
Absorption and Emission Study of 2′,7′-Difluorofluorescein and Its Excited-State
Buffer-Mediated Proton Exchange Reactions

Angel Orte,† Luis Crovetto,† Eva M. Talavera,† Noe1l Boens,‡ and Jose M. Alvarez-Pez*,†

Department of Physical Chemistry, UniVersity of Granada, Cartuja Campus, Granada 18071, Spain, and
Department of Chemistry, Katholieke UniVersiteit LeuVen, Celestijnenlaan 200 F,
3001 HeVerlee (LeuVen), Belgium

ReceiVed: July 20, 2004; In Final Form: October 15, 2004

2′,7′-Difluorofluorescein (Oregon Green 488) is a new fluorescein-based dye, which has found many
applications, above all in biochemistry and neurosciences, and its use has become very popular in the last
years. In recent years, we have been investigating the excited-state proton exchange reactions of fluorescein
and the effect of suitable proton acceptors and donors which promote these reactions. The excited-state proton
transfer reactions may appreciably influence the fluorescence results when using these dyes. We present
steady-state emission evidence that acetate buffer species promote an excited-state proton transfer between
neutral, monoanionic, and dianionic forms of 2′,7′-difluorofluorescein. The time course of the excited species
in this reaction was characterized through time-resolved fluorescence measurements, and the kinetics of the
reaction was solved by using the global compartmental analysis. A previous identifiability study on the
compartmental system set the conditions to design the fluorescence decay surface. This is the first experimental
system, studied within this kinetic model, solved under identifiability conditions through global compartmental
analysis. The recovered rate constant values for deactivation were 2.94× 108 s-1 for the monoanion and 2.47
× 108 s-1 for the dianion, whereas the rate constant values of the buffer-mediated excited-state reaction were
9.70× 108 and 1.79× 108 M-1 s-1 for the deprotonation and protonation, respectively. With these values,
a pKa* ) 4.02 was obtained. In this work, we additionally provide an absorption study, including acid-base
equilibria, determination of ground-state pKa values (1.02, 3.61, and 4.69), and recovery of molar absorption
coefficients of every prototropic species, including absorption and NMR evidence for the existence of three
tautomers in neutral species. Steady-state emission spectra of 2′,7′-difluorofluorescein in aqueous solution
are also described, where the strong photoacid behavior of the cation is noteworthy.

Introduction

Fluorescein is a well-known dye widely used in multiple
biological and biochemical applications. However, it undergoes
photobleaching reactions upon intense illumination. In addition,
its absorption and fluorescence characteristics show important
pH-dependence at near-neutral pH (∼6.8-7.4).1 New fluoro-
phores are now commercially available which reduce these
fluorescein drawbacks. One of the most popular of these new
dyes is 2′,7′-difluorofluorescein (Oregon Green 488, OG488).
OG488 shows more resistance to photodegradation than fluo-
rescein,1,2 and it has unchanging absorption and fluorescence
properties in the physiological pH range.1 OG488 has been used
in multiple applications as a fluorescent protein label, OG488-
based fluorescent Ca2+ indicators,1,3 in fluorescence imaging,1,4

anisotropy probe,5 and so forth. Nevertheless, there is a lack of
basic spectroscopic information about OG488 in the literature.
For instance, only values for a pKa (4.8)2 and dianion absorption
coefficient at the maximum of the visible band (82 400-87 000
M-1 cm-1)1,2 are found. This encouraged us to provide basic
absorption and fluorescence data and describe ground-state
acid-base equilibria in the first part of this work.

We have been investigating the effect of proton acceptors
and donors in the excited-state proton transfer (ESPT) reactions

of fluorescein for several years. We have demonstrated that the
presence of an appropriate proton acceptor or donor, such as a
buffer species, promotes an ESPT reaction between monoanion
and dianion species of fluorescein. We characterized these
excited-state processes in 1 M phosphate buffer aqueous
solutions through steady-state6 and time-resolved7 fluorimetry.
Since fluorescein is commonly used in several biological
applications in which a proton acceptor or donor may be present,
it is of interest to consider possible excited-state reactions that
might cause a misevaluation of experimental fluorescence data.
An important aspect concerning this is to establish whether
amino acids with acidic (or basic) side chains are able to induce
fluorescein excited-state proton-transfer reactions when labeling
proteins. We studied the system fluorescein-(()-N-acetyl
aspartic acid (N-AcAsp) as a model system which mimics the
interaction of the aspartic acid residues with fluorescein as a
fluorescent label in native proteins. In that study, we found that
N-AcAsp also acts as a suitable proton acceptor or donor,
promoting an excited-state proton transfer. The kinetics of this
excited-state process was characterized from time-resolved
fluorescence measurements, and the analysis was done within
the framework of a new global compartmental analysis method.8

According to our previous data, OG488 also shows proton
exchange reactions during its excited-state decay time.9 Some
of these reactions are spontaneous, and others need a suitable
proton acceptor or donor present at sufficiently high concentra-
tion. In these reactions, the less fluorescent monoanion is
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transformed to the dianion (with higher quantum yield), and
vice versa, during the decay times of the excited species. Since
proteins and biomolecules in general have chemical groups that
can act as proton acceptors or donors and the buffer in which
they are dissolved can also behave as an appropriate proton
acceptor or donor, the excited-state reactions might influence
the steady-state fluorescence signals when the dye is used for
labeling biomolecules. For this reason, we have initiated a
program to determine the reaction models as well as the kinetic
and spectral parameters for these excited-state proton exchange
reactions, allowing a more correct interpretation of the fluo-
rescence experimental data when OG488 is used as fluorescent
label.

Fluorescence decay curves of excited-state systems are often
well described as a multiexponential function, in terms of decay
times and corresponding pre-exponential factors. However, the
underlying significant parameters, which describe the dynamic
behavior of the system, are the rate constants defining the
excited-state kinetics and the spectral parameters related to
excitation and emission. A multidimensional fluorescence decay
data surface, measured under various experimental conditions,
is required to determine those fundamental parameters. Single
curve and classical simultaneous (global) analyses of multiple
decays provide values of relaxation times and pre-exponentials.
Global analysis leads to a more accurate parameter recovery,
since relationships between individual decays are taken into
account. Thus, some parameters can be linked between related
experiments (e.g., the decay times do not vary over decay traces
collected at various emission wavelengths for the same
sample).10-12 These recovered decay times and pre-exponential
factors can be used to test several kinetic models and calculate
the rate constants and the species-associated spectra. Hence, the
recovery of these parameters requires a two-step analysis
process.

Global compartmental analysis has recently been introduced
into photophysics.13,14 However, compartmental models are
being widely used in many fields such as pharmacokinetics,
ecology, engineering, and so forth.15 An appropriate description
of the excited-state processes can be carried out within the
framework of compartmental analysis, since a compartment is
a subsystem of a species acting in an unique kinetic way. The
main advantage of global compartmental analysis lies in the
possibility of recovering directly, with high accuracy and
precision, the underlying parameters of the kinetic model (i.e.,
rate constants and spectral parameters associated with excitation
and emission).16 The determination of the parameters of interest
is done by a single-step analysis of the complete decay data
surface.

In this paper we shall analyze the fluorescence decay surface
of OG488 undergoing intermolecular two-state excited-state
processes with added acetate buffer in terms of compartments.
The relevant parameters (rate constants and spectral parameters)
were recovered uniquely. The different experimental conditions,
defining the fluorescence decay surface, were chosen according
to the identifiability study for this compartmental model
published elsewhere.17 This is the first experimental system of
an excited-state proton-transfer reaction promoted by species
of a suitable proton acceptor or donor analyzed using global
compartmental analysis under identifiability conditions.

Theory

Scheme 1 represents the dynamic, linear, time-invariant,
intermolecular system studied. It consists of two distinct types
of ground-state species and their corresponding excited-state

species. Both species are two different prototropic forms of the
considered dye. Thus, the ground-state species are related
through the acid-base equilibria, determined by the corre-
sponding pKa. Excited-state species1* and2* are created upon
photoexcitation, and they can decay by fluorescence (F) and
nonradiative (NR) processes. We include those decay processes
in rate constantk0i (equal tokFi + kNRi) for speciesi*. In this
study, we consider the excited-state process promoted by species
of an added buffer, HR and R. Hence, HR could promote an
excited-state protonation with2*, represented by rate constant
k12

b . Likewise, R could react with1* resulting in an excited-
state deprotonation, whose rate constant is denoted byk21

b . We
also include the deprotonation of excited state1* (represented
by rate constantk21), and excited-state reaction of2* with
aqueous protons, with rate constant denoted byk12.

When exciting the system with aδ-pulse at timet ) 0, which
does not significantly alter the ground-state concentrations, the
time course of the concentrations of the excited-state species
1* and 2* is described by the first-order differential equation

x(t) is the 2× 1 vector function of the concentrations of the
excited-state species1* and 2*:

x3 (t) denotes its time derivative, andA is the 2× 2 compart-
mental matrix:

The fluorescence impulse response function,f(λem,λex,t), at
emission wavelengthλem and excitation atλex, is given by eq
414 and depends onλex, λem, [H+], and the total buffer
concentration (Cbuff ) [R] + [HR]).

In this equation, we assume that the 2× 2 compartmental matrix
A has two linearly independent eigenvectorsU1 and U2

associated with the eigenvaluesγ1 andγ2, respectively, that is,
A ) UΓU-1 with U ) [U1, U2] and withU-1 being the inverse
of the matrix of the eigenvectors,Γ is the diagonal matrix of
two eigenvalues, and exp(Γt) ) diag[exp(γ1t), exp(γ2t)]. U and

SCHEME 1: Kinetic Model of an Excited-State Proton
Transfer Reaction, Promoted by a Suitable Proton
Acceptor or Donora

a 1 and 2 are the ground-state conjugate acid-base forms of the
fluorophore, whereas1* and 2* are the corresponding excited species.
R and HR are the acid-base species of the proton acceptor or donor.

x3 (t) ) Ax(t) (1)

(x1(t)
x2(t) ) ) ([1*]( t)

[2*]( t) ) (2)

A ) [-(k01 + k21 + k21
b [R]) k12[H

+ ] + k12
b [HR]

k21 + k21
b [R] -(k02 + k12[H

+] + k12
b [HR]) ]

(3)

f(λem,λex,t) ) κc̃U exp(tΓ)U-1b̃ (4)
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exp(Γt) are functions of the rate constantskij and the concentra-
tions [R], [HR], and [H+].

The concentrations of speciesi* at time zero are defined by
x(0) ) b whereb is the 2× 1 vector with elementsbi (i ) 1,
2). b depends on the excitation wavelengthλex and [H+]. b̃ is
the 2× 1 vector with normalized elements ofb. The elements
b̃i are calculated by14

whereεi is the molar absorption coefficient of theith compart-
ment andRi is the molar fraction of each form in the ground-
state.

c̃ is the 1× 2 vector of the normalized emission weighting
factors (c̃i ) ci/∑ici) of speciesi* at emission wavelengthλem,14

wherekFi is the fluorescence rate constant ofi*, ∆λem is the
emission wavelength interval aroundλem where the fluorescence
signal is monitored, andFi(λem) is the emission density ofi* at
λem defined by14

where the integration extends over the whole steady-state
fluorescence spectrumFi of speciesi*.

Finally, κ is a proportionality constant given by

The use ofκ, b̃i, andc̃i allows one to linkb̃i and c̃i in the data
analysis so that the collected decay traces are not required to
be scaled. Indeed,b̃ depends onλex and [H+] (or pH), whereas
c̃(λem) depends on the emission wavelength only. In our
implementation of global compartmental analysis, one fits
directly for the rate constantsk01, k21, k02, k12, k12

b , k21
b the

normalized zero-time concentrationsb̃1 of species1* and the
normalized spectral emission weighting factorsc̃1(λem) of species
1*.

Equation 4 can be written in the common biexponential
format (with t g 0):

The eigenvaluesγi (i ) 1, 2) of the compartmental matrixA
are related to the decay timesτi (i ) 1, 2) according to

and are given by

with aij, theij th element of the compartmental matrixA (eq 3).
The pre-exponentials,pi, of eq 9 are related to compartmental

parameters through the following equations:

Materials and Methods

Reagents and Solutions.2′,7′-Difluorofluorescein (Oregon
Green 488) was purchased from Molecular Probes (Eugene,
OR). Acetic acid (HOAc), sodium acetate (NaOAc), sodium
hydroxide, sodium perchlorate, and perchloric acid (analysis
grade) were from Merck. All products were used without further
purification. Stock solutions of 2′,7′-difluorofluorescein (10-4

M) in 1.27× 10-3 M NaOH, HOAc (2 M), and NaOAc (2 M)
were prepared using MilliQ water. The required volumes of
OG488, sodium acetate, acetic acid, perchloric acid, sodium
perchlorate, and sodium hydroxide stock solutions were used
to obtain the desired concentrations of OG488, pH, and buffer
concentration. OG488 solutions were kept cool in the dark when
not in use to avoid possible deterioration by exposure to light
and heat as occurs with fluorescein.18 Deuterated dimethyl
sulfoxide (DMSO) and methanol were used as solvents in1H
NMR spectra.

Absorption and Steady-State Fluorescence Measurements.
An L configuration Perkin-Elmer LS 55 spectrofluorometer with
a temperature-controlled cell holder was used to acquire steady-
state fluorescence spectra. Absorption spectra were recorded on
a GBC Cintra 10e UV-vis spectrophotometer with a temper-
ature-controlled cell holder. All measurements were made at
room temperature. Cuvettes (10 mm× 10 mm) were used for
both absorption and steady-state fluorescence measurements.

NMR Spectrometer. 1H NMR spectra were recorded on a
BRUKER AM300 spectrometer, at 300 MHz. It has a temper-
ature-controlled 5-mm QNP probe for1H, 13C, 19F, and31P and
accessories for solid CP/MAS NMR spectra.

Nonlinear Least-Squares Fitting.The fitting processes of
absorption and steady-state fluorescence intensity data were
performed using Origin 6.0 routines based on Marquardt’s
algorithm. The goodness-of-fitting criteria were the regression
coefficient (r2) and the visual similarity between the fitted
function and the experimental data. The dependency of the
recovered parameters was also checked via the dependency
coefficient which indicates whether the equation is overparam-
etrized. A dependency value below 0.96 is acceptable.19

Time-Resolved Fluorescence Measurements.Fluorescence
decay traces were recorded on a laser-based system with single-
photon timing detection. This system employs a regeneratively
mode-locked Ti-sapphire laser, pumped by an argon ion laser.
The system provides tuning of excitation wavelengths over a
range from 240 to 1300 nm and stable 1-2 ps pulse trains.
The devices used to achieve this setup are a pulse selector, a
flexible harmonic generator based on frequency doubling and
sum frequency mixing, and a synchronously pumped optical
parametric oscillator. A Glan-Thomson polarizer allows linear

b̃i )
εiRi

∑
i

εiRi

(5)

ci(λ
em) ) kFi∫∆λemFi(λ

em) dλem (6)

Fi(λ
em) ) Fi(λ

em,λex)/∫full emission band
Fi(λ

em,λex) dλem (7)

κ ) ∑
∀i

bi∑
∀i

ci (8)

f(t) ) p1e
γ1t + p2e

γ2t (9)

γi ) -1/τi (10)

γi )
a11 + a22 ( x(a22 - a11)

2 + 4a12a21

2
(11)

p1 ) κ(c̃1â11 + c̃2â21) (12a)

p2 ) κ(c̃1â12 + c̃2â22) (12b)

â11 )
[b̃1(γ2 - a11) - b̃2a12]

(γ2 - γ1)
(13a)

â12 ) -
[b̃1(γ1 - a11) - b̃2a12]

(γ2 - γ1)
(13b)

â21 )
[b̃2(γ2 - a22) - b̃1a21]

(γ2 - γ1)
(13c)

â22 ) -
[b̃2(γ1 - a22) - b̃1a21]

(γ2 - γ1)
(13d)
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polarization of the excitation pulses and was set at magic angle
(54.7°) polarization of the emission beam with respect to the
excitation polarization. A cooled microchannel plate photomul-
tiplier was used after a double subtractive monochromator to
detect the emission. Full details of the instrument have been
reported elsewhere.20

Fluorescence decay traces were collected using 10 mm× 10
mm cuvettes along 4096 channels. The time increments per
channel were 5.94 and 2.46 ps. Histograms of the instrument
response function (using commercial Ludox scatterer) and
sample decays were recorded until the typical value of 104

counts in the peak channel was reached.
The excitation wavelength was 420 nm, which excites

preferentially the monoanion instead of the dianionic form.
Emission wavelengths were 490, 515, 525, 550, 570, 580, and
600 nm. Decay traces of solutions of OG488 without added
buffer and in the presence of 1 M acetate buffer were recorded.

Program Implementation. The global compartmental analy-
sis of the collected fluorescence decay surfaces was implemented
in a general global analysis program using Gaussian-weighted
nonlinear least-squares fitting based on Marquardt-Levenberg
minimization.

The compartmental model considered (Scheme 2) includes
two-state excited-state proton transfer, promoted by acetate
buffer species, between monoanion and dianion of OG488. The
global fitting parameters werek0M, k0D, kMD, kDM, kMD

b , kDM
b ,

b̃M(pH), andc̃M(λem) and the local scaling factorsκ. Scheme 3
shows the linking scheme of adjustable parameters over the
complete decay surface. We note that decay traces in the absence
of buffer do not provide any information aboutkMD

b or kDM
b .

Hence, they are not linked over decays in the absence of buffer.
The additional decays in the absence of buffer, however, are
needed to perform a global compartmental analysis under
identifiability conditions.17

Results

Absorption Measurements and Ground-State Equilibria
of OG488. Becuase of lack of descriptive information about
ground-state acid-base equilibria of OG488 in aqueous solution,
we decided to carry out a study to determine its equilibrium
constants and visible spectral characteristics. The visible absorp-
tion spectra of aqueous solutions of OG488 as a function of
pH in the range 0-12 were recorded. With pH variation, abrupt
changes in absorbance were clearly observed. The experimental
absorption spectra of solutions at different pH values show pH-
induced transitions due to ground-state proton reactions, and
these occur in regions of pH dictated by the ground-state pKa

values. The amplitude of the transitions and the general
appearance of the absorption versus pH graphs depend on the

wavelength used in the absorption measurements. Three transi-
tions and two different isosbestic points could be distinguished.
Since fluorination at positions 2′ and 7′ does not alter the acid-
base groups available in fluorescein, we assume that OG488 in
aqueous solution presents four visible absorbing prototropic
forms, namely, cation (C), neutral (N), monoanion (M), and
dianion (D). Thus, three ground-state pKa’s are involved.
Furthermore, three different tautomeric modifications are de-
scribed for neutral fluorescein: a quinoid form, a zwitterion,
and a lactonic tautomer. We assume that these three modifica-
tions could also be found in the bifluorinated derivative OG488.
According to this, the acid-base and tautomeric equilibria taken
into account in this work are shown in Figure 1.

Assuming that the system follows Beer’s law, at any
wavelength and pH, the absorbanceA is given by the expression

where COG488 is the total concentration of OG488,Ri is the
fraction of OG488 in theith prototropic form,εi is the molar
absorption coefficient of theith prototropic form of OG488,
and d is the optical path length. The values ofεi depend on
wavelength, whereas the values ofRi depend on pH and ground-
state acidity constants (pKa values). From simple equilibrium
theory, we can write the following expressions for the relation-
ships betweenRi, the ground-state acidity constants for cation/
neutral (KC), neutral/monoanion (KN), and monoanion/dianion
(KM), and [H+]:6

Dianion absorption coefficients at wavelengths between 350
and 550 nm were estimated through linear regression of
absorbance versus concentration data from spectra collected at
0.08 M sodium hydroxide concentration, assuming that no
species other than dianion exists at this pH. Beer’s law linearity
was achieved from 1.0× 10-6 up to 2× 10-5 M in OG488.
Figure 2 shows the recovered absorption coefficients. The
dianion absorption spectrum is formed by a simple band centered
at 490.5 nm and a shoulder around 450 nm. The spectrum
maximum at 490.5 nm shows an absorption coefficient of 86 400
( 700 M-1 cm-1. This result is in good agreement with those
found in the literature: 82 4002 and 87 0001 M-1 cm-1 at 490
nm. We emphasize the spectral similarity with fluorescein whose
dianion form shows the same spectral shape and absorption
coefficient at the maximum between (depending on literature)
76 90021 and 87 70022 M-1 cm-1.

Next, we analyzed the experimental absorbance versus pH,
at three different OG488 concentrations (5× 10-6, 7.5× 10-6,
and 10-5 M) in the pH range between-0.12 and 12.40. We
implemented an iterative global nonlinear least-squares curve

SCHEME 2: Kinetic Model of the Excited-State Proton
Transfer Reaction between Monoanion (M) and Dianion
(D) of OG488, Promoted by Acetic Acid/Acetate as
Proton Acceptor/Donor

A ) COG488(∑
i

Riεi)d (14)

RC )
[H+]3

P
(15)

RN )
KC[H+]2

P
(16)

RM )
KCKN[H+]

P
(17)

RD )
KCKNKM

P
(18)

P ) [H+]3 + KC[H+]2 + KCKN[H+] + KCKNKM (19)
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fitting method, according to the following equation (based on
eqs 14-19):

The global fitting of the complete wavelength range was
performed usingεD as known fixed parameter,εC, εN, andεM

as locally adjustable parameters at each wavelength, and pKC,
pKN, and pKM as globally linked adjustable parameters. Beer’s
law for four prototropic species became the best model to fit
the experimental absorption data. A three-species model was
insufficient to fit the data correctly, while five species resulted
in higher parameter dependency and did not improve the
statistical goodness-of-fit parameters. Plots of the experimental
A/COG488 versus pH curves were well fitted by the nonlinear

SCHEME 3: Linking Scheme for the Global Compartmental Analysisa

a Decays due to a single excitation wavelength (λex) were recorded atm different emission wavelengths (λem) and in the absence (Cbuff ) 0) and
the presence (Cbuff) of buffer. Boxed and/or connected parameters in the same line type indicate linked parameters, whereasκ denotes the local
scaling factors. The rate constantskij are linked over the entire surface, whereaskij

b are only linked over decays in the presence of proton acceptor
or donor. Excitation parametersb̃M are linked at the same pH value, and emission parametersc̃M are linked at the same emission wavelength.

Figure 1. Different prototropic forms and acid-base equilibria of OG488 in aqueous solution.

A(λ)

COG488
) RCεC(λ) + RNεN(λ) + RMεM(λ) + RDεD(λ) (20)
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least-squares method. In the curve fitting process, the estimated
parameter values were independent of the initial guesses
assigned to these parameters. Figure 2 also shows the recovered
absorption spectral profiles of cationic, neutral, and monoanionic
species of OG488. The cation presented a simple band centered
at 437.5 nm with an absorption coefficient of 55 700( 200
M-1 cm-1, while neutral and monoanionic species showed very
similar spectra with two maxima at 451.5 and 476 nm. Neutral
absorption coefficients at these maxima were 19 200( 200 and
19 500( 600 M-1 cm-1, respectively. Absorption coefficients
of the monoanionic form at these wavelengths were 32 300(
400 and 35 600( 900 M-1 cm-1, respectively. Table 1 shows
the recovered pKa values. The dependency coefficients of the
recovered parameters are also shown. They indicate that the
equation is in fact not overparametrized. The decrease in each
pKa value upon fluorination with respect to fluorescein (pKC )
2.1-2.25, pKN ) 4.23-5.1, pKM ) 6.31-6.44, depending on
literature)21-23 should be noted. Fluorination provides a higher
polarity to the aromatic xanthene group, which produces higher
acidity in acid-base groups. The same behavior is found in
other fluorescein derivatives with electron withdrawing sub-
stituents, such as 2′,7′-dichlorofluorescein (pKC ) 0.47, pKN

) 3.50, and pKM ) 4.95).24

As previously cited, in fluorescein, three tautomeric forms
are described for neutral species: quinoid (monoanion-like
structure), zwitterionic (cation-like structure), and lactonic.23 It
can be seen in Figure 2 that the neutral OG488 molecule has a
similar shape and lower absorbance as the monoanion form.
This finding indicates that the neutral quinoid form, which has
the same chromophore group as monoanion, is the preferentially
absorbing tautomer. On the contrary, the lactonic modification
does not alter visible absorption, since the carboxyl and xanthene
groups are not conjugated to each other. We decomposed the
neutral spectrum into cation and monoanion contributions to
provide the contribution of zwitterionic and quinoid forms to
the neutral spectrum. Since the cation does not absorb in the
480-500 nm wavelength range, we scaled the monoanion
spectrum to the neutral in this wavelength range, obtaining a
factor of 0.576. Then, this contribution was subtracted from the
complete spectrum of the neutral, resulting in a cation-like
spectrum. This contribution corresponded to the cation spectrum
multiplied by 0.034. These factors are directly related to the
percentage of the total molecules in each form, monoanion-

like and cation-like. Therefore, the decomposition of the neutral
form absorption spectrum yielded a contribution of 57.6% of
quinoid tautomer and 3.4% of zwitterionic. The rest (39.0%)
was assigned to the lactonic modification, which does not absorb
in the visible range because of the broken conjugation of the
xanthene moiety. The spectral decomposition of the neutral
spectrum is shown in Figure 3. In contrast to OG488, in
fluorescein, the main modification is the lactone form (62.5%),23

and the zwitterion is present at percentages between 22 and
25%.23,25The differences found between OG488 and fluorescein
can be explained according to the mesomeric+M effect of
fluorine atoms in the ring, as can be seen in Figure 4. This
effect produces a partial negative charge in the xanthene moiety,
which destabilizes the zwitterionic and lactonic modifications.
This is consistent with theσR value for fluorine substituents
(-0.32),26 applicable in the absence of direct conjugation
between substituent and reaction center, the type of system that
would fit the Hammet equation.26

To obtain more evidence for the presence of the three neutral
tautomers, we recorded the proton NMR spectra of OG488 in
deuterated DMSO and methanol. Table 2 shows the chemical
shifts (δ), multiplicity, coupling constants, and intensity of each
signal. The results were in excellent agreement with those
reported by Sun et al.2 for OG488 in deuterated DMSO.
Coupling constants1H-1H (around 7.5 Hz) and1H-19F (11.1
Hz) and multiplicity helped us to assign all the signals to the
corresponding hydrogen atoms. The main feature was the
presence of a single signal at low fields in DMSO. This signal
was due to-OH groups in xanthene ring. The signal was not
present in methanol because of proton exchange with solvent
molecules. The absence of a signal corresponding to a-COOH
group could indicate that the quinoid tautomer did not make an
important contribution in this solvent. Nevertheless, a fast proton
exchange is possible, which would make the-COOH signal
undetectable. The intensity of the signal at 10.73 ppm did not
exactly correspond to two hydrogen atoms, which would indicate
the unique presence of lactonic and zwitterionic species. The

Figure 2. Plot of the molar absorption coefficients vs wavelength for
the cationic (s), neutral (‚‚‚), monoanionic (- - -), and dianionic (-‚ -)
species of OG488.

TABLE 1: p Ka Values Recovered from Global Nonlinear
Least-Squares Fitting of the SurfaceA/COG488 vs pH

value dependency literature

pKC 1.016( 0.007 3× 10-5

pKN 3.610( 0.010 0.156
pKM 4.688( 0.004 0.156 4.8a

a Sun et al.2

Figure 3. Spectral decomposition of the neutral absorption spectrum
(s) in the contributions of the monoanion (factor of 0.576, -‚ -) and
the cation (factor of 0.034, - - -) absorption spectra.

Figure 4. Mesomeric +M effect of the fluorine atoms in 2′,7′-
difluorofluorescein.
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lower intensity of this signal might be produced by a low
contribution of quinoid form in equilibrium. Thus, evidence of
the three forms was supported by1H NMR spectra. Therefore,
the visible absorption and1H NMR spectra were in good
agreement with the equilibria and structures shown in Figure
1.

Steady-State Fluorescence Features of Aqueous Solutions
of OG488.We recorded the steady-state fluorescence emission
spectra, at two excitation wavelengths (424 and 460 nm), of
aqueous solutions of OG488 over a wide [H+] range between
9.5 M HClO4 and pH values up to about 12, by using perchloric
acid and sodium hydroxide. Two different spectral profiles were
detected in the pH range 12-3.44 (Figure 5a). At very high
pH (11.65), only the dianion is present, and hence only this
form emits. The dianion of OG488 has a fluorescence quantum
yield near unity.1,2 It showed an emission band centered on 515
nm, the mirror image of the dianion absorption spectrum. The
second spectral profile was centered on 513 nm, but it showed
a shoulder around 550 nm. We assumed that this spectral profile
corresponded to the monoanion. At pH values between 0 and
5, the ground-state neutral form is also present. Since quinoid
neutral tautomer is the main form in aqueous solution, the neutral
steady-state fluorescence spectral profile should be identical to
monoanion shape. In Figure 5b, the normalized spectra show
that the spectral shape varies only slightly at pH below 3.44
down to 2 M HClO4.

We note that cation emission was not detected at acid
concentration below 2 M, although cation absorption is clearly
observed in the [H+] range between pH 2.12 and 2 M HClO4.
In the steady-state fluorescence spectrum of OG488 solution at
2 M perchloric acid concentration, a very low emissive
contribution around 460 nm is detected, which can be better
seen in the normalized spectrum of Figure 5b. Higher acid
concentrations were used to observe the cation emission. In
Figure 5c, emission spectra of solutions at HClO4 concentrations
between 9.5 and 3 M are shown. A simple emission band was
detected at 9.5 M perchloric acid concentration, which rapidly
changed to monoanion/neutral emission with decreasing acid
concentration. While emission spectral shapes were changeable,
absorption spectra were invariable at the cation absorption in
this pH range. These features clearly indicate the excited-state
deprotonation of cation form, since it turned to a super-photoacid
upon excitation, as occurs in fluorescein,27 naphthol, and other
phenols.28 The photoacid behavior of the cationic form and the

kinetics of the excited-state proton-transfer reactions in this [H+]
range will be published elsewhere.

We also performed a quantitative study of steady-state
fluorescence emission. The emission intensity versus pH was
recorded at four excitation wavelengths (420, 440, 460, and 480
nm) and two emission wavelengths (515 and 550 nm). The
variations in intensity with changes in pH above 4 were in good
agreement with changes in absorption spectra. Thus, fluores-
cence intensity versus pH curves showed the ground-state
monoanion-dianion pKa (i.e., pKM). On the contrary, changes
in intensity below pH 4 did not correspond to changes in
absorption spectra. This feature might indicate the presence of
an excited-state proton transfer (ESPT) between neutral and
monoanionic species. Taking into account the assumptions that
(1) every excited cation rapidly deprotonates to excited neutral
form, (2) under steady-state conditions the species concentration
ratio depends on pH and is determined by an apparent excited-
state pKN*, and (3) there is no excited-state proton exchange
between monoanion and dianion, the following equation can
be derived:6

TABLE 2: Signals of 1H NMR a Spectra of OG488 in
Deuterated DMSO and Methanol

chemical
shift (δ)b multiplicity

coupling
constants (Hz) intensity

number
of H

DMSO Solvent
10.73 singlet 5.85 ≈2
7.98 doublet 7.4 3.22 1
7.79 triplet 7.0 6.68 1
7.72 triplet 7.3 1
7.28 doublet 7.5 3.44 1
6.86 doublet 7.5 6.25 2
6.46 doublet 11.3 6.12 2

Methanol Solvent
8.07 doublet 7.6 0.709 1
7.82 triplet 7.4 1.262 ≈27.75 triplet 7.2
7.27 doublet 7.3 0.752 1
6.84 doublet 7.5 1.009 ≈2
6.43 doublet 11.1 1.089 ≈2

a Electromagnetic field frequency: 300 MHz.b Expressed in ppm
of the main frequency.

Figure 5. (a) Steady-state emission spectra (λex ) 424 nm), normalized
by the absorbance, of 5.0× 10-6 M OG488 aqueous solutions at pH
values 11.65, 4.68, 3.44, 2.12, 1.26, and [HClO4] ) 2 M. Arrow
indicates the decrease in pH value. (b) Spectra of (a) normalized at the
maximum; pH 11.65 (s), 4.68 (- - -), 3.44 (- - -), 1.26 (-‚‚), and
[HClO4] ) 2 M (‚‚‚). The spectrum at pH 2.12 has been removed for
clarity. (c) Steady-state emission spectra (λex ) 424 nm), normalized
by the absorbance, of 5.0× 10-6 M OG488 aqueous solutions at
[HClO4] ) 3.0, 5.0, 6.0, 8.0, and 9.5 M. Arrows indicate the increase
in HClO4 concentration.

IF ) (εCRC + εNRN + εMRM) ×

[ φN

1 + 10pH-pKN
/

+
φM

1 + 10pKN
/-pH] + φDεDRD (21)
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Here,εi indicates the absorption coefficient of theith species
at the excitation wavelength,Ri is the ground-state molar fraction
of theith species at each pH,φi are adjustable parameters related
to theith form fluorescence quantum yields, and pKN* indicates
an apparent excited-state neutral/monoanion acid-base equi-
librium constant.

We fitted globallyIF versus pH (between pH 1 and 5), using
the four excitation wavelengths and the two different emission
wavelengths, through a nonlinear least-squares method based
on Marquardt’s algorithm. Absorption coefficientsεi and molar
fractionsRi were known parameters, using values recovered in
the previous section. Theφi were local adjustable parameters,
while pKN* was linked over all the curves. Figure 6 shows the
fitting results (globalr2 was 0.9983). The recovered pKN* value
was 2.67( 0.06.

In summary, in excited OG488, we found that the cationic
form turned to a super-photoacid, and a 1 unit decrease in pKa

between neutral and monoanion was obtained through fluores-
cence intensity versus pH fitting. On the contrary, the dianionic
form seemed not to be involved in any ESPT reaction on the
time scale of the excited-state decay time of this species, since
fluorescence intensity at pH values above 5 varied according
to the changes in absorbance.

Effect of the HOAc/OAc- Buffer Species in the Excited-
State Behavior of OG488. Absorption and Steady-State
Fluorescence Measurements.To ensure the absence of ground-
state reactions between acetate/acetic acid and the prototropic
species of OG488, we recorded the absorption spectra of
solutions of OG488 at a particular pH, increasing the total buffer
concentration between 0 and 1.5 M. We did this for solutions
at pH 2.93, 4.00, 4.30, 4.60, and 9.00. The absorption spectra
of the solutions at each pH were coincident with the corre-
sponding spectra at the same pH value in the absence of buffer.
Only slight effects, presumably because of ionic strength
changes, were found. Hence, the acetate buffer does not alter
the ground-state equilibria of OG488.

With regard to steady-state fluorescence spectra, the emission
spectrum of the monoanion shows a maximum at 513 nm and

a shoulder around 550 nm. The emission spectrum of the dianion
shows a maximum at 515 nm. The emission efficiency is much
higher for the dianion than for the monoanion. In Figure 7, the
steady-state fluorescence spectra from aqueous OG488 solutions
in the presence of increasing buffer concentrations at the same
pH (4.3) are shown. The excitation wavelength was 420 nm.
As can be seen, an increase in the buffer concentration resulted
in a pronounced increase in emission intensity. The inset in
Figure 7 shows variations in emission spectra at 515 nm with
buffer concentration increase, atλex ) 420 nm and at pH 4.0,
4.3, and 4.6. At these pH values and excitation wavelength, the
monoanion promotes to the excited-state preferentially. Since
the 515 nm emission is dominated by dianion emission, these
results indicate that increasing the total buffer concentrationCbuff

increases the concentration of excited dianion molecules. Thus,
under these conditions, the excited monoanion is converted
to the dianion during its lifetime. Similar behavior was found
in fluorescein with phosphate buffer6,7 and N-acetyl aspartic
acid.8

We also compared, in Figure 8, fluorescence intensity versus
pH curves in 1 M acetate buffered media and in the absence of
buffer. As can be seen in this figure, fluorescence intensity
showed a higher increase at lower pH values in the presence of
buffer compared to the fluorescence intensity in the absence of
buffer. Furthermore, in the presence of buffer, a decrease in
intensity is noticed at pH values above 5.

These features indicate the presence of excited-state proton
reactions promoted by the buffer species. Under these condi-
tions, the fluorescence intensity does not depend on which form
is excited preferentially, since the rapid proton-transfer reaction
in the excited-state erases all effects due to preferential excitation

Figure 6. Global fitting of IF vs pH according to eq 21:λex ) 420
(b), 440 (O), 460 (2), and 480 nm (4); λem ) 515 (a) and 550 nm
(b).

Figure 7. (a) Steady-state emission spectra (λex ) 420 nm) of 2.5×
10-6 M OG488 aqueous solutions at pH 4.30 in the presence of acetate
buffer atCbuff ) 5 × 10-3 (- - -), 8 × 10-2 (‚‚‚), 0.5 (-‚‚), 1.0 (s), and
1.5 M (- - -). (b) Spectra of (a) normalized at the maximum. Arrows
indicate the increase in buffer concentration. Inset: increase in steady-
state fluorescence intensity (λex ) 420 nm, λem ) 515 nm) with
increasing buffer concentration at pH values 4.0 (2), 4.3 (b), and 4.6
(O).
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of any one form. For this model we can express the normalized
fluorescence intensity by6

whereIF/A is the fluorescence intensity atλem, normalized by
absorbance at the excitation wavelength,φM and φD are
adjustable parameters directly related to the relative fluorescence
efficiencies of the mono- and dianion atλem, and pKM

/ is an
apparent pKa for the excited-state proton reaction M*/ D* +
H+. We recorded titration curves of fluorescence intensity,
normalized by absorbance, versus pH of solutions of OG488
in the presence of 1 M acetate buffer. Excitation wavelengths
were 420, 440, and 460 nm, while emission was recorded at
500, 515, and 550 nm. We globally fitted these curves, according
to eq 22 through a nonlinear least-squares method based on
Marquardt’s algorithm, using pKM

/ as a shared (i.e., linked)
parameter over each curve andφM and φD as local fitting
parameters. In Figure 8, the fitting process results are shown.
The average values of the ratiosφD/φM at emission wavelengths
of 500, 515, and 550 nm were 4.3( 0.5, 5.2( 0.6, and 2.5(
0.2, respectively. These ratios give an idea of the higher
fluorescence efficiency of the dianionic form over the monoan-
ion form. Globalr2 of the fitting was 0.9985. We recovered a

pKM
/ value of 4.42( 0.01 with a dependency coefficient of

0.824. This indicates the acceptable independency of the
recovered value. The recovered value is slightly lower compared
to the ground-state pKa value (4.69-4.82).

Time-ResolVed Fluorescence Measurements. Global Analyses.
Standard global analyses (in terms ofτi andpi from eq 9) were
performed on fluorescence decay traces of OG488 solutions in
the absence of buffer and in the presence of 1 M acetate buffer,
over a pH range between 2.12 and 9.12. The excitation
wavelength was 420 nm, which produces preferential monoan-
ion/neutral excitation. Emission wavelengths were 490, 515, 525,
550, 570, 580, and 600 nm. In these analyses, decay timesτi

can be linked, while pre-exponential factorspi must be different
at every emission wavelength.

We note that a different behavior is found whether acetate
buffer is added or not. In the absence of buffer, decay traces
were biexponential. Two decay times were recovered as
represented in Figure 9a, with both pre-exponential factors being
positive (represented as symbols in Figure 10a,b). The decay
timesτi were pH independent above pH 4.79, while below this
value the longer decay time slightly decreased with lower pH
values. To confirm this, we fitted globally all the decay traces
in the absence of buffer with the decay times linked over every
trace. Only decay traces within the pH range 4.79-8.95 were
well fitted with two decay times: 4.04 and 3.39 ns. On the
contrary, decay traces at pH values below 4.79 introduced in
the global analysis did not fit properly. This clearly indicated
variations in the decay times at pH values below 4.79. At pH
values above 6.92, only the dianionic form is present, and the
decay trace became monoexponential. The decay time (4.04(
0.06 ns) in this pH range corresponds to the dianion lifetime.
The shorter decay time might represent monoanion lifetime (τM

) 1/k0M), supposing the absence of excited-state deprotonation
(M* f D*) or the sum of monoanion decay rate constant and
excited-state deprotonation rate constant (τ ) 1/(k0M + kDM))

Figure 8. Emission intensity vs pH of 2.5× 10-6 M OG488 aqueous
solutions in the presence of 1 M acetate buffer:λex ) 420 (a), 440
(b), and 460 nm (c), andλem ) 500 (O), 515 (b), and 550 nm (2). For
comparison, intensity of solutions in the absence of buffer atλem )
515 nm are also shown (]). Solid lines represent the global fitting
according to eq 22.

IF

A
)

φM

1 + 10(pH-pKM
/ )

+
φD

1 + 10(pKM
/ -pH)

(22)

Figure 9. Decay times, in the absence (a) and the presence (b) of 1 M
acetate buffer, estimated by global biexponential analyses (symbols)
and calculated using the rate constant values recovered from the global
compartmental analysis (solid lines), withkMD ) 0. The decay times
calculated using the rate constant values of Table 3 and the estimated
value ofkMD (3.7 × 1010 M-1 s-1) are also shown as dashed lines.
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when excited-state deprotonation exists. In the absence of added
buffer, values of the individual rate constantsk0M andkDM cannot
be determined; only their sum can be recovered. Hence, these
two situations are indistinguishable according to identifiability
studies.17,29

Global analyses of decay traces from samples in the presence
of 1 M acetate buffer showed biexponential decay laws. In
contrast to traces in the absence of buffer, the decay times are
clearly pH-dependent, and the shorter decay time showed a
negative pre-exponential. These are characteristic features of
an excited-state proton transfer. As steady-state results suggest,
the acetate buffer may act as a suitable proton acceptor or donor,
resulting in a reversible excited-state reaction. Figure 9b
represents the decay times. The associated pre-exponential
factors are plotted as symbols in Figure 10c,d. The short decay
time is usually a rise-time, since formation of D* from M* in
the excited-state leads to an increase in emission. But this does
not happen at the 600 nm emission wavelength. At thisλem,
monoanion emission is higher than that of dianion. Thus, the
ESPT M*fD* produces a loss in emission at 600 nm. This is
indicated as a positive pre-exponential factor associated with
the shorter decay time at this emission wavelength.

Time-ResolVed Fluorescence Measurements. Global Com-
partmental Analysis.The recovered decay times from standard
global analyses are closely connected to the underlying rate
constants. Traditional two-step approaches have used these
results to recover the rate constant values through several
graphical or numerical methods. We used the powerful global
compartmental analysis method for solving the excited-state
kinetics of OG488 in the presence of acetate buffer. Global
compartmental analysis takes advantage of the relationship
between different decay traces over the complete fluorescence

decay surface. Thus, rate constants and spectral parameters are
recovered through a single-step method directly from the decay
data.

The fluorescence decay surface introduced in the fitting
program included decays in the presence and in the absence of
buffer. According to the identifiability study,17 this fluorescence
decay surface obeys the identifiability conditions on rate
constants, sincek0D is known through high pH decay traces,
and the sum (k0M + kDM) can be determined through decays in
the absence of proton acceptor or donor. These conditions allow
one to uniquely obtain the rest of the rate constant values from
decays at a single nonzero buffer concentration. Ifk0D and (k0M

+ kDM) could not be distinguished, decays at two different buffer
concentrations would be required.17 For the global compart-
mental analysis, the complete fluorescence decay surface
included 70 decay traces due to excitation at a single wavelength
(420 nm): 50 decays corresponded to ten pH values (between
9.12 and 3.30), at 1 M total buffer concentration, at 515, 525,
550, 570, and 600 nm emission wavelengths (all recorded at
5.94 ps/channel); eight decay traces were recorded from four
OG488 solutions at different pH values (5.11-5.77) and 1 M
buffer concentration, at 515 and 525 nm emission wavelengths
and 2.46 ps/channel. Finally, the surface included 12 decays of
solutions without added buffer, at four pH values (3.64-8.95),
at 515, 550, and 580 nm emission wavelengths and 5.94 ps/
channel. The adjustable parameters linking scheme is shown in
Scheme 3. The rate constantsk0i andkij were linked over the
complete fluorescence decay surface. The rate constantskDM

b

and kMD
b were linked over decays in the presence of buffer,

whereas they were kept fixed to zero for decays in the absence
of buffer (see linking configuration shown in Scheme 3).
Excitation spectral parameters,b̃M(pH, λex), were linked at the
same pH (only one excitation wavelength was used), and
emission spectral parameters,c̃M(λem), were linked in decays at
the same emission wavelength.

In the various global compartmental analyses performed,kMD

always tended toward zero. This was due to the noncompetitive
excited-state reprotonation rate at the considered pH range ([H+]
is between 5.0× 10-4 and 7.6× 10-10 M). Thus, in the
definitive analysiskMD was kept fixed to zero. The recovered
rate constant values from this global compartmental analysis
are shown in Table 3. The global reducedø2 value for this fitting
was 1.150. Visualization of weighted residuals and autocorre-
lation functions were also used as goodness-of-fit criteria. The
recovered dianion lifetime (τD ) 4.05( 0.02 ns) was in perfect
agreement with the decay time obtained from monoexponential
decay traces in the absence of buffer at high pH. In Figure 11,
we show some representative decay traces, the fitted functions
from the global compartmental analysis, the weighted residuals
plots, and the autocorrelation function graphs.

Using thekij values of Table 3, the pKa value for acetate buffer
(pKa

buff ) 4.756),30 and the total buffer concentrationCbuff (0

Figure 10. Normalized pre-exponential factorspi recovered from global
analyses (symbols), and calculated with results from global compart-
mental analysis (lines), using the parameters of Table 3 and the
recoveredb̃i andc̃i values. Pre-exponentials associated with the longer
decay time are represented with solid lines and filled symbols, while
factors associated with the shorter decay time are represented with
dashed lines and unfilled symbols. (a) Decays of solutions in the absence
of acetate buffer, withλex ) 420 nm andλem ) 515 nm (2 and4) and
580 nm (9 and0). (b) Decays of solutions in the absence of acetate
buffer, with λex ) 420 nm andλem ) 550 nm (b andO). (c) Decays
of solutions in the presence of 1 M acetate buffer, withλex ) 420 nm
andλem ) 515 nm (b andO), 550 nm (9 and0), and 600 nm (2 and
4). (d) Decays of solutions in the presence of 1 M acetate buffer, with
λex ) 420 nm andλem ) 525 nm (b andO) and 570 nm (9 and0).

TABLE 3: Recovered Rate Constant Values from Global
Compartmental Analysis of the Fluorescence Decay Surface
of OG488 Aqueous Solutions at pH between 3.30 and 9.12,
in the Absence and the Presence of 1 M Acetate Buffer

k0M (s-1) (2.94( 0.01)× 108

k0D (s-1) (2.47( 0.01)× 108

kMD (M-1 s-1) 0a or 3.7× 1010 c

kDM (s-1) (3.57( 0.15)× 106

kMD
b (M-1 s-1) (1.79( 0.01)× 108

pKM* ) 4.022( 0.003d

kDM
b (M-1 s-1) (9.70( 0.02)× 108

a Kept fixed to zero during the fitting process.c Calculated using
kDM ) 3.57 × 106, pKM* ) 4.022, and eq 26.d Calculated using eq
25.
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and 1 M) used, we calculatedτ1,2 according to eqs 10 and 11
for the pH range used in this study. Figure 9b shows the plot
of τ1,2 values versus pH for decays at 1 M acetate buffer.
Calculated decay times are plotted as solid lines, while the
symbols in Figure 9b are theτ1,2 values recovered from the
standard global biexponential analyses of decays in the presence
of buffer. Figure 9a shows the calculated decay times (solid
lines) for decays in the absence of buffer according to results
in Table 3 and the recovered decay times from global biexpo-
nential analyses. The agreement between the decay timesτ1,2

from global compartmental and global biexponential analyses
is excellent at pH values 3.30 and above. At pH values below
3.30 in the presence of 1 M acetate buffer, the shorter decay
time recovered by global analysis was appreciably lower than
the calculated one. This is due to the higher [H+] value in this
pH range, which makes the reprotonation of the dianion
(kMD×[H+]) not negligible anymore. Consequently, the assump-
tion made thatkMD ) 0 in the global compartmental analysis is
not correct at pH values below 3.30.

Figure 12 shows the values of the excitation,b̃i, and emission
parameters,c̃i, recovered from the global compartmental
analysis. Some additional considerations should be made, since
the OG488 neutral form is present upon excitation at 420 nm
and at pH values between 3.30 and 5.00. According to
absorption, steady-state fluorescence, and acid-base properties
of OG488, there are three prototropic species involved at the
pH range studied (N, M, and D). Nevertheless, as has been
demonstrated, the ESPT between M* and D* promoted by
acetate buffer species is well described by a two-state excited-
state model. The influence of the neutral form might be a point
of interest within this study. Through steady-state fluorescence
measurements we found an excited-state proton transfer between
N* and M* in buffer-free conditions. This behavior was also
found in fluorescein N* and M* species.22 If this process is
assumed, both species, N* and M*, rapidly interconvert. Besides,
the presence of HOAc and OAc- species (mainly HOAc in the
pH range in which the neutral form might have an effect) could
promote and accelerate the N*/ M* transformation. Definition
of the compartments as a subsystem of species acting in a unique
kinetic way is the key to understand the apparent “disappear-
ance” of the neutral form. While N*/ M* interconversion is
rapid enough, the limiting kinetic factor of the system would
be transformation toward D*. Hence, N* and M* could act as
a single compartment. Therefore, excitation parameters,b̃i, show

a typical two-species profile. Thus, we calculated the excitation
parameter,b̃M, according to absorption results and the previously
determined pKa values, using eq 23:

This equation includes the excitation contribution of both neutral
and monoanionic forms in one single compartment.

Figure 12 shows the good agreement between theb̃i values
recovered by global compartmental analysis and those calculated
using eq 23. Furthermore,c̃i values coincided very well with
the steady-state fluorescence of OG488. The dianion emits
preferentially at 515 and 525 nm, while the shoulder in the
monoanion emission spectrum produces a higher contribution
at 570 nm. The monoanion even shows a higher quantum yield
at 600 nm than the dianion. This is also obtained by global
compartmental analysis, sincec̃M(600 nm)> 0.5. In addition,

Figure 11. Representative fluorescence decay traces, fitted by global compartmental analysis, of OG488 5× 10-6 M aqueous solutions: (a)Cbuff

) 0, pH ) 5.13,λex ) 420 nm,λem ) 515 nm, and a time scale of 5.94 ps/channel; (b)Cbuff ) 1 M, pH ) 5.36,λex ) 420 nm,λem ) 515 nm,
and a time scale of 2.46 ps/channel; (c)Cbuff ) 1 M, pH ) 4.12,λex ) 420 nm,λem ) 600 nm, and a time scale of 5.94 ps/channel. In the figure,
the experimental decay trace, the fitted function (lines), the weighted residuals (lower graph), and the autocorrelation functions (insets) are shown.
The instrument response function is not plotted for clarity.

Figure 12. Plots of the excitationb̃i (a) and emissionc̃i (b) parameter
values recovered by global compartmental analysis for the dianion (O)
and neutral/monoanion (b) compartments. The errors are represented
within the symbols. Calculated values for excitation parameters,
according to eq 23, are also shown as lines.

b̃M )
εNRN + εMRM

εNRN + εMRM + εDRD
(23)
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one can compare, in a more quantitative treatment, the ratio
c̃D/c̃M with the givenφD/φM from the steady-state fluorescence
section. These two ratios are closely related and give an idea
of the agreement between the different methods. The results
obtained in the steady-state fluorescence forφD/φM were 5.2 at
λem ) 515 nm and 2.5 atλem ) 550 nm, whereas thec̃D/c̃M

ratios from the global compartmental analysis were 4.6 and 2.0
at the emission wavelengths 515 and 550 nm, respectively. The
two sets of ratios are in good agreement, and they are indicative
of the higher quantum yield of the dianion at 515 nm and the
shoulder at 550 nm of the monoanion spectrum that produces
a lower value of the ratios.

Furthermore,b̃i values provide quantitative information about
ground-state equilibria. Assuming only contributions from
monoanion and dianion, we have

whereεR ) εM/εD is the ratio of absorption coefficients at the
excitation wavelength. From our absorption results, this relative
absorption coefficient is 4.519 at 420 nm. Equation 24 allows
one to calculate the ground-state constant,KM, from monoan-
ion-dianion equilibrium. The linear fitting ofb̃D/b̃M versus
1/[H+] is shown in Figure 13. The slope of the linear fit was
(4.17 ( 0.14) × 10-6. This value together with knownεR

provided a pKM value of 4.72( 0.01, which is in excellent
agreement with other calculated values for the M/ D ground-
state equilibrium (4.69-4.82).

In addition, kDM
b and kMD

b can provide the value of the
excited-stateKa* according to eq 25:

Using the recoveredkDM
b andkMD

b values and the pKa
buff value

of acetic acid, we obtained pKa* ) 4.022( 0.003. This value
represents a decrease with respect to that recovered from steady-
state data (4.42( 0.01). Since the pKa* ) 4.022 has been
calculated from the kinetic constants, this represents the actual
pKa*, while the steady-state value is an apparent pKa*, according
to the assumptions in eq 22.

Assuming this pKa* (4.022) and the recoveredkDM, the value
for kMD can be estimated using eq 26:

This resulted in akMD value of 3.7× 1010 M-1 s-1. This is a
typical value for a diffusion controlled rate,31 as expected for a
reprotonation reaction. Using thiskMD value (instead of zero)

and the rate constant values of Table 3, we recalculated the
decay times. Parts a and b of Figure 9 (dashed lines) show these
calculated decay times in the absence and presence of buffer,
respectively. An excellent agreement was found between these
calculated decay times and those from global biexponential
analyses, including pH values below the lowest value used in
the global compartmental analysis, 3.30.

Finally, the pre-exponential factors were also calculated with
recoveredkij, b̃i, andc̃i, using eqs 12 and 13. Figure 10 shows
the calculated factors and pre-exponentials from global analyses
of decay traces in the absence (Figure 10a,b) and presence
(Figure 10c,d) of 1 M acetate buffer. As can be seen in Figure
10, a good agreement was found between calculated pre-
exponentials and the factors recovered from global biexponential
analyses.

Influence of the Ionic Strength.For simplicity, in the previous
section we have not considered the ionic strength effects in the
equations derived from the model. In this section, we develop
a simple approach introducing the activity coefficients into the
Henderson-Hasselbach equation to relate the [H+] and the
sodium acetate concentration with pH and activity. Furthermore,
the primary kinetic salt effect on the rate constants has also
been considered.

Taking into account the activity coefficients for sodium
acetate in the concentration range 0.1-1 M30 and neglecting
the ionic strength from other ionic species at very low
concentration, we calculated [H+] and the buffer species
concentrations, at the different pH values studied. Using these
corrected concentrations, we performed a new global compart-
mental analysis with the same experimental decay traces used
in the previous section. Table 4 shows the recovered rate
constants from this new analysis. The spectral parameters,b̃i

and c̃i, were the same as those represented in Figure 9, within
the experimental error. The globalø2 value for this fitting was
1.097, better than that previously obtained.

Introducing in eqs 10 and 11 the mean ionic activity
coefficient,γ(, and using thekij values of Table 4 and the other
pertinent parameters, we calculated the decay times. For this,
we have obtained a semiempirical function based on Davies’
equation to relateγ( and sodium acetate ionic strength,I, in
the range 0.1-1 M.

whereL and Q are two adjustable parameters. We fitted this
equation to the experimental data ofγ( from ref 30 resulting
in L ) 0.40( 0.01 andQ ) 0.11( 0.02. This rough approach
represents well the experimental sodium acetateγ( in the range
of ionic strength studied.

Figure 14 shows the plot ofτ1,2 values versus-log [H+] for
decays at 1 M acetate buffer. Calculated decay times are plotted

Figure 13. Linear fitting of the ratio of the recovered excitation
parametersb̃D/b̃M vs 1/[H+] according to eq 24.

b̃D

b̃M

)
KM

εR[H+]
(24)

pKa
/ ) log(kDM

b ) - log(kMD
b ) + pKa

buff (25)

Ka
/ )

kDM

kMD
(26)

TABLE 4: Rate Constant Values Recovered from Global
Compartmental Analysis of the Fluorescence Decay Surface
of OG488 Aqueous Solutions at pH between 3.30 and 9.12,
in the Absence and the Presence of 1 M Acetate Buffer,
Including the Ionic Strength Effects

k0M (s-1) (2.90( 0.01)× 108

k0D (s-1) (2.48( 0.01)× 108

kMD (M-1 s-1) 0a

kDM (s-1) (4.3( 0.2)× 106

kMD
b (M-1 s-1) (2.05( 0.01)× 108

pKM* ) 4.120( 0.003c

kDM
b (M-1 s-1) (8.87( 0.02)× 108

a Kept fixed to zero during the fitting process.c Calculated using eq
25.

log γ( ) -0.51( xI

1 + xI
- LI + QI2) (27)
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as solid lines, while the symbols are theτ1,2 values recovered
from the standard global biexponential analyses. The agreement
between the decay times,τ1,2, from global compartmental and
global biexponential analyses is excellent. Comparing Figures
9b and 14, we note that both are essentially the same, although
-log[H+] is around 0.1 unit lower than the pH.

We have also considered the primary kinetic salt effect on
kDM

b . SincekMD was kept to zero in the fitting andkMD
b andkDM

characterize reactions involving uncharged species, this effect
does not alter these rate constants. Applying eq 27 to the well-
known equation of the primary kinetic salt effect resulted in a
variation of this constant due to variations in ionic strength
which is only slightly higher than the associated error recovered
for kDM

b in the global compartmental analysis. Since the range
of variation ofkDM

b is not noteworthy and the global compart-
mental analysis results in excellent statistical parameters and
yields kinetic and spectral parameters (averaged by the overall
surface of the experimental data) that simulate very well the
experimental decay times and pre-exponentials, we concluded
that the single value for the rate constantkDM

b provided
represents well the characteristic deprotonation rate of OG488
monoanion mediated by acetate anion.

Discussion

In this paper, we have provided valuable basic information
about the fluorescent pH indicator 2′,7′-difluorofluorescein,
OG488. A complete absorption study, including acid-base
equilibria, determination of ground-state pKa values, and
recovery of molar absorption coefficients of every prototropic
species, has been performed. Four prototropic species were
described: cation, neutral, monoanion, and dianion. We also
provided absorption and NMR evidence for the existence of
three tautomers in neutral species: quinoid, zwitterionic, and
lactonic.

We also performed a fluorimetric study of aqueous solutions
of OG488. Emission spectra of the different prototropic forms
were described. The cationic form, acting as a super-photoacid
upon photoexcitation, showed an emission spectrum only
detected at extreme acidic concentrations. We also did global
nonlinear least-squares fitting of the steady-state fluorescence
intensity variations with pH. We assumed, based on steady-
state fluorescence data, that (a) all excited cation molecules
rapidly deprotonate to neutral, (b) there is no excited-state
proton-transfer reaction between monoanion and dianion on the
time scale of the excited-state lifetime of these species, and (c)
ESPT between neutral and monoanionic excited species is rapid
enough to occur during their lifetimes. Thus, we recovered the
pKN* ) 2.67 ( 0.06.

We have also demonstrated that HOAc/OAc- is a suitable
proton donor/acceptor in the ESPT between OG488 monoanion
and dianion. Acetate buffer does not alter OG488 ground-state
equilibria. Using steady-state fluorescence, we have shown that
an increase in buffer concentration produces a higher dianionic
contribution to emission when preferential excitation of the
monoanion is used. A steady-state fluorescence methodology
was used to calculate an apparent pKa* value, assuming a rapid
ESPT promoted by the proton acceptor or donor. Steady-state
fluorescence data were fitted through a nonlinear least-squares
process.

Time-resolved fluorescence showed biexponential decays for
decays at 1 M acetate buffer and in the absence of buffer. Global
analyses of decays of solutions without added buffer showed
two decay times whose associated pre-exponentials were
positive. Decays of solutions of OG488 in 1 M buffered media
showed two pH-dependent decay times, of which the shorter
time is a rise-time (negative pre-exponential at emission
wavelengths between 490 and 570 nm). The presence of a pH-
dependent rise-time is clear evidence of an excited-state proton
transfer.

Kinetics of ESPT has been solved through global compart-
mental analysis. The simultaneous fitting of a fluorescence decay
surface, formed with decays in the absence and presence of 1
M acetate buffer, and the observation of monoexponential
decays at very high pH provide identifiability conditions on all
pertinent rate constants.17 The recovered rate constants and
spectral parameters,b̃i andc̃i, allow one to calculate the decay
times and pre-exponential factors. The results from global
compartmental analysis showed excellent agreement with
standard global analyses results (in terms of decay times,τi,
and pre-exponentials,pi, eq 9), absorption measurements (excel-
lent match between recovered and experimentalb̃i values), and
fluorescence emission data (qualitative agreement betweenc̃i

values and the fluorescence emission spectra).
We also emphasize the definition of a compartment as a

subset of species acting kinetically in a unique way. Thus, it
has been shown that neutral and monoanion species behave as
a single compartment because of the sufficiently rapid inter-
conversion between each species during their excited-state
lifetime and the same emissive behavior (quinoid configurations
in the xanthene moiety) of both species. Although three
prototropic forms are present in the ground and excited states
(neutral, monoanion, and dianion) in the considered pH range
(2.12-9.12), the ESPT process can be completely described
by a two-state excited-state model.

We have also demonstrated that ionic strength effects are very
small when the proton acceptor/donor is sodium acetate/acetic
acid (electrolyte 1:1). Therefore, the approach in which we
neglect ionic strength effects is valid when the buffer concentra-
tion range is between 0 and 1 M of a 1:1electrolyte.
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