenc
lifetime of the fluorophore in the absence of quencher,kq is
the bimolecular quenching rate constant and [Q] is the molar
E-mail address:yonganer@atauni.edu.tr (Y. Onganer). concentration of quencher. Ifkq occurred through a diffusion-
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controlled path, theoretically diffusion-controlled bimolecu-
lar rate constants must be calculated as a function of tempera-
ture by using the Smoluchowski equation and then theoretical
values of bimolecular rate constants can be compared with
experimentalkq values. The Smoluchowski equation is given
as:

kdiff = 4πRND

1000
(2)

whereR is the collision radius which is generally assumed
to be the sum of the molecular radii of the fluorophore
and quencher,N is the Avogadro’s number andD is the
sum of the diffusion coefficients of the fluorophore and
quencher[7]. Diffusion coefficients can be obtained from
the Stokes–Einstein equation:

D = kT

6πηR
(3)

wherek is the Boltzmann constant andη is the solvent viscos-
ity. Frequently, the Stokes–Einstein equation underestimates
the diffusion coefficients of small molecules like molecu-
lar oxygen. Therefore, the nomograms[17] must be used
b es of
t ddi-
t
b tion
[

k

w ant
t
z ular
r

hing.
I ult of
t be-
t g
c e flu-
o ption
s hing
m

nch-
i on.
T FL in
0 sys-
t y is
t ench-
i his
m d sol-
v s and
i

2. Experimental

Fluorescein and NaOH were purchased from Sigma.
Acetonitrile (ACN), methanol (MeOH), ethanol (EtOH),n-
propanol (PrOH), andn-buthanol (BuOH) solvents were
available from Merck and were in spectroscopic grade. FL
was stored in the dark as a concentrated stock solution of
5.0 × 10−3 M in MeOH. For all measurements, Fluores-
cein of 1.0× 10−6 M was prepared from stock solution to
avoid self-absorption effect. Absorption spectra of the sam-
ples were recorded with Shimadzu UV-3101PC UV-VIS-NIR
spectrophotometer. Fluorescence spectra were taken with
Shimadzu RF-5301PC spectrofluorophotometer by using a
cuvette of 1.0 cm optical path length for the dye solutions
and then these spectra were converted to the corrected fluo-
rescence spectra. For this purpose, rhodamine B in ethylene
glycol was employed to observe corrected fluorescence spec-
tra for the machine response according to the method reported
earlier[7]. The temperature of the samples was controlled by
using Grant W14 circulating water bath during the absorption
and fluorescence spectra measurements.

Fluorescence quantum yields were determined by compar-
ing the spectrally corrected emission intensity of the sample
to that of a fluorescence standard using the following equation
[3]:

Φ
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ased upon the thermodynamic and physical properti
he system to calculate the diffusion coefficients. In a
ion, the viscosity dependence ofkq for diffusion-controlled
imolecular reaction is described by the following equa

18]:

q = Aη−α (4)

here the parametersA andα are assumed to be const
hat are invariant with viscosity. Values ofα ranging from
ero to unity have been reported for a number of bimolec
eactions[19].

The other quenching mechanism is the static quenc
n this case, fluorescence quenching occurs as a res
he formation of a nonfluorescent ground state complex
ween fluorophore and quencher[7]. This kind of quenchin
auses sharp changes in the absorption spectra of th
rophore. Therefore, Stern–Volmer equation and absor
pectra studies would be helpful to examine which quenc
echanism is valid for the system of interest.
There is no work done in the literature related with que

ng mechanism of FL with molecular oxygen in soluti
herefore, this study covers fluorescence quenching of
.1N NaOH aqueous solutions and in different solvent

ems by molecular oxygen. The main goal of this stud
o see which mechanism explains the fluorescence qu
ng of FL with oxygen in solution. To shed a light on t

atter, the quencher concentration, the temperature an
ent viscosity were chosen as experimental parameter
nterpretations were done accordingly.
S = ΦR

(
DS

DR

)(
n2

S

n2
R

)(
1 − 10−ODR

1 − 10−ODS

)
(5)

hereDS andDR are the integrated area under the corre
uorescence spectra for the sample and reference,nS andnR
re the refractive indexes of the sample and reference, re

ively. ODS and ODR are the optical densities for the sam
nd reference at the excitation wavelength, respectively
uantum yield reference used for this study is the rhoda
01 of 1.0× 10−6 M in ethanol, which has a known fluore
ence quantum yield of 1.00[6,20].

Fluorescence lifetime values of the dye samples wer
ained after using Strickler–Berg equation[21]. This equation
s a modification of Einstein’s fundamental relationship
ween the probability of absorption and emission, whic
pplicable to polyatomic molecules in solution. Through
quation,kr can be obtained from the absorption and fluo
ence spectra by using equation:

r = 2.88× 10−9n2〈ῡ−3
f 〉−1

Av (gl/gu)
∫

εa(ῡa)dῡa

ῡa
(6)

hereεa (in units of M−1 cm−1) is the decadic molar absor
ion coefficient at wavenumber ¯υa (in units of cm−1), n is the
efractive index of the solution,gl andgu are the electroni
egeneracies of the lower and upper electronic states

he term in the angular brackets is the weighted wavenu
unction that contains fluorescence intensity. Then, fluo
ence lifetime values (τf ) were calculated by using the ph
ophysical relationship between fluorescence lifetime ankr
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Table 1
Some photophysical parameters of fluorescein in 0.1N NaOH aqueous so-
lutions at different temperatures

Temperature
(oC)

Φf τf (ns)a knr (s−1/107) kr (s−1/109)

5 0.98± 0.01 3.80 0.52± 0.05 0.26± 0.02
15 0.93± 0.01 3.70 1.92± 0.07 0.25± 0.03
25 0.88± 0.02 3.60 3.38± 0.05 0.24± 0.02
35 0.85± 0.03 3.55 4.30± 0.05 0.24± 0.02
50 0.74± 0.03 3.20 8.25± 0.06 0.23± 0.03

a Uncertainty:±10%.

values given as[22]:

τf = Φf

kr
(7)

The refraction indexes were determined by using a refrac-
tometer. The solvent viscosities were obtained from literature
[23] or measured with Ostwald viscosimeter. The oxygen
concentrations in solutions were determined by using Origin
Model 835 dissolved oxygen meter.

3. Results and discussion

The photophysical parameters (τf , Φf , kr andknr) for fluo-
rescein in 0.1N NaOH aqueous solutions are listed inTable 1
as a function of temperature. The non-radiative rate constants
(knr) were obtained fromτf andkr values by using the equa-
tions[22]:

knr =
(

1

τf

)
− kr (8)

s with a

The activation energy value (Enr) associated withknr for
FL in alkali aqueous solution was calculated from Arrhenius
plot. The value ofEnr was found to be 10.3± 1.6 kcal mol−1.
The discussions of fluorescence quenching of FL with molec-
ular oxygen follows as:

3.1. Quenching effect on absorption and fluorescence
spectra

The absorption spectra of FL in alkali aqueous solution
were taken at 20◦C as a function of quencher concentra-
tion given in Fig. 1. There is no any sharp difference be-
tween each spectrum of the FL with varying concentration
of quencher. This implies that there is no any formation of
ground state complex between the fluorophore and quencher
molecules. On the other hand, the dynamic quenching affects
only excited states of the fluorophores and thus no changes in
the absorption spectra are predicted. Our observation regard-
ing absorption spectra indicates that this system has inter-
actions between fluorophore and quencher molecules at the
excited state level, therefore, fluorescence quenching mech-
anism should be discussed in terms of this perspective. In
addition, fluorescence spectra measurements were carried
out at different temperatures with varying concentrations of
molecular oxygen. The fluorescence spectra of FL in alkali
a ob-
t at
fl ases
w any
c dur-
i quan-
t de-
Fig. 1. Absorption spectra of fluorescein in alkali aqueous solution
 nd without quencher at 20◦C. [FL] = 1.0× 10−6 M in 0.1N NaOH solution.

queous solution with varying concentrations of oxygen
ained at 20◦C are shown inFig. 2. These spectra show th
uorescence intensity of FL in aqueous solution decre
ith increasing quencher concentration while there is no
hange of spectral shape and no any shift at maxima
ng the quenching process. Furthermore, fluorescence
um yield and excited state lifetime values were also
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Fig. 2. Corrected fluorescence spectra of fluorescein in alkali aqueous solutions with and without quencher at 20◦C. [FL] = 1.0 × 10−6 M in 0.1N NaOH
solution.

termined for all the temperatures and quencher concentra-
tions. For example, when the quencher concentration var-
ied from 0 to 0.0173 mol/L, fluorescence lifetime and quan-
tum yield values varied fromτf = 3.70 ns andΦf = 0.93
to τf = 2.64 ns andΦf = 0.82 at 15◦C, respectively. The
same behavior was also observed for the other experimental
temperatures. This observation indicates that the higher the
quencher concentration the lower the fluorescence lifetime
and quantum yield values. This kind of dependence of the
excited state lifetime and fluorescence spectra on quencher
concentration implies that the quenching phenomena mainly
occur at the excited state level through a dynamical path for
FL [24,25].

3.2. The dependence of the kq value on temperature and
viscosity

For this purpose, the temperature studies were carried
out and kq values were determined from the slopes of
Stern–Volmer plots given inFig. 3. One can see thatkq values
in Table 2are about two orders of magnitude bigger thanknr
values given inTable 1for FL in alkali solution. The acti-
vation energy value (Eq) associated withkq was calculated
by using Arrhenius equation and was found to be 4.87±
0.42 kcal mol−1. WhenE value is compared with theE
v th
h ergy
t ough
b dia-

Table 2
Quenching rate constants, diffusion rate constants and solvent viscosity val-
ues of fluorescein in 0.1N NaOH aqueous solutions at different temperatures

Temperature
(oC)

η (cP) kq

((M−1s−1)/109)
kdiff

((M−1s−1)/109)

5 1.701± 0.046 3.84± 0.42 3.85
15 1.385± 0.020 5.21± 0.48 7.91
25 0.996± 0.030 7.64± 0.39 11.00
35 0.754± 0.005 11.53± 0.53 14.30
50 0.581± 0.001 14.56± 0.40 19.50

tive processes which can be an internal conversion process
of FL in alkali aqueous solution. Moreover, the activation
energy value (Eq) of bimolecular quenching mechanism sug-
gests that the rate of the reaction is limited only by the dif-
fusion of the reactants in alkali aqueous solution. The reason
is that the activation barrier energy according to the solvent
viscosity of alkali solution was calculated asE� = 4.46±
0.34 kcal mol−1. This value ofE� is much closer to the value
of Eq for FL in alkali solution.

The experimental results indicate that the higher the tem-
perature the higher thekq values as well. Moreover, we
are unable to detect any significant upward curvature in
Stern–Volmer plots. This indicates that in the present case
ground state complexation or static quenching may be absent
for the system studied here. In some cases, static quench-
ing may also result in a linear behavior for Stern–Volmer
plot [7,24]. To distinguish dynamic quenching from static
quenching, one must investigate the changes inkq with ex-
perimental temperature. Since dynamic quenching depends
q nr
alue (10.3± 1.6 kcal mol−1), the dynamic quenching pa
as the lower barrier energy than the nonradiative en

ransfer step. Thus, the fluorescence quenching of FL thr
imolecular interaction is more operative than the nonra
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Fig. 3. Stern–Volmer plot for fluorescein with varying quencher concentration at different temperatures. [FL] = 1.0× 10−6 M in 0.1N NaOH solution.

on the diffusion of probe and quencher molecules, the bi-
molecular quenching rate constants are expected to increase
with increasing temperature. Therefore, higher temperatures
result in larger diffusion coefficients. This means thatkq val-
ues have to increase with increasing temperature for the dy-
namic quenching[7,19]. Our observations onkq values agree
well with the dynamic quenching mechanism instead of the
static quenching mechanism in which increased temperature
results in decreased stability of ground state complex forma-
tion and thus lower values of the static quenching constants.
So far, our experimental findings and argument support that
the quenching phenomenon of FL with molecular oxygen
in solution is due to a diffusive process. For this reason,
diffusion-controlled bimolecular rate constants (kdiff ) were
calculated as a function of temperature by usingEq. (2)and
then they were compared withkq values. Calculatedkdiff val-
ues are given inTable 2. When we compare the experimental
kq values with the calculatedkdiff values as shown inFig. 4,
one can see that these values are in good agreement with
each other and indicate a diffusive process of the quenching.
Moreover, the quenching rate constant values (kq) decrease
with increasing the medium viscosity and get much closer

Table 3
Photophysical parameters of fluorescein in different solvents at 20◦C

S a b kn
−1 7 −1 −1 9 −1 −1 9

A
M
E
n
n

to thekdiff values given inTable 2. To observe viscosity ef-
fect on quenching process, experiments were carried out with
FL in different solvents having different viscosities at con-
stant temperature of 20◦C as shown inTable 3. In this table,
one can see that the higher the viscosity of solvent the closer
kq values to thekdiff values for the fluorophore. Therefore,
the viscosity dependence ofkq also implies that diffusion-
controlled quenching is valid. Furthermore,kq has an inverse
dependence onT/η of FL in alkali solution, as expected for
a diffusion-controlled reaction[26]. When we studied this
relation by using the data fromTable 2, we observed the
linearity forkq versusT/η that is a good evidence for the dif-
fusive nature of the fluorescence quenching and that supports
the validity ofFig. 4 for our system. Moreover, the slope of
Fig. 4 is lower than 1 and, hence, this kind of dependence
directly justifiesEq. (4). Therefore, a plot of lnkq versus ln
η yields a straight line by using the data fromTable 3. The
slope of plot was found to beα = 0.62 with a correlation co-
efficient of 0.97 for alcoholic solutions indicating the strong
power dependence ofkq on the viscosity for our system. This
observation is consistent with some other studies done in
the literature. For instances, Pandey et al. have reportedα
olvent Φf τf (ns) η (cP)

CN 0.81± 0.01 3.95 0,345
eOH 0.83± 0.01 3.70 0.545
tOH 0.80± 0.02 3.46 1.078
-PrOH 0.79± 0.03 3.27 2.258
-BuOH 0.72± 0.03 2.85 2.948
a Uncertainty:±10%.
b Valuesη taken from[19].
r ((s )/10 ) kq ((M s )/10 ) kdiff ((M s )/10 )

4.32± 0.02 1.65± 0.22 2.72
4.32± 0.05 1.30± 0.18 2.19
5.90± 0.04 0.72± 0.05 1.01
6.58± 0.05 0.65± 0.03 0.72

10.01± 0.06 0.38± 0.02 0.39
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Fig. 4. Plot of experimentally determinedkq versus theoretically calculatedkdiff .

value as 0.62 for the viscosity dependence of fluorescence
quenching of 9,10-dimethylanthracene in methylcyclohex-
ane by molecular oxygen[14]. Moreover, El-Daly et al. have
also reported anotherα value regarding viscosity depended
fluorescence quenching ofN,N’-bis(2,5-di-tert-butylphenyl)-
3,4:9,10-perylenebis(dicarboximide) (DBPI) by molecular
oxygen in alcoholic solutions[27]. In this caseα has been
found as 0.48 for DBPI.

According to our experimental findings, we consider the
following scheme for the quenching of FL by molecular
oxygen in solution. The similar mechanism has been of-
fered for the quenching of 9,10-dicyanoanthracene, 9,10-
dimethylanthracene, andN,N’-bis(2,5-di-tert-butylphenyl)-
3,4:9,10-perylenebis(dicarboximide) by molecular oxygen in
different solvents[14,27]. Our consideration for the quench-
ing of FL by molecular oxygen in solution is given as:

In this mechanism, the interaction of FL with quencher
takes place in the second step. Therefore, the fate of fluores-
cence quenching is strongly dependent on the nature of this
s ∗ 3 3∑− p
w s
e t
o t.
M
r l
t m-
p d

kdiff values given inTable 2or experimentalknr values withkq
and calculatedkdiff values given inTable 3, one can see that
kq(andkdiff ) values are about two orders of magnitude bigger
thanknr values. Therefore, we omit the nonradiative deactiva-
tion step of FL* with theknr rate constant in the mechanism.
The experimentalEnr value (10.3± 1.6 kcal mol−1) was also
in good agreement with this assumption because this deacti-
vation barrier requires more energy to overcome than that of
the other diffusive path, which has thek1 rate constant. By
taking into account these in the mechanism under the photo-
stationary condition, the observed quenching rate constantkq
is given by

kq = k1k2

k−1 + k2
(9)

If we assume that quenching reaction step is much faster
than dissociation of excited state complex reaction step, that
is k2
k−1, kq is approximated by the following equation

kq = k1 = kdiff (10)

This case is for the high viscosity limit of the solvent. One
can see that our experimentalkq value at high viscosity (η =
2.948 cP forn-BuOH) is almost the same with the calculated
kdiff value given inTable 3. In the limit of low viscosity, where
k−1
k2, kq is given by

k

k .
M
v at
t

econd step. FLinteracts with O2 ( g ) in the second ste
ith the rate constant ofk1 to form [FL O2]∗. This specie
ither dissociates into the reactants with thek−1 rate constan
r results in quenching with thek2 reaction rate constan
oreover, if the excited state complex formation ([FLO2]∗)

eaction is a diffusion-controlled step, thenk1 must be equa
okdiff diffusion rate constant. In this mechanism, if we co
are experimentalknr values inTable 1with kq and calculate
q = k1
k2

k−1
(11)

In this case,kq will depend on the ratio ofk2/k−1. Since
−1
k2 is the case, the ratio ofk2/k−1 will be less than unity
ultiplication of this ratio withk1 in Eq. (11)will result kq

alue lower thankdiff = k1 value. As a result, we obtain th
he experimentalkq values are lower than calculatedkdiff val-
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ues at low viscosity case (η = 0.345 cP for MeOH) as shown
in Table 3. At higher viscosities in whichEq. (10)holds,
the observed quenching rate constantkq is equal tok1 and the
quenching reaction becomes diffusion-controlled and, hence,
kq decreases with increasing solvent viscosity. Our experi-
mentalkq values for FL decrease with increasing viscosity
of the medium and get closer to thekdiff values as shown
in Table 3. As a result, one can see that our experimental
findings for FL in solution support offered quenching mech-
anism based on diffusion-controlled path with this frame of
discussion.

4. Conclusion

The steady-state interpretation of Stern–Volmer equation
shows a linear relationship betweenIo/I and quencher con-
centration values for the studied system. No any changes of
spectral shape in the absorption spectra but intensity decrease
in the fluorescence spectra and decrease in fluorescence life-
time values with increasing quencher amount imply that fluo-
rescence quenching of fluorescein occurs at the excited state
level through diffusion-controlled bimolecular interactions.
Experimental findings related withkq and calculatedkdiff val-
ues are discussed by considering a quenching mechanism in
t vis-
c mic
q f flu-
o

A

nd of
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N

References

[1] A. von Bayer, Chem. Ber. 5 (1871) 255.
[2] H. Fujiwera, K. Nakagawa, Opt. Commun. 55 (1985) 386.
[3] J.M. Demas, G.A. Crosby, J. Phys. Chem. 75 (1971) 911.
[4] M.S. Chen, J.R. Bolton, Sol. Energy 24 (1980) 561.
[5] H. Misawa, H. Sakuraki, Y. Usui, K. Tokumeru, Chem. Lett. (1983)

1021.
[6] A.J. Frank, J.W. Otvos, M. Calvin, J. Phys. Chem. 83 (1979) 716.
[7] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Plenum,

New York, 1986.
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