Available online at www.sciencedirect.com

Journal of

sclsncs(dmnscro Photoch;:mistry
3@ Xz A an 3

& N Photobiology
== A:Chemistry
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 170 (2005) 105-111

www.elsevier.com/locate/jphotochem

Fluorescence quenching of fluorescein with
molecular oxygen in solution

Mustafa Arik, Neslihan €lebi, Yavuz Onganér

Faculty of Arts and Sciences, Department of Chemistryuttatiniversity, 25240 Erzurum, Turkey

Received 21 May 2004; received in revised form 2 July 2004; accepted 4 July 2004

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 quantiy) yaeldfive rate constank.], fluorescence
lifetime (z¢), and non-radiative rate constalt,f values were determined. Stern—Volmer equation was employed to calculate bimolecular
quenching rate constants and, then, Smoluchowski equation was used for the determination of diffusion-controlled rate cokgtgnts (
to compare with the experimenta| values. The temperature, quencher concentration, and solvent viscosity were experimental parameters
to understand fluorescence quenching process of fluorescein with molecular oxygen in solution. Experimental findings indicated that the
mechanism of fluorescence quenching is diffusive in nature.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction rescence to biochemical problefi?$. Quenching process is
frequently used in protein and membrane systems to exam-
Fluorescein (FL) that is a highly fluorescent molecule and ine their structural and functional properties. Molecular oxy-
a type of xanthene dyes was firstly synthesized by Von Bayer gen is an important quencher for many fluorophores because
in 1871[1]. Fluorescein is widely used as a photosensitizer of its high solubility in aqueous solutions and organic sol-
compound for the chemical reactions and non-linear opti- vents[9-12] Fluorescence quenching by molecular oxygen
cal media (this property of FL has been observed in boric is usually a diffusion-controlled mechanism as mentioned by
acid glass thin films and gelatif], as a quantum counter  previous studies in the literatuf£0,13-16]
in dye laserg3], and in the conversion and storage of solar  In general, the mechanism of fluorescence quenching can
energy[4—6]. Another use of FL is to label proteins in fluo- be followed by either dynamic or static but in some cases
rescence microscofy]. All these applications require that  both. The dynamic quenching mechanism results from dif-
how much of fluorescence intensity of FL is affected by the fusive encounters between fluorophore and quencher during
solvating environment. Therefore, the basic understandingthe lifetime of the excited state. This type of fluorescence
of photophysical features of these dyes depending on solventguenching is described by Stern—\Volmer equafifn
properties, for instance; solvent viscosity, solvent polarity,
and pH of media etc., is very important for the use of these — = 1+ Tokg[ O] Q)
dyes in various applicatioris]. !
Fluorescence quenching has been widely studied in bothwherel, andl are the fluorescence intensities in the absence
as a fundamental phenomenon and in the application of fluo-and presence of quencher, respectivelys the fluorescence
lifetime of the fluorophore in the absence of quenckgis
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controlled path, theoretically diffusion-controlled bimolecu- 2. Experimental

lar rate constants must be calculated as a function of tempera-

ture by using the Smoluchowski equation and thentheoretical Fluorescein and NaOH were purchased from Sigma.
values of bimolecular rate constants can be compared withAcetonitrile (ACN), methanol (MeOH), ethanol (EtOH}),
experimentak, values. The Smoluchowski equation is given propanol (PrOH), andr-buthanol (BuOH) solvents were

as: available from Merck and were in spectroscopic grade. FL
was stored in the dark as a concentrated stock solution of

47RND 5.0 x 103M in MeOH. For all measurements, Fluores-

diff = 1000 @ cein of 1.0x 10-®M was prepared from stock solution to

avoid self-absorption effect. Absorption spectra of the sam-
whereR is the collision radius which is generally assumed Pl€Swere recorded with Shimadzu UV-3101PC UV-VIS-NIR
to be the sum of the molecular radii of the fluorophore spgctrophotometer. Fluorescence spectra were taken with
and quencherN is the Avogadro’s number anb is the Shimadzu RF-5301PC spectrofluorophotometer by using a

sum of the diffusion coefficients of the fluorophore and CUvette of 1.0cm optical path length for the dye solutions
quencher{7]. Diffusion coefficients can be obtained from and then these spectra were converted to the corrected fluo-

the Stokes—Einstein equation: rescence spectra. For this purpose, rhodamine B in ethylene
glycol was employed to observe corrected fluorescence spec-
trafor the machine response according to the method reported

= k_T (3) earlier[7]. The temperature of the samples was controlled by
6mnR using Grant W14 circulating water bath during the absorption
and fluorescence spectra measurements.
wherekis the Boltzmann constant ands the solvent viscos- Fluorescence quantum yields were determined by compar-

ity. Frequently, the Stokes—Einstein equation underestimatesing the spectrally corrected emission intensity of the sample
the diffusion coefficients of small molecules like molecu- tothatofafluorescence standard using the following equation
lar oxygen. Therefore, the nomograifi&] must be used  [3]:

based upon the thermodynamic and physical properties of

the system to calculate the diffusion coefficients. In addi- Ds ng 1—109Pr

- isCosi ifusion- s=or(— ) (=)o 5)
tion, the viscosity dependence lof for diffusion-controlled DR 1_ 10-9Ps

bimolecular reaction is described by the following equation

[18]: whereDs andDg are the integrated area under the corrected
fluorescence spectra for the sample and referenrcandng

kq=An"" (4) are the refractive indexes of the sample and reference, respec-
tively. ODs and OL}, are the optical densities for the sample
and reference at the excitation wavelength, respectively. The
quantum yield reference used for this study is the rhodamine
101 of 1.0x 10-®M in ethanol, which has a known fluores-
cence quantum yield of 1.(46,20].

Fluorescence lifetime values of the dye samples were ob-
ained after using Strickler—Berg equat[@i]. This equation
is a modification of Einstein’s fundamental relationship be-
tween the probability of absorption and emission, which is
applicable to polyatomic molecules in solution. Through this
equationk; can be obtained from the absorption and fluores-
cence spectra by using equation:

2
nr

where the parametes and o are assumed to be constant
that are invariant with viscosity. Values afranging from
zero to unity have been reported for a number of bimolecular
reactiong19].

The other quenching mechanism is the static quenching.
In this case, fluorescence quenching occurs as a result o
the formation of a nonfluorescent ground state complex be-
tween fluorophore and quenchj@t. This kind of quenching
causes sharp changes in the absorption spectra of the flu
orophore. Therefore, Stern—Volmer equation and absorption
spectra studies would be helpful to examine which quenching
mechanism is valid for the system of interest. o ea(Ua)du-

Thereis nowork done inthe literature related with quench- kr = 2.88 x 10_9”2<UF3>A\11(8|/8U)f % 6)
ing mechanism of FL with molecular oxygen in solution. 2
Therefore, this study covers fluorescence quenching of FL in whereg, (in units of M~1 cm1) is the decadic molar absorp-
0.1N NaOH aqueous solutions and in different solvent sys- tjon coefficient at wavenumbes (in units of cnt?), nis the
tems by molecular oxygen. The main goal of this study is refractive index of the solutiory andg, are the electronic
to see which mechanism explains the fluorescence quenchgegeneracies of the lower and upper electronic states, and
ing of FL with oxygen in solution. To shed a light on this  the term in the angular brackets is the weighted wavenumber
matter, the quencher concentration, the temperature and solfunction that contains fluorescence intensity. Then, fluores-
vent viscosity were chosen as experimental parameters anctence lifetime valuescf) were calculated by using the pho-
interpretations were done accordingly. tophysical relationship between fluorescence lifetimeland
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Table 1

Some photophysical parameters of fluorescein in 0.1N NaOH aqueous so-

lutions at different temperatures

Temperature & 5 (NSP kor (57Y/107) ke (sH107)
(°C)
5 0.98+ 0.01 3.80 0.52t 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 3.38t 0.05 0.24+ 0.02
35 0.85+ 0.03 3.55 4.30: 0.05 0.244+ 0.02
50 0.74+ 0.03 3.20 8.25k 0.06 0.23+ 0.03
2 Uncertainty:£10%.
values given af22]:
o
T = — 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 parametets (@, k, andky,) for fluo-
rescein in 0.1N NaOH aqueous solutions are listethinle 1
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The activation energy valu&y{,) associated witli,, for
FL in alkali aqueous solution was calculated from Arrhenius
plot. The value of,,, was found to be 10.% 1.6 kcal mot L.
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 20C as a function of quencher concentra-
tion given inFig. 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
aqueous solution with varying concentrations of oxygen ob-

as a function of temperature. The non-radiative rate constantg@ined at 20C are shown irig. 2 These spectra show that

(knr) were obtained from; andk, values by using the equa-
tions[22]:

1

fluorescence intensity of FL in aqueous solution decreases
with increasing quencher concentration while there is no any
change of spectral shape and no any shift at maxima dur-
ing the quenching process. Furthermore, fluorescence quan-
tum yield and excited state lifetime values were also de-
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Fig. 1. Absorption spectra of fluorescein in alkali aqueous solutions with

and without quenchétaf{l0] = 1.0 x 10-%M in 0.1N NaOH solution.
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Fig. 2. Corrected fluorescence spectra of fluorescein in alkali aqueous solutions with and without quench@r E¥L30= 1.0 x 10-6M in 0.1N NaOH
solution.

termined for all the temperatures and quencher concentra-Table 2
tions. For example when the quencher concentration var- Quenching rate constants, diffusion rate constants and solvent viscosity val-
ied from 0 to O Ol?é mol/L. fluorescence lifetime and quan- ues of fluorescein in 0.1N NaOH aqueous solutions at different temperatures

tum yield values varied from; = 3.70ns andps = 0.93 Temperature 7 (cP) kq Kaiff

_ _ ; (°c) (M~ishy1®)  (M~1sh)acd)
to 7 = 2.64ns andd; = 0.82 at 15C, respectively. The
same behavior was also observed for the other experimentaii5 i;géi 8-8‘2‘2 ggi 8-2; 33?
temperatures. This opservatlon indicates that the hlglher. the25 0.996+ 0.030 7 64t 0.39 11.00
qguencher concentration the lower the fluorescence lifetime 35 0.754+ 0.005  11.53t 0.53 14.30
and quantum yield values. This kind of dependence of the 50 0.5814+0.001  14.56+ 0.40 19.50

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 tive processes which can be an internal conversion process
FL [24,25] of FL in alkali aqueous solution. Moreover, the activation

energy valueKg) of bimolecular quenching mechanism sug-
gests that the rate of the reaction is limited only by the dif-
3.2. The dependence of thevalue on temperature and fusion of the reactants in alkali aqueous solution. The reason
viscosity is that the activation barrier energy according to the solvent
viscosity of alkali solution was calculated &g = 4.46 &
For this purpose, the temperature studies were carried0.34 kcal mot?. This value ofg, is much closer to the value
out andky values were determined from the slopes of of Eq for FL in alkali solution.

Stern—Volmer plots given iRig. 3. One can see thig values The experimental results indicate that the higher the tem-
in Table 2are about two orders of magnitude bigger than perature the higher thk, values as well. Moreover, we
values given inTable 1for FL in alkali solution. The acti- are unable to detect any significant upward curvature in

vation energy valueH;) associated witlk; was calculated  Stern-Volmer plots. This indicates that in the present case
by using Arrhenius equation and was found to be 487  ground state complexation or static quenching may be absent
0.42 kcal mott. When Eq value is compared with thEy, for the system studied here. In some cases, static quench-
value (10.3+ 1.6 kcal mot 1), the dynamic quenching path  ing may also result in a linear behavior for Stern—Volmer
has the lower barrier energy than the nonradiative energyplot [7,24]. To distinguish dynamic quenching from static
transfer step. Thus, the fluorescence quenching of FL throughquenching, one must investigate the changeg, iwith ex-
bimolecular interaction is more operative than the nonradia- perimental temperature. Since dynamic quenching depends
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Fig. 3. Stern-Volmer plot for fluorescein with varying quencher concentration at different temperatures. [Fiy 2@.6M in 0.1N NaOH solution.

on the diffusion of probe and quencher molecules, the bi- to thekyi values given inTable 2 To observe viscosity ef-
molecular quenching rate constants are expected to increaséect on quenching process, experiments were carried out with
with increasing temperature. Therefore, higher temperaturesFL in different solvents having different viscosities at con-
result in larger diffusion coefficients. This means tkaval- stant temperature of 2@ as shown iMable 3 In this table,

ues have to increase with increasing temperature for the dy-one can see that the higher the viscosity of solvent the closer
namic quenching7,19]. Our observations ok values agree kg values to thekgir values for the fluorophore. Therefore,
well with the dynamic quenching mechanism instead of the the viscosity dependence &§ also implies that diffusion-
static quenching mechanism in which increased temperaturecontrolled quenching is valid. Furthermokg has an inverse
results in decreased stability of ground state complex forma- dependence of/n of FL in alkali solution, as expected for
tion and thus lower values of the static quenching constants.a diffusion-controlled reactiof26]. When we studied this

So far, our experimental findings and argument support thatrelation by using the data frorable 2 we observed the
the quenching phenomenon of FL with molecular oxygen linearity forky versusl/y that is a good evidence for the dif-

in solution is due to a diffusive process. For this reason, fusive nature of the fluorescence quenching and that supports
diffusion-controlled bimolecular rate constankgif) were the validity of Fig. 4 for our system. Moreover, the slope of
calculated as a function of temperature by udiug (2)and Fig. 4is lower than 1 and, hence, this kind of dependence

then they were compared wikg values. Calculateklis val- directly justifiesEq. (4) Therefore, a plot of Ik versus In
ues are given iffable 2 When we compare the experimental » yields a straight line by using the data frorable 3 The
kq values with the calculatelir values as shown iRig. 4, slope of plot was found to be = 0.62 with a correlation co-

one can see that these values are in good agreement witkefficient of 0.97 for alcoholic solutions indicating the strong
each other and indicate a diffusive process of the quenching.power dependence &§ on the viscosity for our system. This
Moreover, the quenching rate constant valugy decrease  observation is consistent with some other studies done in
with increasing the medium viscosity and get much closer the literature. For instances, Pandey et al. have reported

Table 3

Photophysical parameters of fluorescein in different solvents €20

Solvent &y ¢ (nsP n (cPP knr (s~ 1)/107) kg (M~1s71)/10%) kit (M~1s71)/10°)
ACN 0.81+0.01 3.95 0,345 4.320.02 1.65+0.22 2.72

MeOH 0.83+ 0.01 3.70 0.545 4.320.05 1.30+0.18 2.19

EtOH 0.80+ 0.02 3.46 1.078 5.980.04 0.72+0.05 1.01

n-PrOH 0.79+ 0.03 3.27 2.258 6.5& 0.05 0.65+ 0.03 0.72

n-BuOH 0.72+ 0.03 2.85 2.948 10.0£0.06 0.38+ 0.02 0.39

2 Uncertainty:+10%.
b Valuesn taken from[19].
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Fig. 4. Plot of experimentally determindg versus theoretically calculatdg .

value as 0.62 for the viscosity dependence of fluorescencekgist values given irTable 2or experimentalky, values withkg
guenching of 9,10-dimethylanthracene in methylcyclohex- and calculatedty;s values given infable 3 one can see that
ane by molecular oxyged4]. Moreover, El-Daly etal. have  kqg(andkgi ) values are about two orders of magnitude bigger
also reported another value regarding viscosity depended thank,, values. Therefore, we omit the nonradiative deactiva-
fluorescence quenchingdfN’-bis(2,5-di-tert-butylphenyl)-  tion step of FL* with thek,, rate constant in the mechanism.
3,4:9,10-perylenebis(dicarboximide) (DBPI) by molecular The experimentaEy,, value (10.3+ 1.6 kcal mot ) was also
oxygen in alcoholic solutionf27]. In this casex has been in good agreement with this assumption because this deacti-
found as 0.48 for DBPI. vation barrier requires more energy to overcome than that of
According to our experimental findings, we consider the the other diffusive path, which has the rate constant. By
following scheme for the quenching of FL by molecular taking into account these in the mechanism under the photo-
oxygen in solution. The similar mechanism has been of- stationary condition, the observed quenching rate conkgant
fered for the quenching of 9,10-dicyanoanthracene, 9,10-is given by
dimethylanthracene, and,N’-bis(2,5-di-tert-butylphenyl)- kiko
3,4:9,10-perylenebis(dicarboximide) by molecular oxygenin kq = P 9)
different solvent$14,27]. Our consideration for the quench- 1R

ing of FL by molecular oxygen in solution is given as: If we assume that quenching reaction step is much faster
than dissociation of excited state complex reaction step, that

FL == FLr 4 90,057) S [i—o is ko>>k_1, kq is approximated by the following equation
kg : k.
1 . 1 ks kq = k1 = kditt (10)
FL + Heat FL+ 05 (14, or T3 ) This case is for the high viscosity limit of the solvent. One

can see that our experimenkglvalue at high viscositys(=

In this mechanism, the interaction of FL with quencher 2.948 cP fon-BuOH) is almost the same with the calculated
takes place in the second step. Therefore, the fate of fluoreskdi value given irTable 3 Inthe limit of low viscosity, where
cence quenching is strongly dependent on the nature of thisk-1>>Kz, kq is given by

second step. PLinteracts witi?O, (325) in the second step k

with the rate constant d¢ to form [FL—O]*. This species  kq = klk—2 (12)
either dissociates into the reactants withkhgrate constant -1

or results in quenching with thk, reaction rate constant. In this caseky will depend on the ratio ok»/k_1. Since
Moreover, if the excited state complex formation (FFD»]*) k_1>ko isthe case, the ratio &b/k_1 will be less than unity.

reaction is a diffusion-controlled step, thknmust be equal ~ Multiplication of this ratio withky in Eq. (11)will result ky
tokgig diffusion rate constant. In this mechanism, if we com- value lower tharkgif = k1 value. As a result, we obtain that
pare experimentd,, values irTable 1with kg and calculated the experimentdt, values are lower than calculatkg val-
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ues at low viscosity case € 0.345 cP for MeOH) as shown
in Table 3 At higher viscosities in whicleq. (10) holds,
the observed quenching rate constgyis equal tdk; and the

quenching reaction becomes diffusion-controlled and, hence, [

kg decreases with increasing solvent viscosity. Our experi-
mentalky values for FL decrease with increasing viscosity
of the medium and get closer to thgs 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—\olmer equation

shows a linear relationship betwekyil and quencher con-

centration values for the studied system. No any changes of
spectral shape in the absorption spectra but intensity decreas

in the fluorescence spectra and decrease in fluorescence lif
time values with increasing quencher amountimply that fluo-

rescence quenching of fluorescein occurs at the excited state

level through diffusion-controlled bimolecular interactions.
Experimental findings related wikly and calculate#s val-

ues are discussed by considering a quenching mechanism i'?lg]

terms of viscosity limits. Therefore, the temperature and vis-
cosity related experiments supported the validity of dynamic

quenching mechanism for the fluorescence quenching of flu-

orescein with molecular oxygen in solution.
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