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The frequency domain technique was applied to measure the effect ofn-propyl gallate (nPG) on the apparent
photodegradation rate of fluorescein in aqueous solutions. The illuminating light was modulated and the
change in fluorescence from the illuminated region was detected synchronously. A constant flow rate was
imposed on the fluorescein solution to control the mass transport of fluorescein into the illuminated region.
The photodegradation response was described by a model which assumed two steps: (1) singlet oxygen
production via energy transfer between the excited triplet state of fluorescein and molecular oxygen in the
ground triplet state and (2) photodegradation via the interaction of fluorescein with singlet oxygen. It was
assumed that nPG affects the photodegradation of fluorescein by quenching the oxygen singlet state. In the
context of this model, the rate of singlet oxygen quenching by nPG was found to be (1.3( 0.2) × 109

s-1M-1. The product of the singlet oxygen photosensitization rate,kox, and the photodegradation rate,kpd,
waskoxkpd ) (0.60 ( 0.3) × 1017 s-2 M-2. Photodegradation was observed in argon purged solutions and
high concentrations of nPG, suggesting another photodegradation mechanism, such as direct electron transfer
between fluorescein in the excited triplet state and fluorescein in the ground state. nPG also quenches the
excited singlet state of fluorescein with a rate of (2.5( 0.3) × 109 s-1 M-1.

Introduction

The photodegradation of fluorophore is an important issue
in many biological assays, since both sensitivity and quantitation
are affected adversely by the decay of the fluorescence signal.1

Antifade agents have been developed to increase the photosta-
bility of the fluorescence signal.2-5 The early work made some
attempts to understand the action of the antifade agents; however
a detailed picture was not presented. The time scale of the
observed photodegradation is of the order of seconds and most
likely is due to a combination of processes making it difficult
to interpret. We have developed a frequency domain measure-
ment technique which provides a convenient method for
interpreting the role of antifade agents.6 The frequency domain
measurements have to be analyzed in terms of a mechanistic
model, thus providing a link between observations and the
underlying processes. The model has to be developed utilizing
work with other techniques such as flash photolysis which are
more suitable for elucidating the individual steps occurring
during the photodegradation process.7,8 Phenomenological pa-
rameters such as photodegradation quantum yield can be
measured9 and are very useful indicators of fluorophore pho-
tostability. However, they do not provide detailed links to the
steps leading to photodegradation. The model of photodegra-
dation can be constructed using information from many areas.
Measurement of the highly reactive singlet oxygen production10

showed that it was present in most fluorophore solutions exposed
to light. Study of the photophysics of photosensitizer fluoro-

phore, in the context of photodynamic therapy, showed that
fluorophore exhibited substantial rates of singlet oxygen produc-
tion and that the singlet oxygen could photodegrade the
fluorophore itself.11 Fluorophore photostability has also been
studies in the context of laser applications.12,13 In addition to
singlet oxygen involvement,14 specific models for triplet state
reactions have been proposed.15 The development of photo-
functional materials requires attention to photodegrada-
tion.16

We apply the frequency domain technique to measure the
apparent photodegradation rate of fluorescein withn-propyl
gallate (nPG) added in solution. The compound nPG has been
used to prolong the fluorescence response of labeled molecules
observed by microscopy.2,3 We start with a model of photo-
degradation, generalize some of the basic tenants of the
measurement technique, and then present measurements and
preliminary interpretations of the apparent photodegradation rate
as a function of nPG concentration. The goal of this work is to
demonstrate that the frequency domain technique is a useful
tool for the study of antifade agents used to improve the
photostability of fluorophore in biological assays.

A Matter of Nomenclature. The word “photodegradation”
is used to describe the entire process which results in the
decrease of fluorescence signal. The word “photodegradation”
is also used to describe the specific reaction between fluorescein
and photosensitized singlet oxygen. The context will determine
which meaning of “photodegradation” is applicable.

Experimental Method

The apparatus which was used to carry out the frequency
domain measurements has been described previously.6 In

* Corresponding author. Telephone: (301) 975 2873. E-mail:
adolfas.gaigalas@nist.gov.

† Present address: UMBC, Baltimore, MD.

4378 J. Phys. Chem. A2004,108,4378-4384

10.1021/jp0371377 This article not subject to U.S. Copyright. Published 2004 by the American Chemical Society
Published on Web 04/24/2004



summary, an argon ion laser operating at 488 nm was used to
illuminate a solution of fluorescein flowing in a cuvette (47F-
Q-10, Starna Cells, Inc.). (Certain commercial equipment,
instruments, and materials are identified in this article to specify
adequately the experimental procedure. In no case does such
an identification imply recommendation and endorsement by
the National Institute of Standards and Technology nor does it
imply that the material and equipment is necessarily the best
available for the purpose.) A mechanical chopper modulated
the intensity of the illuminating laser beam, and the resulting
fluorescence modulation was detected synchronously with a
lock-in amplifier. The ratio of the quadrature and the in-phase
components of the lock-in output was the primary measurement.
The instrumental phase shift (ratio of quadrature to in-phase
component) as a function of modulation frequency was mea-
sured by detecting the in-phase and quadrature signals from light
scattered by a frosted glass plate placed in the cuvette. The
instrumental phase shift was subtracted from that measured in
fluorescein solutions.

A stock fluorescein solution was made by dissolving 55.96
mg of fluorescein powder (Molecular Probes Inc., MPR 71358,
WO 18072) in 2.80 kg of 0.1 M borate buffer, pH) 9.0. The
concentration of the fluorescein stock solution was 60.1µM.
All of the fluorescein solutions used in the photodegradation
measurements were obtained by diluting the stock solution 100
fold in borate buffer. The fluorescein absorption coefficient at
488 nm was 87 000 L cm-1 mol-1.17 The optical density of a 1
cm thick slab of the fluorescein solution was less than 0.002.
nPG (3,4,5-trihydroxybenzoic acidn-propyl ester) was obtained
from Sigma Corp. (P-3130,Mr ) 212.2 g/mol) and was used
as received. The solution used in the photodegradation measure-
ments was made by adding the gravimetrically determined
amount of nPG powder and 2 mL of the fluorescein stock
solution and mixing into 200 mL of borate buffer. The molecular
structures of fluorescein and nPG are shown in Figure 1.

Model of Photodegradation.Photodegradation is assumed
to occur via an interaction of the fluorophore in the ground
singlet state with oxygen in the excited singlet state.18 The
concentration of the oxygen in the triplet (ground) and singlet
(excited) states is given by3O2 and1O2, respectively. We assume
that singlet oxygen is photosensitized via energy transfer reaction
between the fluorophore and the oxygen in their respective triplet
states. The quantum yield for singlet oxygen production by
fluorescein in air saturated aqueous solutions is about 0.0310

resulting in a significant concentration of singlet oxygen under
conditions of high power illumination. The states involved in
the process are shown in Figure 2.1N, 1N*, 3N, andXN denote
the concentrations of fluorescein molecules in the ground state,

1S, the excited singlet state,1S*, the excited triplet state,3S,
and the nonfluorescing photodegrade state,XS, respectively. The
sum of the four concentrations is equal to1N0, the initial
fluorophore concentration. In the case of varying illumination,
the time variation of the populations of the three states can be
modeled as19

where the rate constants are defined in Figure 2.3O2 and 1O2

are the concentrations of triplet (ground state) and singlet
(excited state) oxygen. In eq 1a we have neglected stimulated
emission, this is valid if the absorption rate is much smaller
than the spontaneous decay rate.20 The rate constantkpd describes
the photodegradation process

andkox describes the photosensitization of singlet oxygen,

Next we sum eq 1a-c and get

Equation 2 is relevant for the description of the photodegradation
process. It models the decrease of the population of intact
fluorophore. The time variation in eq 2 is that associated with
the light modulation period (∼0.1s). Equation 2 has to be solved

Figure 1. Structures of fluorescein dianion andn-propyl gallate. The
fluorescein fluorescence originates from the intact three ring structure.
A modification of any part of the three ring structure modifies the
fluorescence at 512 nm. Fluorescence decreases if the oxygen on the
three ring structure is protonated. Fluorescence disappears if any part
of the three ring structure is broken orπ bonding decreased.

Figure 2. Schematic of the reaction scheme assumed for the analysis
of data.N denotes the concentration of fluorescein in various states
denoted by superscripts(notation adapted from22), O stands for con-
centration of oxygen, andG stands for the concentration of nPG. Singlet
oxygen is produced via a photosensitization reaction. The singlet oxygen
is depleted via two parallel reactions: the photodegradation of
fluorescein and quenching by nPG.
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simultaneously with eq 1a and eq 1b. A very good approximate
solution is obtained by taking the zero-order solutions of eq 1a
and eq 1b (obtained by setting d1N*/dt ) 0 and d3N/dt ) 0)
and putting the resulting expressions into eq 2. The zero-order
solution of eq 1a gives

which states that the population of the first excited singlet state
is given by the ratio of photon absorption rate and the total
decay rate. Similarly the zero-order solution of eq 1b gives

where we have used eq 3 to get the second part of the right
side of eq 4. Substituting eq 3 and eq 4 into eq 2 gives the final
result

In making the approximation, we assume that the photodegra-
dation occurs from the ground-state interactions. The photon
absorption and decay processes keep the excited-state popula-
tions in equilibrium with the ground-state population as given
by the zero-order solutions to eq 1a and eq 1b.

We assume that nPG interacts with singlet oxygen resulting
in the restoration of the triplet oxygen state (singlet quenching).
The reactivity of singlet oxygen has been described by Turro21

and Min.22 The detailed pathway of the reaction between singlet
oxygen and nPG is not known; however, it occurs only during
illumination. Therefore, the time variation of singlet oxygen
concentrations is given by

Where3O2
0 is the concentration of triplet oxygen in the air

saturated solution,G is the concentration of nPG,kq is the rate
of quenching of the oxygen singlet excited state by nPG, andγ
is the rate constant representing all other processes that deplete
singlet oxygen. The complete time dependence of the various
concentrations is obtained by solving eqs 5 and 6.

We will write the absorption rate aska ) σaI0,23 whereσa

(cm2) is the molecular absorption cross section, andI0 is the
incident photon flux (1/s cm2). During the experiment, we
measure the total laser powerP (W). The total power,P, can
be converted into a photon flux,I0, by dividing P by the cross
sectional area of the laser beam and the energy per photon.
Explicitly, I0 ) PcP where the conversion factor is given byPc

) λn/hcAb. Hereλ is the wavelength,n is the index of refraction
of the solution,h is Planck’s constant,c is the speed of light in
a vacuum, andAb is the cross section area of the laser beam.
This yields the resultka ) σaPcP. Defining k′t ) kt + kox

3O2
0

and making the approximationskisc , kd + ka, and kisc . k′t,
eq 5 becomes

where we definedb ) (kisc/k′t)(Pcσa/kd) (note3N ≈ bP1N). To
proceed further it is necessary to solve simultaneously eqs 6
and 7. As a first approximation, we linearize eq 7 by substituting
1N0 for 1N on the right and take the zero-order solution of eq 6

Then eq 7 becomes

wherekX is defined as

where3O2
0 is the concentration of oxygen in the air saturated

solution and1N0 is the initial fluorophore concentration. The
apparent photodegradation rate,kX, is a product of singlet
photosensitization rate and the fraction of singlet oxygen decays
which result in photodegradation. The form of eq 10 provides
a specific dependence onG, the concentration of nPG.

Below we compare the measured values of the apparent
photodegradation ratekX to eq 10. The comparison is more
meaningful if we normalize the apparent photodegradation rate
by its value at zero nPG concentration.

Analysis of Data

The power of the modulated beam that illuminates the sample
will be written as

whereP0 is the constant component,∆P is the amplitude of
the modulated component,w ) 2πf is the radial modulation
frequency,f is the frequency in Hz, andt is time. The kinetic
model of photodegradation of the fluorophore will be extended
to include flow. We assume that the flow will dominate all mass
transport (diffusive and convective) into and out of the il-
luminating region and provide a well-defined initial concentra-
tion of fluorophore in the illuminated region. Equation 9 above
is rewriten to describe a flowing solution

whereη ) kXb, V is the flow velocity, and the last term in eq
12 gives the flow related flux of fluorophore in the illuminating
region as a function of position. In principle we should also
include transport terms for nPG and O2; however the first term
on the right in eq 12 already includes the approximation that
uses only bulk concentrations on nPG and O2. Figure 3 shows
other simplifications inherent in writing eq 12. The laser beam
in the flow cell has a circular cross section with a Gaussian
intensity profile. The model uses a square cross section with
uniform intensity distribution. The flow of fluorophore into the
volume illuminated by the laser beam is assumed to be uniform
over the top and bottom surfaces. The photodegradation depends
on the intensity of incident light, consequently it will not be
uniform over the illuminated volume. The model allows for a
variable concentration of intact fluorophore in the illuminated
region.
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The measured fluorescence signal is given by eq 13 where
we have used eq 3 to obtain the second term on the right side
of eq 13.

Where A represents the characteristics of the optical measure-
ment instrument,P(t) is the illuminating power given by eq
11, and1N(x,t) is the concentration of fluorophore given by the
solution of eq 12. The fluorescence detector accepts signals from
all parts of the illuminated region; therefore we need to integrate
over this region in eq 12 to obtain the description of the observed
signal.

Defining the average observed signal as

eq 14 becomes

Equation 15 is the description of the observed fluorescence
signal, where the second term on the right contains the
concentration of fluorophore at the boundaries of the illuminated
region. The value of concentration at the entrance to the
illuminating region can be set equal to the concentration of
fluorophore in solution,1N(0,t) ) 1N0. The fluorophore con-
centration at the exit of the illuminated region can only be
obtained by solving Eq 12. However, if the photodegradation
rate is sufficiently small, then we can approximate the average

signal as1Nh (t) ≈ (1N0 + 1N(L,t))/2. With this approximation
we get the equation of the previous paper6

Another limiting case is where the fluorophores are photo-
degraded completely during transit of the laser beam. In this
case1N(L,t) ) 0 and eq 15 becomes

The fluorescence signal is calculated by substituting the
assumed harmonic solution∆N and eq 11 into either eq 16 or
eq 17 and collecting terms proportionate toejωt. We get the
final expression for the ratio of the quadrature component
(proportionate tojejωt) and the in-phase component (proportion-
ate toejωt) of the detected fluorescence signal,

wherep1 ) ηP0/(1 + bP0)2 while the parameterp2 differs for
eqs 16 and 17. From the definition ofb andη, we note that the
ratio η/b is just the photodegradation ratekX. The functional
form of the ratio in eq 18 comes directly from eq 15 assuming
harmonic solutions for both1Nh (t) and 1N(L,t). While the
functional form ofp1 is always as given above, the value of the
parameterp2 depends on the properties of1N(L,t) and indirectly
on beam focusing and flow velocity.

Results and Discussion

Equation 18 gives the prediction of the dependence of the
ratio on modulation frequency in the context of the model
discussed above. Below we discuss the measured results in
solutions of fluorescein with varying concentrations of nPG.
Figure 4 shows the dependence of the ratio of the quadrature

Figure 3. Diagram summarizing the simplifications inherent in the
kinetic model which is used to analyze the frequency domain data.
The circular laser beam is approximated by a square shape with uniform
power density. The concentration of fluorescing species varies in a
direction perpendicular to the laser beam. The flow is assumed to be
uniform.
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Figure 4. Discreet symbols show the response for several values of
the incident laser power. The measurement errors, obtained from the
standard deviation of repeated measurements of the lock-in amplifier
response, are approximately the size of the symbols. The flow was
held constant at 1.0 mL/min. The response grows with increasing power.
The lines (solid, dotted, dashed, etc.) show the best fits to the data
using eq 18. The inset shows the dependence of the parameterp1 in eq
18 on the incident power. The values ofp1 are fit to an equation given
by p1 ) ηP0/(1 + bP0)2, and the resulting parameter values are used to
obtain the apparent photodegradation rate.
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and in-phase components of the modulated fluorescence signal
on modulation frequency for different values of incident laser
power. The concentration of nPG was 100µM, and the flow
rate was set to 1.0 mL/min. Each of the curves in Figure 4 is
for a different incident laser power, and the power varied by
about a factor of 10. The continuous lines in Figure 4 correspond
to the best fits to eq 18. According to the definition of the
parameters in eq 18,p1 ) ηP0/(1 + bP0)2 whereη ) kXb. Thus
kX can be obtained from the ratio of the two parameters which
describe the dependence of the value ofp1 on power. The
procedure was followed for a range of concentrations of nPG.
Some of the results are shown in Table 1 for extreme values of
nPG concentrations, as well as different concentrations of
molecular oxygen and fluorescein. The errors are obtained from
the variation of results from repeated measurements. The results
for saturated solutions are somewhat larger than those reported
in the previous work.6 The difference is most likely due to a
larger averaging over flow velocities in the previous work (the
beam was less focused). The expected photodegradation quan-
tum yield, φpd, can be estimated from the parameters in the
model φpd ) (d1N/dt)/ka

1N ≈ kXkisc/kdkt ≈ 100kXτ whereτ is
the observed lifetime. Therefore the values ofkX in Table 1
can be used to obtain relative photodegradation quantum yields
which are of the order of 10-5. Photodegradation measurement
have been reported for fluorescein derivatives in an oxygen free
environment (ethanol solutions).24 The reported photodegrada-
tion quantum yield was of the order 10-5.

Figure 5 shows the ratio of the apparent photodegradation
rate at a given concentration of nPG to the apparent photodeg-
radation rate in the absence of nPG. The solution was saturated
with air. The apparent photodegradation rate decreases signifi-

cantly in the presence of nPG. However, a significant level of
photodegradation remains even at high concentrations of nPG.
The data in Figure 5 are discussed in the framework of the model
described above which assumes that the photodegradation occurs
via reaction of fluorescein with photosensitized singlet oxygen.
The prediction of the model is given by eq 10 which can be
used to form the ratio of apparent photodegradation rates

Contrary to the results shown in Figure 5, eq 19 predicts that at
large concentrations of nPG the apparent photodegradation rate
will vanish. We assume that the nPG independent photodegra-
dation can be modeled by adding a constant term to the right
side in eq 19. Calling this constant term “bkg”, we fit the data
in Figure 5 to a function of the form (1- bkg)/(1 + aG) +
bkg obtaining a value of 4010( 580 M-1 for the factor
multiplying G in eq 19.

The initial fluorescein concentration,1N0, is known to be 0.6
µM. The lifetime of singlet oxygen in water is about 3µs25,26

and provides an estimate ofγ ) 1/3 µs ) 3.3 × 105 s-1.
Assuming that the photodegradation rate constant has a diffusion
limited27 value of the order 109 s-1 M-1, we get an upper
estimate of 103 for the factorkpd

1N0 which is much smaller than
γ. Therefore the photodegradation contribution in eq 20 can be
neglected giving an estimate of the oxygen singlet quenching
rate by nPG,kq ) 4010γ ) (1.3 ( 0.2) × 109 s- 1 M-1. This
value is close to that of a diffusion controlled reaction.

Equation 10 gives the relationship between the apparent
photodegradation rate and parameters in the model. For the case
of zero nPG concentration and neglecting the photodegradation
contribution in the denominator of eq 10, we get the relation

The data in Table 1 for zero nPG concentration provides
estimates of the slope of the linear dependence ofkX on the
concentration of fluorescein or oxygen. The two values of the
slope divided by the appropriate concentration and multiplied
by γ give the resultkoxkpd ) (0.5 ( 0.2) × 1017 s-2 M-2 for a
change in fluorescein concentration andkoxkpd ) (0.7( 0.3)×
1017 s-2 M-2 for a change in oxygen concentration. Similar
numbers are obtained using the values in Table 1 for an nPG
concentration of 10µM. In the context of the model we can
evaluate only the product of the singlet oxygen photosensiti-
zation rate,kox, and the photodegradation rate,kpd. Combining
the above results we get the best estimate of the productkoxkpd

) (0.60 ( 0.3) × 1017 s-2 M-2 which is about an order of
magnitude smaller than if both reactions were diffusion con-
trolled.

The data in the second and third columns of Table 1 were
formed into ratios and plotted in Figure 6. The continuous line
in Figure 6 reproduces the trend of the ratio in air saturated
solutions shown in Figure 5. The solid circles in Figure 6 show
the measured ratios when the concentration of fluorescein is
increased 2-fold in air saturated solutions (third column of Table
1). ThekX0 in the ratio corresponds to concentrated fluorescein

Figure 5. Solid circles represent the ratio of the apparent photodeg-
radation rate at a given concentration of nPG to the apparent
photodegradation rate in the absence of nPG. The errors were obtained
from the standard deviation of results from repeated measurements.
All of the apparent photodegradation rates were obtained as specified
in Figure 4. The fluorescein concentration was 0.6µM, pH ) 9, and
the solution was saturated with air. The solid line is a fit to the model
discussed in the text.

TABLE 1: Measured Values of Apparent Photodegradation
Rate, kX (s-1)

solution conditions

nPG concn

0.6µM
fluorescein+

0.2mM O2

0.6µM
fluorescein

1.2µM
fluorescein+
0.2 mM O2

0 µM 87 ( 4 55( 8 108( 8
10 µM 81 ( 8 35( 8 99( 8
5 mM 20( 8 14( 8 39( 8

kX(G)

kX(0)
) 1

1 +
kq

kpd
1N0 + γ

G

(19)

kq

kpd
1N0 + γ

) 4010 M-1 (20)

kX ) kox
3O2

0
kpd

1N0

γ
(21)
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in air saturated solutions without nPG. Except for an increase
in the parameter “bkg”, the ratio follows the model as indicated
by the dotted line in Figure 6. These observations suggest that
the photodegradation at high nPG concentrations, where singlet
oxygen is completely quenched, depends on fluorescein con-
centration and thus is likely due to interaction between
fluorescein molecules. The absolute value ofkX increased from
87 ( 4 s-1 at 0.6µM fluorescein to 108( 8 s-1 at 1.2µM
fluorescein (no nPG). Measurements were made in purged
solutions of fluorescein. The value ofkX decreased from 87(
4 s-1 in air saturated 0.6µM fluorescein solution to 55( 8 s-1

in argon purged 0.6µM fluorescein solution (no nPG). The
ratios (from column 2 in Table 1) are shown by the solid square
symbols in Figure 6 where the denominator in the ratio iskX0

for fluorescein in argon purged solutions without nPG. The ratio
is largely independent of oxygen concentration at high values

of nPG concentration. The significant dependence of the ratio
at low concentration of nPG in argon purged solutions suggests
that there may be an additional nPG dependent photodegradation
process which most likely is due to direct interaction of
fluorescein with nPG. Figure 7 shows the fluorescence intensity
and fluorescence lifetime dependence on nPG concentration.
The fact that the intensity and lifetime change in the same
manner indicates that the fluorescence quenching is due to nPG
interaction with fluorescein in the excited1S* state (dynamic
quenching). The quenching constant of 10.7( 0.8 M-1 and
the unperturbed lifetime of fluorescein (4.3× 10-9 s) yield a
collisional quenching rate of (2.5( 0.3)× 109 s-1 M-1.28 This
value is of the order expected for purely diffusion controlled
quenching. Thus nPG provides an alternate relaxation path for
the 1S* excited state of fluorescein. We neglect possible
quenching of the1S* by other fluorescein molecules.29 It is likely
that a similar interaction takes place between nPG and fluores-
cein in the excited triplet state,3S. Thus nPG will reduce
photodegradation in argon purged solutions of fluorescein by
quenching the excited singlet and triplet states of fluorescein
and reducing the amount of reactions involving the triplet state.
However at this time it is not clear what those reactions may
be in argon purged solutions of fluorescein. The direct interac-
tion between nPG and fluorescein was not included in the
previous model where it was assumed that nPG interacts only
with singlet oxygen. The data in Figure 6 suggest that the ratio,
kX/kX0, can be represented by a surface in the multidimensional
space spanned by the concentrations of all of the species
involved in the process. An extended model should provide a
representation of this surface together with estimates of the
relevant rate constants.

Finally we speculate on the nature of the photodegradation
process which does not depend on the presence of nPG or
oxygen. Photoinduced electron transfer (ET) and the formation
of ion pairs have been studied extensively.30,31 Direct ET
between excited fluorescein and an acceptor has been reported.32

Photoinduced ET in eosin, a compound related to fluorescein,
has been reported33 and correlated with photodegradation of
eosin. Therefore it is likely that fluorescein in the triplet excited
state,3S, can undergo electron transfer reactions with fluorescein

Figure 6. Solid squares show the ratio ofkX at a given concentration
of nPG tokX in the absence of nPG in argon purged solutions. The
errors were obtained from the standard deviation of results from repeated
measurements. As shown in Table 1, the values ofkX are smaller;
however there is still a significant dependence on the concentration of
nPG. The solid circles show the ratio in solutions with a fluorescein
concentration of 1.2µM and saturated with air. The absolute values of
kX increase, but the ratio follows the same dependence as in Figure 5.
The ratio at large nPG concentrations is somewhat larger.

Figure 7. Solid circles show the fluorescence intensity quenching by nPG. The errors were obtained from the standard deviation of results from
repeated measurements. The left axis shows the ratio of fluorescence intensity in the absence of nPG to the intensity at a given concentration of
nPG. The right-hand axis shows the corresponding ratio of measured fluorescence lifetimes denoted by solid triangles. The concentration of fluorescein
was 0.6µM. The data suggest that nPG is a source of dynamic quenching by providing another path for de-excitation of the1S* excited state of
fluorescein.
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in the singlet ground state,1S, and initiate a photodegradation
pathway.19 The ET mechanism is not expected to have
significant dependence on the concentration of nPG and thus
could be responsible for the observed photodegradation at high
nPG concentrations. The exchange of protons between excited
fluorescein molecules and buffer is unlikely in borate buffer.34

Conclusion

We have applied the frequency domain technique to the
measurement of the apparent photodegradation rate of fluores-
cein in aqueous solutions with varying concentrations of nPG.
The photodegradation rate decreased significantly with increas-
ing nPG concentration. This behavior was rationalized by
assuming that the nPG quenches the singlet oxygen state, thus
preventing its interaction with the fluorescein molecule. Singlet
oxygen is produced by energy transfer between the triplet states
of the excited fluorescein and molecular oxygen in the triplet
ground state. The above scenario was incorporated into a model.
In the context of the model, the rate of singlet oxygen quenching
by nPG was found to be (1.3( 0.2) × 109 s-1 M-1.
Measurement in argon purged solutions yielded reduced but
significant photodegradation rates even at high nPG concentra-
tions. A possible mechanism of photodegradation at high
concentrations of nPG may be electron transfer (ET) between
the ground state singlet and excited triplet state of fluorescein
molecules. The ET transition is expected to be independent of
nPG. The dependence of the photodegradation rate on nPG
concentration in argon purged solutions was rationalized by
invoking quenching of the singlet and triplet excited states of
fluorescein by nPG.

The description of the photodegradation of fluorescein in
aqueous solutions containing oxygen and nPG starts with the
excitation of the triplet state of fluorescein and then branches
out into a set of parallel reaction pathways resulting in
fluorescein photodegradation. Clearly the model needs to be
expanded to include this complexity. We are planning on
improvements to the apparatus to allow measurement of higher
harmonics and to extend the measurements and model to
additional fluorophore and antifade (stabilizing) agents.
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