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Photodegradation of Fluorescein in Solutions Containingh-Propyl Gallate
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The frequency domain technique was applied to measure the effeqiropyl 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-(Q.3) x 10°

s"!M~1. The product of the singlet oxygen photosensitization riafe,and the photodegradation ratg,

was koxkpg = (0.60 £ 0.3) x 10'7 s72 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 (Z%.3) x 1° st M1

Introduction phore, in the context of photodynamic therapy, showed that
fluorophore exhibited substantial rates of singlet oxygen produc-

in many biological assays, since both sensitivity and quantitation tion and th{:\t the singlet oxygen COUId. .photodegrade the
' fluorophore itselft! Fluorophore photostability has also been

are affected adversely by the decay of the fluorescence signal. studies in the context of laser applicatidd42 In addition to
Antifade agents have been developed to increase the photosta-. . 5 .
. . s singlet oxygen involvemenrit, specific models for triplet state
bility of the fluorescence signat® The early work made some -
. . ; reactions have been proposédrhe development of photo-
attempts to understand the action of the antifade agents; howeve . . . .
. . . unctional materials requires attention to photodegrada-
a detailed picture was not presented. The time scale of the ion 16
observed photodegradation is of the order of seconds and mos% } . .
X . o R We apply the frequency domain technique to measure the
likely is due to a combination of processes making it difficult . L
- . apparent photodegradation rate of fluorescein withropyl
to interpret. We have developed a frequency domain measure- . .
. . . - gallate (nNPG) added in solution. The compound nPG has been
ment technique which provides a convenient method for

interpreting the role of antifade agefitShe frequency domain used to prolong the fluorescence response of labeled molecules

measurements have to be analyzed in terms of a mechanisticc’bserved by microscopy: We start with a model of photo-

. f . degradation, generalize some of the basic tenants of the
model, thus providing a link between observations and the .
. -._.__measurement technique, and then present measurements and
underlying processes. The model has to be developed utilizing

work with other techniques such as flash photolysis which are preliminary interpretations of the apparent photodegradation rate
more suitable for elucidating the individual steps occurring as a function of PG concentration. The goal of this work is to

. . . demonstrate that the frequency domain technique is a useful
during the photodegradation procé8$?henomenological pa- tool for the study of antifade agents used to improve the

rameters such as photodegradation quantum vyield can be hotostability of fluorophore in biological assavs
measuretiand are very useful indicators of fluorophore pho- P A Matter gf NomencFI)ature The wgrd " hoto)(;e. radation”
tostability. However, they do not provide detailed links to the is used to describe the en;cire rocesspwhich rgesults in the
steps leading to photodegradation. The model of photodegra- . P y o
decrease of fluorescence signal. The word “photodegradation

dation can be constructed using information from many areas. . : L X )
. , : X is also used to describe the specific reaction between fluorescein
Measurement of the highly reactive singlet oxygen produélion - ) . .
and photosensitized singlet oxygen. The context will determine

showed that it was present in most fluorophore solutions exposedWhich meaning of “ohotodearadation” is apolicable
to light. Study of the photophysics of photosensitizer fluoro- 9 P 9 PP )

The photodegradation of fluorophore is an important issue

Experimental Method
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Figure 1. Structures of fluorescein dianion anepropyl gallate. The 3 3 ky (1 1 e
N+°0O,—=— N+ 'O, photosensitization

fluorescein fluorescence originates from the intact three ring structure.
A modification of any part of the three ring structure modifies the ) ) K, x 3 .
fluorescence at 512 nm. Fluorescence decreases if the oxygen on the N+'0,——*N+°0, photodegradation
three ring structure is protonated. Fluorescence disappears if any part

of the three ring structure is broken arbonding decreased. d
an

summary, an argon ion laser operating at 488 nm was used to
illuminate a solution of fluorescein .flowing ina cuvette (47F- 0. +G—5530. + G singlet quenching

Q-10, Starna Cells, Inc.). (Certain commercial equipment, 2 _ 2 _ _

instruments, and materials are identified in this article to specify Figure 2. Schematic of the reaction scheme assumed for the analysis
adequately the experimental procedure. In no case does sucﬁ’f data.N denotes the concentration of fluorescein in various states

. ol - denoted by superscripts(notation adapted #nO stands for con-
an identification imply recommendation and endorsement by centration of oxygen, an@ stands for the concentration of nPG. Singlet

the National Institute of Standards and Technology nor does it gxygen is produced via a photosensitization reaction. The singlet oxygen
imply that the material and equipment is necessarily the bestis depleted via two parallel reactions: the photodegradation of
available for the purpose.) A mechanical chopper modulated fluorescein and quenching by nPG.
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 ) e -
component) as a function of modulation frequency was mea- the time variation of the populations of the three states can be
sured by detecting the in-phase and quadrature signals from lightmodeled a¥
scattered by a frosted glass plate placed in the cuvette. The 4N
instrumental phase shift was subtracted from that measured in = = kalN — kle* — kisclN* (@)
fluorescein solutions. dt

A stock fluorescein solution was made by dissolving 55.96 -
mg of fluorescein powder (Molecular Probes Inc., MPR 71358, aN_ k IN® — kaN -k, 303N (b)
WO 18072) in 2.80 kg of 0.1 M borate buffer, pH 9.0. The dt > x 2
concentration of the fluorescein stock solution was GoVL "
All of the fluorescein solutions used in the photodegradation d'N — kle* + kt3N _ kalN + kox3023N _ kpdlole © 1)

1S the excited singlet statéS, the excited triplet state3S,
and the nonfluorescing photodegrade stéerespectively. The
sum of the four concentrations is equal WP, the initial
fluorophore concentration. In the case of varying illumination,

measurements were obtained by diluting the stock solution 100 dt

fold in borate buffer. The fluorescein absorption coefficient at ) - 1
488 nm was 87 000 L cm mol-L17 The optical density of a 1 where the rate constants are defined in Figuré®.and'O,

cm thick slab of the fluorescein solution was less than 0.002. &€ the concentrations of triplet (ground state) and singlet

nPG (3,4,5-trihydroxybenzoic acidpropyl ester) was obtained (eXF"e,d statg) .oxyggn..ln eq la we have “eg'e“ed stimulated
from Sigma Corp. (P-313\, = 212.2 g/mol) and was used emission, this is valid if the absorption rate is much _smaller
as received. The solution used in the photodegradation measuret1an the spontaneous decay féthe rate constari,q describes
ments was made by adding the gravimetrically determined € Photodegradation process
amount of nPG powder and 2 mL of the fluorescein stock o
solution and mixing into 200 mL of borate buffer. The molecular N+ '0,~*N+°0,
structures of fluorescein and nPG are shown in Figure 1.

Model of Photodegradation. Photodegradation is assumed andkox describes the photosensitization of singlet oxygen,
to occur via an interaction of the fluorophore in the ground
singlet state with oxygen in the excited singlet stdt@he 3N+ 302ﬁilN 4 102
concentration of the oxygen in the triplet (ground) and singlet
(excited) states is given 5D, and'O;, respectively. We assume  Next we sum eq Iac and get
that singlet oxygen is photosensitized via energy transfer reaction
between the fluorophore and the oxygen in their respective triplet dang o 3 1 d*N 1
states. The quantum yield for singlet oxygen production by d_t( N*+°N+N)= ot _kpd O, N ()
fluorescein in air saturated aqueous solutions is about'®.03
resulting in a significant concentration of singlet oxygen under Equation 2 is relevant for the description of the photodegradation
conditions of high power illumination. The states involved in process. It models the decrease of the population of intact
the process are shown in Figure!R, IN*, 3N, and*N denote fluorophore. The time variation in eq 2 is that associated with
the concentrations of fluorescein molecules in the ground state,the light modulation period~0.1s). Equation 2 has to be solved
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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 settingMt/dt = 0 and dN/dt = 0)

Gaigalas et al.

where we defined = (kiso/K'\)(Pcoaky) (note3N ~ bP!N). To
proceed further it is necessary to solve simultaneously eqs 6
and 7. As a first approximation, we linearize eq 7 by substituting

and putting the resulting expressions into eq 2. The zero-orderNC for IN on the right and take the zero-order solution of eq 6

solution of eq la gives

K
kit Kisc
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

— kisc — kisc ka 1
K+ Ky O, K+ ko O, Ko T Kise

N =

3

Ingx

N

(4)

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

din
dt

k[ Kisc
YT Ksc\l i k + k0,

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 popul
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 Plrro
and Min22 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

= _kpleZlN %)

d'o,
dt

_kpleloz + kox3N302 - quloz - 7102

*0,="0,+"70, (6)

Where®0,0 is the concentration of triplet oxygen in the air
saturated solutiorG is the concentration of nPG is the rate
of quenching of the oxygen singlet excited state by nPGand
is the rate constant representing all other processes that deplet
singlet oxygen. The complete time dependence of the various
concentrations is obtained by solving eqs 5 and 6.

We will write the absorption rate dg = 04lo,2° whereo,
(cmP) is the molecular absorption cross section, éni the
incident photon flux (1/s cf). During the experiment, we
measure the total laser power(W). The total powerpP, can
be converted into a photon fluk, by dividing P by the cross
sectional area of the laser beam and the energy per photon
Explicitly, 1o = PP where the conversion factor is given By
= An/hcA,. Herel is the wavelength is the index of refraction
of the solutionh is Planck’s constant is the speed of light in
a vacuum, and, is the cross section area of the laser beam.
This yields the resulky, = g,PP. Defining Ky = ki + kox?O2°
and making the approximatiomg: << ky + ks, and ksc > Ky,
eq 5 becomes

le _ kpd 1

1
= 13pp o2

@)

P

1 — I(ox3020 3 (8)
? KN+ kG +y
Then eq 7 becomes
le _ kXbP 1
dt  1+DbP )
whereky is defined as
150
N
k= k202 (10)

“lodN°+y + kG

where30,° is the concentration of oxygen in the air saturated
solution and!NP is the initial fluorophore concentration. The
apparent photodegradation rate, 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 @, the concentration of nPG.

Below we compare the measured values of the apparent
hotodegradation ratkx 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
P(t) = P, + AP cost) (11)

where Py is the constant componemiP is the amplitude of
the modulated component; = 2xf is the radial modulation
frequency f is the frequency in Hz, antis 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

e d'Nx) P ~ AN
d  1+DbP) NGO = o= (12)

wheren = 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;®@owever the first term

on the right in eq 12 already includes the approximation that
uses only bulk concentrations on nPG angd Elgure 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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Figure 3. Diagram summarizing the simplifications inherent in the frequency, Hz

kinetic model which is used to analyze the frequency domain data. Figure 4. Discreet symbols show the response for several values of
The circular laser beam is approximated by a square shape with uniformthe incident laser power. The measurement errors, obtained from the
power density. The concentration of fluorescing species varies in a standard deviation of repeated measurements of the lock-in amplifier
direction perpendicular to the laser beam. The flow is assumed to be response, are approximately the size of the symbols. The flow was
uniform. 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 parapaétezq

18 on the incident power. The valuesmfare fit to an equation given

by p1 = nPo/(1 + bPg)?, and the resulting parameter values are used to
obtain the apparent photodegradation rate.

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.
signal as!N(t) & (N° + IN(L,t))/2. With this approximation
t th ti f th i
Fo) _Akdfo IN(x 1) ok = A k|:d+aklc P(t)ﬁ) IN(x) dx we get the equation of the previous pdper
(13) d'N(t) PO 15 2015 1
= N(t) — —(CN() —°N 16
dt 1+ bPR(t) ® L( ® (s

Where A represents the characteristics of the optical measure-
ment instrumentP(t) is the illuminating power given by eq Another limiting case is where the fluorophores are photo-
11, and!™N(x,t) is the concentration of fluorophore given by the degraded completely during transit of the laser beam. In this
solution of eq 12. The fluorescence detector accepts signals fromcase!N(L,t) = 0 and eq 15 becomes

all parts of the illuminated region; therefore we need to integrate

over this region in eq 12 to obtain the description of the observed dlﬂ(t) nP(t)

signal. dt 1+ bP(t)

N(t) + ElNO (17)

d L/;L IN(x.t) dx PO The fluorescen.ce sigr_lal is calculateq by §ubstituting the
= f 1N(x,t) dx — assumed harmonic solutickN and eq 11 into either eq 16 or
0 eq 17 and collecting terms proportionatedd'. We get the
Ld N(x t) final expression for the ratio of the quadrature component
Uf(‘) ——dx (14) (proportionate tgelt) and the in-phase component (proportion-
ate toe®!) of the detected fluorescence signal,

dt 1+ bP(Y)

Defining the average observed signal as
g g g quadrature P1®

in-phase  p, + 2

(18)
() = (11L) [, N(x) dx

wherep; = nPy/(1 + bPg)? while the parametep, differs for
eq 14 becomes egs 16 and 17. From the definition bfandy, we note that the
. ratio n/b is just the photodegradation raltg. The functional
d™N(t Pt) - form of the ratio in eq 18 comes directly from eq 15 assuming
dt()= 1_7_ b(F),(t)lN(t) _[(IN(Lvt) —'N(0Y) (15) harmonic solutions for botHN(t) and IN(L,t). While the
functional form ofp; is always as given above, the value of the
parametep, depends on the properties'df(L,t) and indirectly
on beam focusing and flow velocity.

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 Equation 18 gives the prediction of the dependence of the
fluorophore in solutionIN(0,t) = IN°. The fluorophore con- ratio on modulation frequency in the context of the model

centration at the exit of the illuminated region can only be discussed above. Below we discuss the measured results in
obtained by solving Eq 12. However, if the photodegradation solutions of fluorescein with varying concentrations of nPG.

rate is sufficiently small, then we can approximate the average Figure 4 shows the dependence of the ratio of the quadrature

Results and Discussion
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1.2 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

ky(G) _ 1
k(0) 14+——— kg G
kpd N°+ vy

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

Figure 5. Solid circles represent the ratio of the apparent photodeg- gjde in eq 19. Calling this constant term “bkg”, we fit the data

radation rate at a given concentration of nPG to the apparent. . .
photodegradation rate in the absence of nPG. The errors were obtaine n Figure 5 to a function of the form (+ bkg)/(1 + aG) +

from the standard deviation of results from repeated measurements.’kg obtaining a value of 401@ 580 M for the factor
Al of the apparent photodegradation rates were obtained as specifiedmultiplying G in eq 19.
in Figure 4. The fluorescein concentration was O\, pH = 9, and

the solution was saturated with air. The solid line is a fit to the model kq

1.0

0.8

0.6

kyx / kx0

(19)

0.4

0.2 4

0.0 T T T T

log[nPG]

i i =4010M™ (20)
discussed in the text. kpleO +y
TABLE 1: Measured Values of Apparent Photodegradation
Rate, kx (s79) The initial fluorescein concentratiodl\°, is known to be 0.6
solution conditions uM. The lifetime of singlet oxygen in water is about8°26
and provides an estimate of = Y3 us = 3.3 x 10° s°%
0.6uM 1.2uM . . co
fluoresceint 0.6M fluoresceint As;umlng that the photodegradation rate constant has a diffusion
nPG concn 0.2mM O, fluorescein 0.2mM O, limited?” value of the order 10s™1 M~1, we get an upper
0aM 8714 5518 108+ 8 estimate of 1®for the factorky,q'N® which is much smaller than
10uM 814+ 8 35+ 8 99+ 8 y. Therefore the photodegradation contribution in eq 20 can be
5mM 20+ 8 14+8 39+8 neglected giving an estimate of the oxygen singlet quenching
g

rate by nPGky = 4010y = (1.3+ 0.2) x 10° s~ : M~ This

and in-phase components of the modulated fluorescence signalalue is close to that of a diffusion controlled reaction.
on modulation frequency for different values of incident laser  Equation 10 gives the relationship between the apparent
power. The concentration of nPG was 1081, and the flow photodegradation rate and parameters in the model. For the case
rate was set to 1.0 mL/min. Each of the curves in Figure 4 is of zero nPG concentration and neglecting the photodegradation
for a different incident laser power, and the power varied by contribution in the denominator of eq 10, we get the relation
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 3 OkpleO
parameters in eq 1§; = 7Py/(1 + bPg)2 wheren = kxb. Thus Ky = Kox O, T (21)
kx can be obtained from the ratio of the two parameters which
describe the dependence of the valuepgpfon power. The The data in Table 1 for zero nPG concentration provides
procedure was followed for a range of concentrations of nPG. estimates of the slope of the linear dependenc&xafn the
Some of the results are shown in Table 1 for extreme values of concentration of fluorescein or oxygen. The two values of the
nPG concentrations, as well as different concentrations of slope divided by the appropriate concentration and multiplied
molecular oxygen and fluorescein. The errors are obtained fromby y give the resulkokpg = (0.5+ 0.2) x 10 s2 M2 for a
the variation of results from repeated measurements. The resultxhange in fluorescein concentration dggk,q = (0.7 £+ 0.3) x
for saturated solutions are somewhat larger than those reportedl0'” s2 M~2 for a change in oxygen concentration. Similar
in the previous work. The difference is most likely due to a numbers are obtained using the values in Table 1 for an nPG
larger averaging over flow velocities in the previous work (the concentration of 1«M. In the context of the model we can
beam was less focused). The expected photodegradation quarevaluate only the product of the singlet oxygen photosensiti-
tum yield, ¢pg, can be estimated from the parameters in the zation rateko, and the photodegradation rakgs. Combining
model ppq = (d'N/dt)/kIN ~ kxkisdkdki ~ 100kt wheret is the above results we get the best estimate of the prdduet
the observed lifetime. Therefore the valueskgfin Table 1 = (0.60 & 0.3) x 10 s72 M2 which is about an order of
can be used to obtain relative photodegradation quantum yieldsmagnitude smaller than if both reactions were diffusion con-
which are of the order of 16. Photodegradation measurement trolled.
have been reported for fluorescein derivatives in an oxygen free  The data in the second and third columns of Table 1 were
environment (ethanol solution¥) The reported photodegrada- formed into ratios and plotted in Figure 6. The continuous line
tion quantum yield was of the order 10 in Figure 6 reproduces the trend of the ratio in air saturated

Figure 5 shows the ratio of the apparent photodegradation solutions shown in Figure 5. The solid circles in Figure 6 show
rate at a given concentration of nPG to the apparent photodeg-the measured ratios when the concentration of fluorescein is
radation rate in the absence of nPG. The solution was saturatedncreased 2-fold in air saturated solutions (third column of Table
with air. The apparent photodegradation rate decreases signifi-1). Thekyo in the ratio corresponds to concentrated fluorescein
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12 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 excité@®* state (dynamic
guenching). The quenching constant of 1&:70.8 M~! and
the unperturbed lifetime of fluorescein (4:3107° s) yield a
collisional quenching rate of (24& 0.3) x 10° s~ M~1.28 This
value is of the order expected for purely diffusion controlled
0.0 ‘ ‘ ‘ ' qguenching. Thus nPG provides an alternate relaxation path for
i ’ i i ’ the 1S* excited state of fluorescein. We neglect possible
log [nPG] quenching of théS* by other fluorescein moleculéslt is likely
Figure 6. Solid squares show the ratio kf at a given concentration  that a similar interaction takes place between nPG and fluores-
of nPG tokx in the absence of nPG in argon purged solutions. The cein in the excited triplet statéS. Thus nPG will reduce

errors were obtained from the standard deviation of results from repeated . : B
measurements. As shown in Table 1, the valuegxofre smaller; photodegradation in argon purged solutions of fluorescein by

however there is still a significant dependence on the concentration of dUénching the excited singlet and triplet states of fluorescein
nPG. The solid circles show the ratio in solutions with a fluorescein and reducing the amount of reactions involving the triplet state.
concentration of 1.2M and saturated with air. The absolute values of However at this time it is not clear what those reactions may
kx increase, but the ratio follows the same dependence as in Figure 5.pe in argon purged solutions of fluorescein. The direct interac-
The ratio at large nPG concentrations is somewhat larger. tion between nPG and fluorescein was not included in the
previous model where it was assumed that nPG interacts only

1.0

0.8

0.6

Ky / Kyo

0.4

0.2

in air saturated solutions without nPG. Except for an increase *' ="~ S .
in the parameter “bkg’”, the ratio follows the model as indicated with singlet oxygen. The data in Figure 6 suggest that the ratio,

by the dotted line in Figure 6. These observations suggest thath/kxo’ can be represented by a surface in the multidimensional

the photodegradation at high nPG concentrations, where singleSP2c€ spanned by the concentrations of all of the species

oxygen is completely quenched, depends on fluorescein con-Involved in _the process. An extended moo!el sho_uld provide a
centration and thus is likely due to interaction between representation of this surface together with estimates of the

fluorescein molecules. The absolute valudwpincreased from  'éleévant rate constants.

87 + 4 s at 0.6uM fluorescein to 108+ 8 s at 1.2uM Finally we speculate on the nature of the photodegradation
fluorescein (no nPG). Measurements were made in purgedprocess which does not depend on the presence of nPG or
solutions of fluorescein. The value kf decreased from 8% oxygen. Photoinduced electron transfer (ET) and the formation
4 s71in air saturated 0.@M fluorescein solution to 53- 8 s™% of ion pairs have been studied extensiv®y! Direct ET

in argon purged 0.6:M fluorescein solution (no nPG). The  between excited fluorescein and an acceptor has been reforted.
ratios (from column 2 in Table 1) are shown by the solid square Photoinduced ET in eosin, a compound related to fluorescein,
symbols in Figure 6 where the denominator in the rati&xis has been reportédand correlated with photodegradation of
for fluorescein in argon purged solutions without nPG. The ratio eosin. Therefore it is likely that fluorescein in the triplet excited
is largely independent of oxygen concentration at high values state S can undergo electron transfer reactions with fluorescein

1.07 1.07
1871 Fg/F = tp/t=1+10.7 [NPG] 1.06
1.05 1.05
1.04 A 1.04
L (od
= 103 1.03 ™~
o
w e
1.02 1.02
1.01 A 1.01
1.00 1.00
0.99 T T T T T T 0.99
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[NPG], M

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 concentratizeirof fluores
was 0.6uM. The data suggest that nPG is a source of dynamic quenching by providing another path for de-excitatidS oésxtbiged state of
fluorescein.
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